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A2. Table of Contents (Not required for a Category IV QAPP)

A3. Distribution List (Not required for a Category IV QAPP)

A4. Project/Task Organization (Not required for a Category IV QAPP)

A5. Project Definition and Background (Not required for a Category IV QAPP)
A6. Project/Task Description

Project overview

The U.S. Environmental Protection Agency (EPA), Research Triangle Park, North Carolina is
responsible for procuring, testing, and distributing filters of high purity to the State/local air pollution
agencies. These filters are used in conjunction with air samplers to collect PM2.5 sample (particulate
matter with an aerodynamic diameter less than or equal to a nominal 2.5 micrometers). The
quantification of the measurement is founded upon a gravimetric approach in which these filters are
pre-weighed, then exposed via sampling to ambient air, and then post-weighed. The sampling and
weighing processes require filters with sufficient conformance to specifications and practical
application so as to provide successful completion of the PM2.5 air monitoring program objectives.

Objectives of the project

The objectives of this QAPP are to ensure submitted filters adhere to 40 CFR Part 50 Appendix L and
all requirements within the Statement of Work. These parameters include:

1. Physical Size

2. Medium

3. Support Ring

4. Pore Size

5. Filter Thickness

6. Maximum Pressure Drop (clean filter)

7. Maximum moisture pickup

8. Collection efficiency

9. Alkalinity

10. Special Requirement (which includes the trace metals)

For both the supplier and the US Environmental Protection Agency, it is imperative that each batch
shipment (1 yr supply) be in full conformance and as such a key element is to submit a qualification set of
filters with reports for review prior to each batch run.

Project summary and work schedule

This project's major tasks and timeline are outlined in the table below.
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Table: Schedule of Major Project Tasks

Project No.: PR-NC-09-10333

Task Name Task Description Start Date End Date
Production Preparation of Specified PM2.5 Filters per | Acceptance of | 120 Days
Statement of Work QAPP
Production Perform Quality Assurance Sampling and | Production End of
Quality Testing Protocol Production
Assurance Run
Measures Test & Qualification Report Completion With
Identification Of Production | Submission
of Filters
Submission of | Submit 100 Tested / Printed / Packaged | At beginning | 1 Week
Qualification Filters for review by EPA. Step used to | of Production
Filters confirm all aspects before producing 200K
filters.
Approval of Confirmation of appropriateness of test | TBD TBD
Qualification results, packaging, and any other issues by US
Filters EPA
Follow Up After annual submission of filters, follow up | Delivery Date | Upon
with US EPA representatives to identify any | +14 Days Feedback
quality improvement opportunities.

Resource and time constraints

Key element is insuring approval of all technical aspects of Filter Production before lot run of
approximately 240K filters is commenced. The production run will take 100+ days so care must be taken
to ensure that the 120 day delivery date is maintained. To gain margin, the production and testing of the
100 qualification filters has commenced.

Key Facility

The key facility in this project is Laboratory 201 the “filter production clean room and laboratory”. This
facility is maintained according the requirements in the Quality Management Plan and this QAPP.

The clean room and laboratory performance details are compliant with ISO 14644 Parts 1 through 5 which
are adopted into operations and included in appendix E 1.

Application specific requirements beyond those addressed in the ISO 14644 include:

1) Static Dissipative Methods.
a. Static dissipative methods are employed using Po210, an alpha particle emitter.
b. Corona approaches are not suitable for highly electronegative materials such as PTFE,
PMP, and PFA.
c. Alpha emitter’s effective range is optimized at 16 mm £4 mm.
d. Grounded surfaces, included filters storage, do not aid in discharge and provide a ready
supply of electrons which will highly charge materials high on the triboelectric scale.
e. Static Dissipative actions should be taken aggressively during the weighing process. l.e.
discharge occurring while the filter is on the weighing pan.
2) Static Nullification Methods.
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a. Excess charge on filters can be nullified by proper weighing set up.
b. The use of a Faraday Cage integral to the balance pan.
c. The grounded Faraday Cage will generate a mirror image to induce a force which is internal
to the balance pan and does not affect weighing results.
3) Air Flow Rates
a. Air Flow Rates identified within ISO 14644 are not appropriate for a microgram or
submicrogram weighing environments.
b. Air Flow rates are controlled < 2m/min.
4) Filter production practices within the clean room include:
a. All raw production material components are to remain sealed until in use in production.
b. All production events occur before examination for contamination and packaging.
c. All packaging is cleaned of particulates before entering clean room.
d. Clean room staff are trained in:
i. Clean room dress/clothing: including Head Cover, Foot Covers, and gloves.

A7. Quality Objectives and Criteria
A7.1 Detailed Performance Measures

This project is primarily interested in the following list of performance measures.

Physical Attribute and performance measures (required for any lots specifically identified with the PM2.5
Reference Method as well as submitted batches).

1) Size: Circular, 46.2 mm diameter +£0.25 mm
2) Medium: Polytetrafluoroethylene (PTFE Teflon), with integral support ring.

3) Support Ring: Polymethylpentene (PMP) or equivalent inert material (PFA). 0.38 mm thick +0.04
mm. Outer diameter: 46.2 mm £ 0.25 mm, and width of 3.68 mm +0.00 mm, -0.51mm.

4) Pore size: 2 um as measured by ASTM F316-94
5) Filter thickness: 30 to 50 um.
6) Maximum Pressure Drop (clean filter): 30 cm H,O column @ 16.67 L/min clean air flow.

7) Maximum moisture pick up: Less than 10 pg weight increase after 24 hour exposure to air of 40%
RH relative to weight after 24 hour exposure to air at 35% RH.

8) Collection Efficiency: Greater than 99.7% as measured by the DOP test (ASTM D 2986a-99) with
0.3 um particles at the sampler’s operating face velocity.

9) Filter weight stability: The average filter weight loss shall be less than 20 pg, as measured in each
of the following two tests. Filter weight loss shall be the average difference between the initial and
the final filter weights of a random sample of test filters selected from each lot prior to sale. The
filters test shall be 250 filters for each of the tests. Conditioning and methods shall follow both 40
CFR, Part 50, Appendix L, and “Quality Assurance Guidance Document 2.12: Monitoring PM2.5
in Ambient Air using Designated Reference or Class | Equivalent Methods.”
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a. Test for loose, surface particle contamination. After the initial weighing, each filter will be
installed in a filter cassette, and dropped from a height of 25 cm onto a clean particle free
surface. Repeat two more times for a total of 3 drops. Each filter is then removed and

b. After 9(a) is completed each filter is then exposed to a drying oven set at 40°C +2°C for not
less than 48 hrs. Remove, condition, and reweigh each test filter. The average change must
be less than 20 pg.

10)  Alkalinity: Less than 25 micro-equivalents/gram of filter, as measured by the procedure given in
the above reference.

11)  Packaging: The filters of production lots shall be packed in two sets (of 25 filters each) for a total
of 50 filters in a suitable clear, hard, dust-tight, non-contaminating plastic container. The top of
each container shall be appropriately labeled, including serial numbers corresponding to the filters
contained therein. The exterior of each box of filters shall be marked with the box number (i.e.,
Box 1 (T5000001 — T50000050)).

12) Compliance with Specifications: Table 1.

Table 1. Physical Property Performance Measures & Quality Control Quantity and Test Method

Quality
Control
Test
Test | Filter Quantity Method Method
No. | Characteristic (Per Lot) | Test Analysis Max Min Description Detail
Reinforcing Ring, . 46.45 45.95 Dlre?t Outside Mitutoyo
1 Outside Diameter 50 Caliper mm mm Diameter Metrology
Measurement Handbook
Direct Ring .
Reinforcement . 3.68 3.17 Width Blade Mitutoyo
2 . . 50 Caliper . Metrology
Ring Width mm mm Point
Handbook
Measurement
Direct .
Reinforcement . 0.42 0.31 Measurement Mitutoyo
3 . . 50 Micrometer . Metrology
Ring Thickness mm mm With Set
Handbook
Pressure
Monodisperse Not Aerosol
4 Pressure Drop at 50 DOP Smoke 30 cm Apoli ASTM Generation w/
16.7 L/min H,0 Pb D2986a-99 | Light Scattering
Test cable
Photometer
. . Aerosol
| phmionot | et | o | aste | Genion
S % D2986a-99 Light Scattering
dia. Test
Photometer
Number of Filter All . No Defect .
6 Container Containers Visual Permitted Count Direct Count
All . No Defect . Direct
7 Calendar Year ID Containers Visual Permitted Observation Observation
Visual Test for . 10% Visual See A7.1.13
8 Defective Filters 250 Visual (10) none | Inspection per For Details
SOW Criteria
. Visual
9 V1§ual Tes.t for 250 Visual 5% (5) | none | Inspection per See A7'1'.13
Rejected Filters o For Details
SOW Criteria
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Filter Weight ABA Drift SI(\;IP?;};B;;; .
10 Stability 250 Gravimetric | +20 pg | -20 pg Corrected P gaiagy
Weighing GLP:1,GMP’s:
10,13
. NIST HB145
11 Filter Weight 250 Gravimetric 10 0 AC?)I'Are]c)treldft SOPs:2,4,29,30
Moisture Pickup e HE L GLP:1,GMP’s:
Weighing
10,13
Varies EPA X-Ray
12 Metals Analysis 50 Spectroscopy per 0 Compendium Fluorescence
Element Method 10-3.3 (XRF)

Note on Test numbers 4 and 5: ASTM Method D2986-91 and subsequently ASTM Method D2986-94
titled “Standard Practice for Evaluation of Air Assay Media by the Monodisperse DOP (Dioctyl
Phthalate) Smoke Test” was withdrawn in 2004. However D ASTM D2986a-99 available even
though according to ASTM the status is:

WITHDRAWN, NO REPLACEMENT

Developed by Subcommittee: D22.01

Withdrawn Rationale:

The dioctyl phthalate (DOP) smoke test is a highly sensitive and reliable technique for measuring the fine particle arresting
efficiency of an air or gas cleaning system or device. It is especially useful for evaluating the efficiency of depth filters,
membrane filters, and other particle-collecting devices used in air assay work.

Formerly under the jurisdiction of Committee D22 on Sampling and Analysis of Atmospheres, this practice was withdrawn in

December 2004. This practice is being withdrawn because the procedure is 34 years-old and the apparatus identified (the
Optical Owl) is no longer available.
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Table II. Physical Property Performance Measurement, Statistical Confidence Limits and Sampling

Patterns

Estimated
Minimum Expanded
Number of QC No. of Uncertainty Sampling
Test | Filter Measurements | Measurements | *+ (k=2) 95% Sampling Timing &
No. Characteristic (Per Lot) Per Filter Confidence Pattern Schedule
Reinforcing
1 | Ring, Outside 50 1 1015mm | Whole I per 2000
- Unit filters
Diameter
Reinforcement Whole 1 per 2000
2| Ring Width 50 ! OIS mm filters
Reinforcement 0°, 90°, 1 per 2000
3 | Ring Thickness >0 4 F0.04mm 00 5700 filters
4 Pressure Drop at 50 1 +0.30 cm Whole 1 per 2000
16.7 L/min H,0 Unit filters
Retention of 1 per 2000
5 Particles 0.3 um 50 1 +1.0% thle filters
. Unit
dia.
6 Number of Filter All 1 Exact Expected g;)n(inlfe:?gg
Container Containers Whole Unit p
package.
7 Calendar Year All 1 Exact Expected UI;;) nle?cél
ID Containers Whole Unit compiete
package.
3 Visual Test for 2% 6 Qualitative Whole 1 per 50
Defective Filters | (aprox. 4000) Only Unit filters
0
9 Visual Test for (apzpfox 6 Qualitative Whole 1 per 50
Rejected Filters 4000) Only Unit filters
Filter Weight
10 Stability and 250 3 (triplicate) 2 ug thle 1 run of 250
. . Unit Per 20,000
Moisture Pickup
Beginning of
. Center
11 | Metals Analysis 50 1 <10% .| Run (on Whole
Of Media .
Media Supply
Beginning of
0
12 Alkalinity 50 1 <10% of W.hOIG Run (on Whole
Result Filter )
Media Supply

13)  Visual Test for Filters used in Test 8 and Test 9 in Table I and Table II.

The following descriptions of visual defects are to be used in the acceptance inspection of the
filters. Each filter is inspected, using a light screen or table or by viewing over a black surface, for
the following defects:

(a) Pinhole — a small hole appearing (1) as a distinct and obvious bright point of light when
examined over a light table or screen, or (2) as a dark spot when viewed over a black surface. Such
a filter is considered a reject or unusable filter.

(b) Separation of ring — any separation or lack of seal between the filter and reinforcing ring.
Such a filter is considered a reject filter.
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(c) Chaff or flashing — any extra attached residual material on the ring or heat seal area which
would prevent obtaining an airtight seal when the ring is placed under compression. Such a filter is
considered a reject filter.

(d) Loose material — any extra loose material or dirt particles on the filter which would require
removal by brushing prior to weighing. A filter with such a defect is considered a defective filter.
Defective filters are considered usable.

(e) Discoloration — any obvious visible discoloration which might be evidence of a
contaminant. Such a filter is considered a reject filter.

® Filter non-uniformity — any obvious visible non-uniformity in the appearance of the filter
when viewed over a light table or black surface which might indicate graduation in porosity across
the face of the filter. A filter with such a defect is considered defective.

(2) Other — a filter with any imperfections not described above, such as irregular surfaces or
other results of poor workmanship, may be considered defective.

14) Requirements for trace metal analyses on 46.2 mm teflon filters:

a. 50 filters from each annual shipment will be analyzed by X-ray fluorescence (XRF) for trace
metals. These filters will be selected from the lot of filters by a random selection process, prior to
any identification marking. After sample selection, the filters will be processed for printing and
packaging, before being submitted for analysis.

b. The criteria for acceptance is that 95 percent (or 48 of the 50 filters) shall meet the acceptance
criteria in the Statement of Work. That is, the average concentrations for the total of the 30 trace
metals in 95 percent of the filters shall be less than the stated concentrations (which happens to be
twice the minimum detectable concentrations). This will allow the acceptance of the filters with
some margin of error. It is intended that this acceptance is identical to that of the EPA.

c. The rejection of the filters and trigger of root cause analysis procedure will occur if the if any trace
metal is ten times the minimum. It is intended that this acceptance is identical to that of the EPA.

d. The full list of metals, as well as the concentrations, that will be tested are:

Maximum Concentration (ng/cm?2) for
Teflon Filters for XRF Analysis

Element Concentration
Al 94.4
Si 32.8
P 22.6
S 13.4
Cl 9.4
K 5.6
Ca 8.2
Sc 7.2
Ti 13.8
A% 4.8
Cr 2.2
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Mn 2.2

Fe 5.8
Co 4.0
Ni 3.0
Cu 2.8
Zn 2.2
Ga 1.8
Ge 3.0
As 2.8
Se 1.6
Br 2.0
Rb 2.0
Sr 2.2
Y 14.6
Zr 13.2
Mo 11.6
Rh 9.4
Pd 9.6
Ag 9.6
Cd 10.8
Sn 15.2
Sb 14.4
Te 16.2
| 18.6
Cs 25.0
Ba 32.2
La 87.6
W 5.0
Au 4.4
Hg 4.4
Pb 4.8

15) Comparability and Sensitivity Requirements. In each case the measured parameter has been
analyzed for required measurement performance and an appropriate instrument and process has
been selected according to:

a. An expanded uncertainty (k=2, 95% confidence) which is less than 25% of the specification
requirement. (4:1, Tolerance: Uncertainty)
b. Equipment and standards which are Traceable to the SI units, and where applicable
National Measurement Institutes (i.e. NIST).
c. If traceability is not readily available, (i.e. Filter Efficiency), methods and equipment used
or stated in ASTM methods will be adopted.
d. With consideration of points a,b,and ¢, no comparability between methods will be
conducted.
e. With consideration of comparability within the selected method, the following will be
completed:
i. For pass/fail measurement, i.e. no numeric result, a running total of percentage pass
will be maintained.
ii. For methods that generate a numeric result, standard deviations will be calculated
on the number measured.
iii. The standard deviation will be analyzed with respect to historical data, when
available, via a statistical test (f-test). This test will determine if the variation falls
within expected variation considering the degrees of freedom in the sample.

10



Contract: EP-D-10-009 Project: PM2.5 Teflon Filters Project No.: PR-NC-09-10333
f. Sensitivity of instrumentation is selected within the constraints of the 4:1 uncertainty ratio.
Uncertainties are calculated to include Y the resolution of the measurement equipment or
the process standard deviation whichever is greater as a parameter in the budget.

A7.2 Quality Performance Requirements

Quality performance requirements for these performance measures are as follows:

1) Conformance to all specifications 1 through 15 measured on a randomly selected sample of filters
before submission of qualification filters. (Prior to full Batch Production Run). Report to be
submitted.

2) Conformance to all specifications 1 through 15 measured on a randomly selected sample of the
batch (approximately 240,000) filters. Report to be submitted.

3) Conformance is achieved if the maximum number of rejects allowed for all physical characteristics

combined does not exceed 6%. No defect is permitted for filter identification, and the maximum
number allowed for the visual is 10% for defective filters and 5% for the rejected filters.

4) Serial Codes on Filters and Permanency of Digits.

Serial code ranges are programmed into an electronic database and incremented automatically as
each filter is printed. Prior to printing, each new code is checked automatically against the
electronic database of printed codes. If a duplicate is identified, the printing run is stopped and
manual intervention is required.

(a) Serial codes for the entire batch are printed in order. The first and last filter in each
package of 25 are checked against the package label immediately after the 25 filters are printed and
then placed in the package.

(b) Filters rejected post-printing. These serial codes are reprinted in order to deliver
continuity in the established range. Rejected filters, along with the associated package of 50, are
placed in a labeled plastic bag/container for reprinting.

A7.3 Environmental Controls

The manufacturing room environmental room has controls to ensure successful production and testing of
the filters. The controls specifically required and implemented are:

1) HEPA filtration throughout (efficient at 99.97% of airborne particles 0.3 micrometers (um) in
diameter) Particle counts are recorded daily. Production is stopped when counts exceed 2500
ppm (.3 um) and resumed 1 hour after regaining control of particle count.

2) Clean-room Occupant Hygiene. During manufacturing, the following are required of all
occupants: hair nets, latex gloves, lab coats, booties, use of tacky mats.

3) Static control. Finished filters and empty packages are exposed to a Polonium 210 alpha particle
field for static discharge (30-60 seconds).

4) Temperature Control: 21.5°C = 1°C

5) Humidity Control: 35% 5% RH per 24 hrs.

6) Temperature Control: 23°C + 2°C for Other Operations

7) Humidity Control: 30% to 60% RH per 24 hours for Other Operations.

8) Airflow velocity at weighing location < 0.04 m/s

9) Tooling and work surfaces are routinely cleaned with alcohol wipes to remove contamination.

10)  Iftooling and work surfaces are adverse to solvent cleaning, dry compressed dry air will be used.

11)  Dust Contamination during Packaging. Packaging is cleaned with compressed air and opened only
in the manufacturing clean room environment.

11
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The instrumentation required for each of the test methods are detailed below.

Project No.: PR-NC-09-10333

Table III. Equipment Identification, Calibration, and Traceability

Calibration
Equip Measured & Scheduled
ment Filter Unit Calibration
No. Characteristic Equipment Model (sensitivity) Interval Traceability
Calibrated
Reinforcing Custom Not Caliper NVLAP
1 Ring, Outside Fiux ture Applicable +0.15 mm (24 month | Accredited Lab
Diameter bp Calibration (to NIST)
Interval)
Calibrated
Reinforcement Custom Not Caliper NV.LAP
2 Rine Width Fixture Applicable +0.15 mm (24 month | Accredited Lab
g pp Calibration (to NIST)
Interval)
Gauge NVLAP
. Blocks Accredited Lab
3 Reinforcement Micrometer | S0} 13_‘,‘,62_7 £0.004 mm | (24 month (to NIST)
Ring Thickness 0-1 o
Calibration
Interval)
Pressure Reference
Pressure Drop at ASTM 2986a Transfer .
4 16.7 L/min Gauge Apparatus 0.02 cm H,0 Standard Filter Paper
Retention of Reference
. Per ASTM See ASTM o . .
5 Partlcl(eiisaOS pm D2986.91 Standard 0.1% Whole Unit Filter Paper
Visual Test for o
6 Defective & Light Box | LP A45-B Q“i‘)lgf“ve N I‘lli‘é;ble N I‘lli‘;:ble
Rejected Filters Y bp PP
Envqonr.nental Transfer/
Monitoring for Comparison
Laboratory 200 0.1°C Mgho q NVLAP
7 (used for clean Vaisala PTU300 0.1%RH Accredited Lab
. (24 month
room production o (to NIST)
L Calibration
and weighing Interval)
laboratory)
Substitution
Mettler W;;i‘ézﬁlzs' NVLAP
Filter Weight Ultra Micro Toledo Mass Std Accredited Lab
8 o UMX2, 0.1 ug (to NIST) for
Stability Balance (12 month -
UMXS5, Calibration calibration of
XP2U Mass Standards
Interval)
(see Note 1)

Note 1: The calibration procedure for the Ultra Micro Balance(s) is via direct comparison to calibrated

mass standards.

Each mass measurement of a filter is determined from the difference from the traceable

stainless steel mass standard. Each traceable mass standard is calibrated annually at a NVLAP (NIST
Entity) Accredited Laboratory and has an uncertainty of <0.5 pg (k=2). This robust method greatly
reduces the dependence upon the linearity and sensitivity errors in the design of the balance as well as the
All comparisons are completed using robotic
automated weighing to reduce the variability caused by technician loading. The quality assurance protocol

temperature dependence in the force compensation cell.

12
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in the automated weighing system triggers an internal calibration of the balance each 60 minutes of
operation to ensure sensitivity uniformity. During this protocol external check standards of both filter and
mass standard forms are recorded.

A8. Special Training/Certification (Not required for a Category IV QAPP)
A9. Documents and Records (Not required for a Category IV QAPP)

B DATA GENERATION AND ACQUISITION

B1. Sampling Process Design (Experimental Design)
The sampling process and selection of filters for test will include the following criteria:

1) The selection of filters will be sampled selected randomly.

2) When a test is destructive in nature, all selected filters will be replaced to keep numbering
sequence in place.

3) If multiple lots are used to achieve a Batch (1 years supply, approximately 240,000 filters), each lot
will be tested to conform to the detailed performance measures listed in A7.

4) If any Filters are marketed, identified, or advertised as compliant with the PM2.5 Filter program,
the sampling process and testing protocol listed in this document will be followed.

5) Sampling Schedule is to be followed as noted in Table II.

B2. Sampling Methods (Not required for a Category IV QAPP)

B3. Sample Handling and Custody (Not required for a Category IV QAPP)
B4. Analytical Methods

All analytical methods are reference in Section E, Appendices.

This project will follow well-recognized statistical analytical methods for survey samples and uncertainty
analysis and calculation.

B5. Quality Control

This project will undertake the following specific steps to measure/estimate the effect of data errors,
consistent with MTL’s Quality Management Plan.

To avert care with numbering anomalies, a database of available serial numbers is used in the printing
process. Once a number is printed, it is removed from the database and not available for use. This
protocol eliminates the potential of duplicate numbering. Consecutive numbering is assured by process
counts on the printing apparatus, and incorporation of the packaging process directly from the printing
protocol. In the event of the necessity of a reprint, this is done with manual intervention and subject to
redundant checks.

B5.1 Crosschecking data

Data collection will be designed in such a way to allow internal crosschecking of data by comparing all
technician results. Crosschecking will be automatically conducted via spreadsheet templates and graphical
data analysis for electronically entered data. Further, analysis on submitted reports will be used to check
for data entry errors or possible biases in technician methods.

13
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B5.2 Data anomalies

Procedures for handling data anomalies (such as outliers and missing data) will be handled based on
guidance prepared in the project-specific statistical methodology. A student’s t-test or E normal test will
be used to determine anomalies. Response to results outside of acceptance or advisory limits are handled
as follows:

1) Advisory Limit (deviation more than 75% allowable specification)
a. Technician observing the limit violation will inform Quality Manager who will initiate a
root cause analysis.
b. Quality Manager will involve CTO in root cause analysis.
c. Quality assurance measurements will be increased per decision by CTO.
2) Acceptance Limit (deviation more than the specification limit)
a. Technician observing the limit violation will inform Quality Manager who will initiate a
root cause analysis.
Quality Manager will halt all related processes.
Quality Manager will involve CTO in root cause analysis.
Quality assurance measurements will be increased per decision by CTO.
Root Cause Analysis finding will be put into action by QM, CTO, and COO.
Upon satisfaction of determination of root cause analysis, and signature of QM, CTO, and
COO, production will resume.

o a0 o

B5.3 Quality control statistics
The quality control statistics to be used in this project and their reporting are as follows:

1) Before any weighing data is collected, the ultra microbalance (0.1 pg resolution) must be:
a. Calibrated internally and have traceable calibrated standards with sufficiently small
uncertainties. (i.e. <0.5 pg, at k=2)
b. Precision Tested with a metal artifact and found to be operating with better than a 0.25 ug
standard deviation on 10 repetitive weighings.

2) During each weighing session, a metal check standard will be weighed to verify traceability within
expected deviations. The Eomal test (form of a t-test) will be employed.

3) For all quantitative data generated in section A7 will be graphically plotted with linear regression
analysis employed to detect drift.

4) All records and reports will be electronic and stored in a central backed up server (E:\EPA

Filters\QC\Data, or in a location defined by the Quality Manager. Project documents, records and
reports will include:

a. Precision Tests of Methods

b. Check Standard Tests (with En results)

c. Pass/Fail Ratios on qualitative tests

d. Calibration Reports on Equipment

e. Quality Control Results for each parameter in Table I.

5) All Filter Weighing System reports will be retrievable and reviewed weekly by the Quality

Manager.

B6. Instrument/Equipment Testing, Inspection and Maintenance (Not required for a
Category IV QAPP)

14
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B7. Instrument/Equipment Calibration and Frequency (Not required for a Category IV
QAPP)

B8. Inspection/Acceptance for Supplies and Consumables (Not required for a Category
IV QAPP)

B9. Data Acquisition Requirements for Non-Direct Measurements (l.e., Secondary Data)

B10. Data Management (Not required for a Category IV QAPP)

C ASSESSMENT/OVERSIGHT

C1. Assessment and Response Actions
Assessment tools include the following actions:

1) Management System Review — A management system review of this QAPP and all other related
system documents will be conducted annually by the Quality Team (QM, COO, CTO). The
schedule is as follows:

a. Completion by end of 1% quarter:
i. QAPP Sections A

b. Completion by end of 2" quarter:
i. QAPP Section B

c. Completion by end of 3" quarter:
i. QAPP Section C

2) Each Management System Review will generate a report of statistical success rate when

measureable. This report will include:
a. Any corrective actions
b. A summary of the review, including success ratio (1 — (findings/# of requirements))
3) Technical System Audit, Completion by end of 4™ quarter by CTO with support form QM:
i. Technical Data Method Review (Appendices)
ii. Review of Statistical QC Reports

4) The Quality Team has the authority to issue stop work orders upon any findings that raise
concerns regarding the conformance of the product to any of the stated specifications within the
QAPP.

5) Corrective actions and responses will be taken in accordance with Section B5.2 and documented
in the Management Review.

6) Each Quarter, a Summary Report will be written by the QM.

C2. Reports to Management
The frequency and distribution of reports issued by the QM are:

1) A quarterly Summary Report covering topics per the schedule identified in C1, will be issued:
a. Tothe CEO.
b. Copied to the COO, CTO, and QM.
2) As needed to relay any findings or urgent action items, the QM will issue upon occurrence:
a. A corrective actions report to the COO, CTO, and CEO.
b. A stop work order report to the COO, CTO, and CEO.
3) An annual quality assurance improvement report for previous year by end of 1% quarter. The
report is to include:
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D1.

D2.

D3.

a. Opportunities for process improvement.
b. Significant advances in Quality Control or Quality Assurance
c. Recommendations

DATA REVIEW AND EVALUATION

Data Review, Verification and Validation (Not required for a Category IV QAPP)
Verification and Validation of Methods (Not required for a Category IV QAPP)
Evaluating Data in Terms of User Needs (Not required for a Category IV QAPP)

ADDENDUMS

16
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E1. Key Facility / Clean Room Requirements & ISO

Procedures
14644-1
INTERNATIONAL

STANDARD

First edition
1999-05-01

Cleanrooms and associated controlled
environments —

Part1:
Classification of air cleanliness

Salles propres et environnements maitrisés apparentés —

Partie 1: Classification de la propreté de l'air

17



Contract: EP-D-10-009 Project: PM2.5 Teflon Filters Project No.: PR-NC-09-1033:

Reference number
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of
national standards bodies (ISO member bodies). The work of preparing International
Standards is normally carried out through ISO technical committees. Each member body
interested in a subject for which a technical committee has been established has the right
to be represented on that committee. International organizations, governmental
and nongovernmental, in liaison with ISO, also take part in the work. 1SO collaborates
closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

Draft International Standards adopted by the technical committees are circulated to the
member bodies for voting. Publication as an International Standard requires approval by
at least 75% of the member bodies casting a vote.

International Standard ISO 14644-1 was prepared by Technical Committee ISO/TC 209,
Cleanrooms and associated controlled environments.

ISO 14644 consists of the following parts, under the general title Cleanrooms
and associated controlled environments:

— Part 1: Classification of air cleanliness

— Part 2: Specifications for testing and monitoring to prove continued
compliance with ISO 14644-1

— Part 3: Metrology and test methods

— Part 4: Design, construction and start-up
— Part 5: Operations

— Part 6: Terms and definitions

— Part 7: Enhanced clean devices

Users should note that the titles listed for parts 2 to 7 are working titles at the time of the
release of part 1. In the event that one or more of these parts are deleted from the work
programme, the remaining parts may be renumbered.

Annexes B and C form an integral part of this part of ISO 14644. Annexes A, D, E, and F
are for information only.
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Introduction

Cleanrooms and associated controlled environments provide for the control of airborne
particulate contamination to levels appropriate for accomplishing contamination-sensitive
activities. Products and processes that benefit from the control of airborne contamination
include those in such industries as aerospace, microelectronics, pharmaceuticals, medical
devices, food, and healthcare.

This part of ISO 14644 assigns ISO classification levels to be used for the specification of
air cleanliness in cleanrooms and associated controlled environments. It also prescribes the
standard method of testing as well as the procedure for determining the concentration of
airborne particles.

For classification purposes, this part of ISO 14644 is limited to a designated range of
considered particle sizes for determination of particle concentration limits. This part of ISO
14644 also provides standard protocols for the determination and designation of cleanli-
ness levels that are based on airborne concentrations of particles smaller or larger than the
size range designated for classification.

This part of ISO 14644 is one of a series of standards concerned with cleanrooms and
contamination control. Many factors besides airborne particulate cleanliness must
be considered in the design, specification, operation, and control of cleanrooms and
other controlled environments. These are covered in some detail in other parts of the
International Standards prepared by ISO/TC 209.

In some circumstances, relevant regulatory agencies may impose supplementary policies
or restrictions. In such situations, appropriate adaptations of the standard testing proce-
dures may be required.

©I1SO
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Cleanrooms and associated controlled environments —

Part 1:
Classification of air cleanliness

1 Scope

This part of ISO 14644 covers the classification of air cleanli-
ness in cleanrooms and associated controlled environments
exclusively in terms of concentration of airborne particles.
Only particle populations having cumulative distributions based
on threshold (lower limit) sizes ranging from0,1 mto5 mare
considered for classification purposes.

This part of ISO 14644 does not provide for classification of
particle populations that are outside of the specified particle
sizerange,0,1 mto5 m.Concentrations of ultrafine particles
(particles smaller than 0,1 m) and macroparticles (particles
largerthan 5 m) may be used to quantify these populations in
terms of U descriptors and M descriptors, respectively.

This part of ISO 14644 cannot be used to characterize the
physical, chemical, radiological, or viable nature of airborne
particles.

NOTE The actual distribution of particle concentrations within incre-
mental size ranges normally is not predictable and typically is variable
over time.

2 Definitions

For the purposes of this part of ISO 14644, the following
definitions apply.

2.1 General
2141

cleanroom

room in which the concentration of airborne particles is con-
trolled, and which is constructed and used in a manner
to minimize the introduction, generation, and retention of
parti-

cles inside the room, and in which other relevant parameters,
e.g. temperature, humidity, and pressure, are controlled as
necessary

21.2

clean zone

dedicated space in which the concentration of airborne parti-
cles is controlled, and which is constructed and used in
a manner to minimize the introduction, generation, and
retention of particles inside the zone, and in which
other relevant parameters, e.g. temperature, humidity,
and pressure, are controlled as necessary

NOTE This zone may be open or enclosed and may or may not be
located within a cleanroom.

213

installation
cleanroom or one or more clean zones, together with
all associated structures, air-treatment systems, services,
and utilities

21.4

classification

level (or the process of specifying or determining the level) of
airborne particulate cleanliness applicable to a cleanroom or
clean zone, expressed in terms of an ISO Class N, which
represents maximum allowable concentrations (in particles
per cubic metre of air) for considered sizes of particles

NOTE 1  The concentrations are determined by using equation (1)
in 3.2.

NOTE 2  Classification in accordance with this International Stan-
dard is limited to the range extending from ISO Class 1 through ISO
Class 9.

NOTE 3 The considered particle sizes (lower threshold values)
applicable for classification in accordance with this International
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Standard are limited to the range from 0,1 m through 5 m.
Air cleanliness may be described and specified (but not
classified) in terms of U descriptors or M descriptors (see 2.3.1
or 2.3.2) for considered threshold particle sizes that are outside
of the range covered by classification.

NOTE 4 Intermediate ISO classification numbers may be speci-
fied, with 0,1 the smallest permitted increment; i.e., the range
of intermediate ISO classes extends from ISO Class 1,1 through
ISO Class 8,9.

NOTE 5 Classification may be specified or accomplished in any of
three occupancy states (see 2.4).

2.2 Airborne particles

2.21

particle

solid or liquid object which, for purposes of classification of air
cleanliness, falls within a cumulative distribution that is based
upon a threshold (lower limit) size in the range from 0,1 mto
5 m

2.2.2

particle size

diameter of a sphere that produces a response, by a given
particle-sizing instrument, that is equivalent to the response
produced by the particle being measured

NOTE For discrete-particle-counting, light-scattering instruments,
the equivalent optical diameter is used.

223

particle concentration

number of individual particles per unit volume of air
224

particle size distribution

cumulative distribution of particle concentration as a function of
particle size

225

ultrafine particle

particle with an equivalent diameter less than 0,1 m
2.2.6

macroparticle

particle with an equivalent diameter greater than 5 m
227

fibre
particle having an aspect (length-to-width) ratio of 10 or more

©180

2.3 Descriptors
2.3.1

U descriptor
measured or specified concentration, of particles per cubic
metre of air, including the ultrafine particles

NOTE The U descriptor may be regarded as an upper limit for the
averages at sampling locations (or as an upper confidence
limit, depending upon the number of sampling locations used to
character- ize the cleanroom or clean zone). U descriptors cannot
be used to define airborne particulate cleanliness classes, but
they may be quoted independently or in conjunction with
airborne particulate cleanliness classes.

2.3.2

M descriptor

measured or specified concentration of macroparticles per
cubic metre of air, expressed in terms of the equivalent
diameter that is characteristic of the measurement method
used

NOTE The M descriptor may be regarded as an upper limit for the
averages at sampling locations (or as an upper confidence
limit, depending upon the number of sampling locations used to
character- ize the cleanroom or clean zone). M descriptors cannot
be used to define airborne particulate cleanliness classes, but
they may be quoted independently or in conjunction with
airborne particulate cleanliness classes.

2.4 Occupancy states

241

as-built

condition where the installation is complete with all services
connected and functioning but with no production equipment,
materials, or personnel present

2.4.2

at-rest

condition where the installation is complete with equipment
installed and operating in a manner agreed upon by
the customer and supplier, but with no personnel present

243

operational

condition where the installation is functioning in the specified
manner, with the specified number of personnel present and
working in the manner agreed upon
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Table 1 — Selected airborne particulate cleanliness classes for cleanrooms and clean zones

Maximum concentration limits (particles/m® of air) for particles equal to and
|.S'O . larger than the considered sizes shown below (concentration limits are calculated
classification | in accordance with equation (1) in 3.2)
number (N)
01 m 0,2 m 0,3 m 05 m 1T m 5 m
ISO Class 1 10 2
ISO Class 2 100 24 10 4
ISO Class 3 1 000 237 102 35 8
ISO Class 4 10 000 2 370 1020 352 83
ISO Class 5 100 000 23 700 10 200 3 520 832 29
ISO Class 6 1 000 000 237 000 102 000 35 200 8 320 293
ISO Class 7 352 000 83 200 2930
ISO Class 8 3 520 000 832 000 29 300
ISO Class 9 35 200 000 8 320 000 293 000
NOTE Uncertainties related to the measurement process require that concentration data with no more
than three significant figures be used in determining the classification level

2.5 Roles
2.5.1

customer
organization, or the agent thereof, responsible for specifying
the requirements of a cleanroom or clean zone

3.2 Classification number

Airborne particulate cleanliness shall be designated by
a classification number, N. The maximum permitted
concentra- tion of particles, C, for each considered particle

size, D, is
determined from the equation:

2,08
252 N 0,1~
. G 0T (1
supplier
organization engaged to satisfy the specified requirements of where

a cleanroom or clean zone

3 Classification

3.1 Occupancy state(s)

The particulate cleanliness of air in a cleanroom or clean zone
shall be defined in one or more of three occupancy states, viz.
“as-built”, “at-rest”, or “operational” (see 2.4).

NOTE It should be recognized that the “as-built” state is applicable
to newly completed or newly modified cleanrooms or clean zones.
Once testing in the “as-built” state is completed, further testing for
compliance will be performed in the “at-rest” or the “operational” state,
or both.

C, is the maximum permitted concentration (in parti-
cles per cubic metre of air) of airborne particles that
are equal to or larger than the considered particle

size. C, is rounded to the nearest whole

number,
using no more than three significant figures.

N is the 1SO classification number, which shall not
exceed a value of 9. Intermediate ISO classification
numbers may be specified, with 0,1 the smallest
permitted increment of N.

D is the considered particle size, in micrometres.
0,1 is a constant, with a dimension of micrometres.

Table 1 presents selected airborne particulate cleanliness
classes and the corresponding particle concentrations for
particles equal to and larger than the considered sizes shown.
Figure A.1 (see annex A) provides a representation of
the
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selected classes in graphical form. In case of dispute, the
concentration C,, as derived from equation (1) shall serve as
the standard value.

3.3 Designation

The designation of airborne particulate cleanliness for clean-
rooms and clean zones shall include:

a) the classification number, expressed as “ISO Class N ”;
b) the occupancy state to which the classification applies;

c) the considered particle size(s), and the related concen-
tration(s), as determined by the classification equation (1)

where each considered threshold particle size is in the range
from 0,1 mthrough5 m.

Example designation:
ISO Class 4; operational state; considered sizes:
0,2 m (2 370 particles/m?), 1 m (83 particles/m3)

The considered particle size(s) for which the concentra-
tion(s) will be measured shall be agreed upon by the custom-
er and the supplier.

If measurements are to be made at more than one considered
particle size, each larger particle diameter (e.g., D,) shall be at
least 1,5 times the next smaller particle diameter (e.g., D).

eg: D, 15 xD,

4 Demonstration of compliance

4.1 Principle

Compliance with air cleanliness (ISO class) requirements
specified by the customer is verified by performing specified
testing procedures and by providing specified documentation
of the results and conditions of testing, as agreed upon by the
customer and the supplier.

4.2 Testing

The reference test method for demonstrating compliance is
given in annex B. An alternative method having comparable
accuracy may be specified, although if no method is specified
or agreed upon, the reference method shall be used.

Tests performed to demonstrate compliance shall be con-
ducted using calibrated instruments.

4.3 Airborne particle concentration
limits

Upon completion of testing in accordance with 4.2, average
particle concentrations and the 95% upper confidence limit
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(when applicable) shall be calculated using equations shown
in annex C.

Average particle concentration(s), calculated in accordance
with equation (C.1), shall not exceed the concentration
limit(s) determined by use of equation (1) in 3.2, as specified
[3.3 c)] for the considered size(s).

In addition, for situations in which the number of sampling
locations involved is at least two but not more than nine, the
calculation of 95% upper confidence limits in accordance with
C.3 shall not exceed the concentration limits established
above.

NOTE Worked examples of classification calculations are provided
in annex D.

Particle concentrations used for determination of conformance
to classification limits shall be measured by the same method
for all considered particle sizes.

4.4 Test report

The results from testing each cleanroom or clean zone shall
be recorded and submitted as a comprehensive report, along
with a statement of compliance or noncompliance with
the specified designation of airborne particulate cleanliness
clas- sification.

The test report shall include the following:

a) the name and address of the testing organization, and the
date on which the test was performed;

b) the number and year of publication of this part of
ISO

14644, i.e., ISO 14644-1: date of current issue;

c) a clear identification of the physical location of the clean-
room or clean zone tested (including reference to adjacent
areas if necessary), and specific designations for coordinates
of all sampling locations;

d) the specified designation criteria for the cleanroom or clean
zone, including the ISO classification, the relevant occupancy
state(s), and the considered particle size(s);

e) details of the test method used, with any special conditions
relating to the test or departures from the test method, and
identification of the test instrument and its current calibration
certificate;

f) the testresults, including particle concentration data for all
sampling location coordinates.

NOTE If concentrations of ultrafine particles or macroparticles are
quantified, as described in annex E, the pertinent information should
be included with the test report.
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Annex A
(informative)

Graphical illustration of the classes of Table 1

Figure A.1 depicts the air cleanliness classes of Table 1 in

graphical form, for illustration purposes only. The ISO classes
of Table1 are shown as lines representing the class
concentration limits for the considered threshold particle sizes.
They are based on calculations using equation (1) of 3.2 As
the lines only approximate the class limits, they are not to be
used to define the limits. Such determinations are made in
accordance with equation (1).

10°

The classification lines shown on the graph may not be
extrapolated beyond the solid circle symbols, which
indicate the minimum and maximum particle size limits
acceptable for each of the ISO classes shown.

The classification lines do not represent actual particle size
distributions found in cleanrooms and clean zones.

108 | - o o e e

Airborne particle concentraton, C,, particles/m?

C,=10" x (0,1/D)**®

0,1 0,2 0,3 0,5

1,0 50

Particle size, D, in pm

Figure A.1 — Graphical representation of ISO-class concentration limits for selected

ISO classes

NOTE 1

C;, represents the maximum permitted concentration (in particles per cubic metre of air)

of airborne particles equal to and larger than the considered particle size.

NOTE 2 N represents the specified ISO class number.
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Annex B
(normative)

Determination of particulate cleanliness classification using a
discrete-particle-counting, light-scattering instrument

B.1 Principle

Adiscrete-particle-counting, light-scattering instrumentis used
to determine the concentration of airborne particles, equal to
and larger than the specified sizes, at designated sampling
locations.

B.2 Apparatus requirements

B.2.1 Particle-counting instrument

Discrete-particle counter (DPC), a light-scattering device hav-
ing a means of displaying or recording the count and size of
discrete particles in air with a size discrimination capability to
detect the total particle concentration in the appropriate par-
ticle size ranges for the class under consideration, and
a suitable sampling system.

B.2.2 Instrument calibration

The instrument shall have a valid calibration certificate; the
frequency and method of calibration should be based
on current accepted practice.

B.3 Pretest conditions

B.3.1 Preparation for testing

Prior to testing, verify that all aspects of the cleanroom or clean
zone that contribute to its operational integrity are complete
and functioning in accordance with its performance specifica-
tion.

Such pretesting may include, for example:

a) airflow volume or velocity tests;

b) air pressure difference test;

c) containment leakage test;
)

d) installed filter leakage test.

B.3.2 Pretest equipment setup
Perform equipment setup and pretest calibration of the instru-
ment in accordance with the manufacturer’s instructions.

B.4 Sampling

B.4.1 Establishment of sampling
locations

B.4.1.1

Derive the minimum number of sampling point locations from
equation (B.1):

N, = VA (B.1)
where

N, is the minimum number of sampling locations
(rounded up to a whole number).

A is the area of the cleanroom or clean zone in square
metres.

NOTE Inthe case of unidirectional horizontal airflow, the area A may
be considered as the cross section of the moving air perpendicular to
the direction of the airflow.

B.4.1.2

Ensure that the sampling locations are evenly distributed
throughout the area of the cleanroom or clean zone
and positioned at the height of the work activity.

If the customer specifies additional sampling locations, their
number and positions shall also be specified.

NOTE Such additional locations may be those considered critical,
based on a risk analysis.

B.4.2 Establishment of single sample
volume per location

B.4.2.1

At each sampling location, sample a sufficient volume of air
that a minimum of 20 particles would be detected if the particle
concentration for the largest considered particle size were at
the class limit for the designated ISO class.

The single sample volume V¢ per location is determined
by using equation (B.2):

20

Vg Com 1 000 (B.2)
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where

Vg is the minimum single sample volume per location,
expressed in litres (except see B.4.2.2).

Cn,m is the class limit (number of particles per
cubic metre) for the largest considered particle size
spec-

ified for the relevant class.

20 is the defined number of particles that could be
counted if the particle concentration were at
the class limit.

NOTE WhenV, is very large, the time required for sampling can be
substantial. By using the sequential sampling procedure (see annex
F), both the required sample volume and the time required to obtain
samples may be reduced.

B.4.2.2

The volume sampled at each location shall be at least 2 litres,
with @ minimum sampling time at each location of 1 min.

B.4.3 Sampling procedure
B.4.3.1

Set up the particle counter (B.2.1) in accordance with
the manufacturer’s instructions and in compliance with the
instru- ment calibration certificate.

B.4.3.2

The sampling probe shall be positioned pointing into
the airflow. If the direction of the airflow being sampled is
not controlled or predictable (e.g., nonunidirectional airflow),
the inlet of the sampling probe shall be directed vertically
upward.

B.4.3.3

Sample the volume of air determined in B.4.2, as a minimum,
at each sampling location.

B.4.3.4

Where only one sampling location is required (B.4.1), take a
minimum of three single sample volumes (B.4.2) at that loca-
tion.

B.5 Recording of results

B.5.1 Average concentration of
particles at each sampling location

B.5.1.1

Record the result of each sample measurement as the concen-
tration of each of the considered particle size(s) (3.3) appropri-
ate to the relevant classification of air cleanliness.

NOTE Consideration should be given to the requirements of B.6.1
before proceeding with the calculation of the 95% upper confidence
limit.

ISO 14644-1:1999(E)

B.5.1.2

When only one sampling location is used, calculate and record
the average value of the sample data (B.4.3.4) for
each considered particle size.

B.5.1.3

When two or more single sample volumes are taken at
a location, compute the average particle concentration for
each considered particle size from the individual sample
particle concentrations (B.5.1.1), according to the procedure
given in C.2, and record the results.

B.5.2 Requirement for computing the
95% upper confidence limit (UCL)

B.5.2.1

When the number of locations sampled is more than one and
less than ten, compute the overall mean of the
averages, standard deviation, and 95% upper confidence
limit from the average particle concentrations for all locations
(B.5.1) follow- ing the procedure described in C.3.

B.5.2.2

When only a single location is sampled, or when more than
nine are sampled, computing the 95% upper confidence limit
is not applicable.

B.6 Interpretation of results

B.6.1 Classification requirements

The cleanroom or clean zone is deemed to have met
the specified air cleanliness classification if the averages of
the particle concentrations measured at each of the locations
and, when applicable, the 95% upper confidence limit
calculated according to B.5.2, do not exceed the
concentration limits determined in accordance with equation
(1) of 3.2.

If the results of testing fail to meet the specified air cleanliness
classification, testing may be performed at additional, evenly
distributed sampling locations. The results of recalculation,
including data from the added locations, shall be definitive.

B.6.2 Treatment of outliers

The result of the 95% UCL calculation may fail to meet the
specified ISO class designation. If the noncompliance
is caused by a single, nonrandom “outlier” value resulting from
an erroneous measurement (due to procedural error or
equip- ment malfunction) or from an unusually low particle
concentra- tion (due to exceptionally clean air), the outlier
may be ex- cluded from the calculation, provided that:

a) the calculation is repeated, including all remaining sam-
pling locations;

b) at least three measurement values remain in the calcula-
tion;
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c) nomore than one measurement value is excluded from the
calculation;

d) the suspected cause of the erroneous measurement or low
particle concentration is documented and accepted by both the
customer and supplier.

NOTE Widely divergent values for particle concentrations among
the locations sampled may be reasonable and even
intentional, depending on the nature of the application of the clean
installation under test.

ISO 14644-1:1999(E)
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Annex C
(normative)

Statistical treatment of particle concentration data

C.1 Rationale

This statistical analysis considers only random errors (lack of
precision), not errors of a nonrandom nature (e.g. bias associ-
ated with erroneous calibration).

C.2 Algorithm for computation of
average particle concentration at a
location (x))

When multiple samples are taken at a location, equation (C.1)
shall be used to determine the average particle concentration
at the location. Calculation of the average particle concentra-
tion shall be performed for each sampling location at which two
or more samples have been taken.

Xi1 Xi 2 e Xi n

X : : - ' (C.1)
where
?i is the average particle concentration at location i,
representing any location.
X, tox ,  are the particle concentrations of the indi-

vidual samples.

n is the number of samples taken at location i.

C.3 Algorithms for computation of
95% upper confidence limit

C.3.1 Principle

This procedure is applicable only if the number of sampling
locations is more than one and less than ten. In such circum-
stances, this procedure shall be used in addition to the algo-
rithm of equation (C.1).

C.3.2 Overall mean of the averages )x
Using equation (C.2), determine the overall (grand) mean of
the averages.

= Xi1 Xig o Xipm (C.2)
m
where
X is the overall mean of the location averages.
X; 1 tox; ,, areindividuallocation averages, determined

by using equation (C.1).

m  is the number of individual location averages.

All individual location averages are equally weighted, regard-
less of the number of samples taken at any given location.

C.3.3 Standard deviation of the
location averages (s)

Using equation (C.3), determine the standard deviation of the
location averages.

- X X - X
s =X X; o ! (C.3)
m—1

where

s is the standard deviation of the location averages.

C.3.4 95% upper confidence limit (UCL)
for the overall mean

Using equation (C.4), determine the 95% upper confidence
limit for the overall mean.

95% UCL X togs —— (C.4)
~m

where

toos represents the 95th percentile (quantile) of the t
distribution, with m—1 degrees of freedom.

Values of the Student’s t distribution (t, o) for the 95% UCL
are given in Table C.1. Alternatively, Student’s t distributions
provided in statistical computer programmes are also accept-
able.

Table C.1 — Student’s t distribution for the 95%
upper confidence limit

Number of

individual

averages

(m) 2 3 4 5 6 7-9
t 6,3 129 (24 |21 |20 |19
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AnnexD
(informative)

Worked examples of classification calculations

D.1 Example 1
D.1.1

The cleanroom under consideration has an area (A) of 80 m2.
Conformance with the specified airborne particulate cleanli-
ness classification is to be determined in the operational state.

The specified air cleanliness classification of the cleanroom is
ISO Class 5.

D.1.2

Two considered particle sizes are specified: 0,3 m (D,) and
0,5 m(D,).

a) Both particle sizes are within the size limitations for ISO
Class 5[see 3.3c)and Table 1: 0,1 m 0,3 m, 0,5 m

5 m.

b) Application of the particle size ratio requirement, D, 1,5
x D4 [see 3.3 ¢)], shows compliance: 0,5 m (1,5 x 0,3

m
= 045 m).

D.1.3

The maximum permitted airborne particle concentrations are
calculated in accordance with equation (1) (see 3.2).

For particles 0,3 m (D,):

0.1 2,08

c 10 10176 (D.1)

n 03
rounded to 10 200 particles/m3

For particles 0,5 m (D,):

—_

0, 2,08

Co 05 10° 3517 (D.2)

rounded to 3 520 particles/m3

D.1.4

The number of sampling point locations are derived in accor-
dance with equation (B.1) (see B.4.1.1):

N, A /80 8,94 roundedto9 (D.3)

Therefore the minimum number of sampling locations is nine
and, as the number of sampling locations is less than ten, the
calculation of the 95% UCL according to annex C is applicable.

D.1.5

The single sample volume, V , is calculated in litres in accor-
dance with equation (B.2) (see B.4.2.1):

V. 20 1 000

s

n,m

20
—— 1000
3517 (D4)

5,69 litres

The result is greater than 2 litres, and the sample volume
selected was 28 litres over a period of 1 min (a flow
rate commonly available in discrete-particle-counting light-
scatter- ing instruments).

This selection was based on:

a) Vg >2 litres (see

B.4.2.2)
b) Ch,m >20 particles/m® (see
B.4.2.1)
c) Sampling time 1 min (see B.4.2.2)
D.1.6

At each sampling location, only one single sample volume
(28 litres) is taken (B.4.2.1). The counts obtained from the
measurements are recorded (B.5.1.1) below.

Sampling Numper of Numper of
location particles particles
(0,3 m) (05 m)

1 245 21

2 185 24

3 59 0

4 106 7

5 164 22

6 196 25

7 226 23

8 224 37

9 195 19
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D.1.7

From the raw data (D.1.6), the number of particles per cubic
metre, X, is calculated:

S;jg;‘t’i'(')';g . 03m  x 05 m

1 8 750 750

2 6 607 857

3 2107 0

4 3786 250

5 5 857 786

6 7 000 893

7 8 071 821

8 8 000 1321

9 6 964 679

Each calculated concentration value for 0,3 mand 0,5 mis
less than the limits established in D.1.3. This satisfies the first
part of classification (B.6.1) and therefore calculation of the
95% UCL according to annex C can proceed.

D.1.8

Computation of average concentration in accordance with
equation (C.1) (see C.2) is not applicable, as the sample
volumes taken were single volumes which represent an aver-
age particle concentration at each location. The overall means
of the averages are calculated in accordance with equation
(C.2) (see C.3.2).

For particles 0,3 m:

18750 6 607 2 107 3 786
= — 5857 7 000 8 071 8 000

X1
|

D.5
6 964 (B-5)
1
= g X 57 142
= 6 349,1 rounded to 6 349 particles/m3
For particles 0,5 m:
=_ 1 750 857 0 250 786
X 9 893 821 1321 679 (D-6)

=1y 6357
9

= 706,3 rounded to 706 particles/m?3

ISO 14644-1:1999(E)

D.1.9

The standard deviations of the location averages are calcu-
lated in accordance with equation (C.3) (see C.3.3).

For particles 0,3 m:

(8 750 6 3492 (6 607 6 349)
(2 107 6 349)2 (3 786 6 349)2
s2= - (5857 6 349)2 (7 000 6 349)>
(8 071 6 349> (8 000 6 349)

(D.7)
(6 964 6 349)

x 37130073

oo| =

= 4641 259,1 rounded to 4 641 259

s = 44°641°259 (D.8)

= 2 154,4 rounded to 2 154 particles/m3

For particles 0,5 m:

(750 706)> (857 706)°
(0 706)> (250 706)2

s2= — (786 7067 (893 706)
2 2
(821 706)> (1 321 706) (D.9)
(679 706)°
= 3 X 1164657
= 145 582,1 rounded to 145 582
s = 4145582 (D.10)
= 381,6 rounded to 382 particles/m?3
D.1.10

The 95% upper confidence limits (UCL) are calculated
in accordance with equation (C.4) (see C.3.4). As the number
of

individual averages is m = 9, the t distribution taken from
Table C.1ist = 1,9.

95% UCL 0,3 m 6 349 1,921%
<

7 713,2 (D.11)

rounded to 7 713 particles/m3
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95% UCL 0,5 m 706 19 382
<9
947,9 (D.12)
rounded to 948 particles/m3
D.1.11

The interpretation of results is carried out according to B.6.1.
In D.1.7, it was shown that the particle concentration of each
single sample volume is less than the specified class limits. In
D.1.10, itwas shown that the calculated values of the 95% UCL
are also less than the class limits established in D.1.3.

Therefore the airborne particulate cleanliness of the clean-
room meets the required classification.

D.2 Example 2
D.2.1

This example is constructed to show the influence of the 95%
UCL calculations on the results.

A cleanroom is specified for a particulate cleanliness of ISO
Class 3 in operation. The number of sampling locations has
been determined to be five. As the number of
sampling locations is more than one and less than ten, the
calculation of

the 95% UCL according to annex C is applicable.

Only one particle size (D 0,1 m) is considered.

D.2.2

The particle concentration limit for ISO Class 3at 0,1 miis
taken from Table 1:

C, ( 01 m) = 1000
particles/m3

D.2.3

At each sampling location, only one single sample volume is
taken (B.5.1.1). The number of particles per cubic metre, x; , is
calculated for each location and recorded below:

Sampling location X 0,1 m
1 926
2 958
3 937
4 963
5 214

Each value of the concentration for D =0,1 m is less than
the limit established in D.2.2. This result satisfies the first part
of classification (B.6.1) and therefore calculation of the 95%
UCL according to annex C can proceed.

D.2.4

The overall mean of the averages is calculated in accordance
with equation (C.2) (see C.3.2):

ISO 14644-1:1999(E)

X %926 958 937 963 214
1 3998
5 (D.13)
799,6 rounded to 800 particles/ m®
D.2.5

The standard deviation of the location averages is calculated
in accordance with equation (C.3) (see C.3.3):

926 — 800 2 958 — 800 2
s? % 937 - 8002 963 — 800 2
214 — 800 2
; (D.14)
7 429574
107 393,5 rounded to 107 394
s 107 394 327,7
(D.15)

rounded to 328 particles/m3

D.2.6

The 95% UCL is calculated in accordance with equation (C.4)
(see C.3.4):

As the number of individual averages is m = 5, the t distribu-
tion taken from Table C.1is t = 2,1.

95% UCL = 800 + 2,1 [ 328 (D.16)

5 )
= 1108 particles/m?

D.2.7

The particle concentrations of all of the single sample volumes
are less than the specified classification limit (D.2.2).

Calculation of the 95% upper confidence limit shows, however,
that the airborne particulate cleanliness of the cleanroom does
not meet the specified classification.

This constructed example demonstrates the effect of a single
outlying low particle concentration (i.e. location 5) on the result
of the 95% UCL test.

Because nonconformance of the air cleanliness classification
results from application of the 95% UCL, and is caused by a
single, low particle concentration, the procedure described in
B.6.2 may be followed to determine whether the nonconfor-
mance can be waived.
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Annex E
(informative)

Considerations for the counting and sizing of particles outside
the size range applicable for classification

E.1 Principle

In some situations, typically those related to specific process
requirements, alternative levels of air cleanliness may be
specified on the basis of particle populations that are not within
the size range applicable to classification. The maximum
permitted concentration of such particles and the choice of test
method to verify compliance are matters for agreement be-
tween the customer and the supplier. Considerations for test
methods and prescribed formats for specification are given
in E.2 (for U descriptors) and E.3 (for M descriptors).

E.2 Consideration of particles smaller
than 0,1 m (ultrafine particles) —
U descriptor

E.2.1. Application

If contamination risks caused by particles smaller than 0,1 m
are to be assessed, sampling devices and measurement
procedures appropriate to the specific characteristics of such
particles should be employed.

The number of sampling locations should be established in
accordance with B.4.1 and the minimum sample volume V¢
should be 2 litres (B.4.2.2).

E.2.2 U descriptor format

The ultrafine particle concentration of the U descriptor may be
used alone or as a supplement to the airborne
particulate cleanliness class. The U descriptor is expressed in
the format

“U (x; y)”, where

X is the maximum permitted concentration of ultrafine
particles (expressed as ultrafine particles per cubic
metre of air);

y is the size in micrometres at which the applicable
discrete-particle counter counts such particles with
50% counting efficiency.

EXAMPLE To express a maximum permitted ultrafine
particle concentration of 140 000 particles/m3 in the particle size
range 0,01

m, the designation would be: “U (140 000; 0,01 m)”.

NOTE 1  Suitable methods of test for concentrations of airborne
particles smaller than 0,1 m are given in IEST-G-CC1002 [1].

NOTE 2  If the U descriptor designation is used as a supplement to
an airborne particulate cleanliness class, the ultrafine particle concen-
tration (x) should be not less than the particle concentration
limit

(particles per cubic metre) applicable to the considered size of 0,1 m
for the specified ISO class.

E.3 Consideration of particles larger
than 5 m (macroparticles) —
M descriptor

E.3.1 Application

If contamination risks caused by particles larger than5 m are
to be assessed, sampling devices and measurement proce-
dures appropriate to the specific characteristics of such parti-
cles should be employed.

As particle liberation within the process environment normally
dominates the macroparticle fraction of the airborne particle
population, the identification of an appropriate sampling device
and measurement procedure should be addressed on
an application-specific basis. Factors such as the density,
shape, volume, and aerodynamic behaviour of the particles
need to be taken into account. Also, it may be necessary to
put special emphasis on specific components of the total
airborne popula- tion, such as fibres.

E.3.2 M descriptor format

The M descriptor may be specified independently or as
a supplement to the ISO classes of airborne particulate
cleanli- ness. The M descriptor is expressed in the format

“M (a; b); c”, where

a is the maximum permitted concentration of
macroparticles (expressed as macroparticles per
cubic metre of air);

b is the equivalent diameter (or diameters) associ-
ated with the specified method for measuring
macroparticles (expressed in micrometres);

c is the specified measurement method.

NOTE 1 If the population of airborne particles being
sampled contains fibres, they may be accounted for by
supplementing the M descriptor with a separate descriptor for fibres,
havingthe format“Mg,

(a; b); c”.

EXAMPLE 1 Toexpressanairborne particle concentration of 10 000
particles/m3 in the particle size range of >5 m based on the use of
a time-of-flight aerosol particle counter to determine the
aerodynamic diameter of the particles, the designation would be:

“M (10 000; >5 m); time-of-flight aerosol particle counter”.
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EXAMPLE 2 To express an airborne particle concentration of 1 000
particles/m3 in the particle size range of 10 to 20 m, based on the
use of a cascade impactor followed by microscopic sizing and
counting, the designation would be:

“M (1 000; 10 m to 20 m); cascade impactor followed by
microscopic sizing and counting”.

NOTE 2  Suitable methods of test for concentrations of airborne
particles larger than 5 m are given in IEST-G-CC1003 [2].

NOTE 3  Ifthe M descriptor designation is used as a supplement to
an airborne particulate cleanliness class, the macroparticle concentra-
tion (a) should be not greater than the particle concentration
limit (particles per cubic metre) applicable to the considered size of 5
m for the specified ISO class.

ISO 14644-1:1999(E)
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Annex F
(informative)

Sequential sampling procedure

F.1 Background and limitations
F.1.1 Background

If the air being sampled is significantly more or significantly
less contaminated than the specified class concentration
limit for the considered particle size, use of the sequential
sampling procedure can reduce sample volumes and
sampling times, often dramatically. Some savings may
also be realized when the concentration is near the
specified limit. Sequential sampling is most appropriate
when air cleanliness is expected to quality as ISO Class 4
or cleaner.

NOTE For further information on sequential sampling, see
IEST-G-CC1004 [3].

F.1.2 Limitations

The principal limitations of sequential sampling are:

a) The procedure is only applicable to sampling aimed at
a total of 20 particles per measurement, for particles of the
considered size at the specified class or concentration
limit.

b) Each sample measurement requires supplementary
monitoring and data analysis, which can be facilitated
through computerized automation.

c) Particle concentrations are not determined as

25

precisely as with conventional sampling procedures, due to
the reduced sample volume

F.2 Basis for the procedure

The procedure is based on comparison of real-time
cumulative particle counts to reference count values.
Reference values are derived from equations for upper and
lower limit boundaries:

Upper limit: C=39+103E (F.1)

Lower limit: C=-396+103E (F.2)

where
C is the observed count;
E is the expected count.

To facilitate comparisons, helpful references have been
provided in the form of a graph, Figure F.1, and in tabular
form as Table F.1. Either format may be used.

As air is being sampled at each designated location, the run-
ning total particle count is continuously compared to reference
count limits which are a function of the proportion of the pre-
scribed total volume that has been sampled. If the running
total count is less than the lower reference count limit corre-
sponding to the volume that has been sampled, the air being

Stop counting, FAIL
20 —

15 — C =396+ 1,03E

10 —

Observed count, C

Continue
counting

C =-396+103E
Stop counting, PASS

I I
10 15 20

Expected count, E

Figure F.1 — Boundaries for pass or fail by the sequential sampling procedure

15
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Table F.1 — Upper and lower limits for time at which C observed counts should arrive

FAILS IF COUNT, C, COMES PASSES IF COUNT, C, COMES
EARLIER THAN EXPECTED LATER THAN EXPECTED
Fractional time, t Observed Count Fractional time, t Observed Count
0,001 9 4 0,192 2 0
0,050 5 5 0,240 7 1
0,099 2 6 0,289 3 2
0,147 6 7 0,337 8 3
0,196 1 8 0,386 4 4
0,244 7 9 0,434 9 5
0,293 2 10 0,483 4 6
0,341 7 11 0,532 0 7
0,390 2 12 0,580 5 8
0,438 8 13 0,629 1 9
0,487 3 14 0,667 6 10
0,535 9 15 0,726 2 11
0,584 4 16 0,774 7 12
0,633 0 17 0,823 3 13
0,681 5 18 0,871 8 14
0,730 0 19 0,920 3 15
0,778 6 20 0,968 9 16
1,000 0 21 1,000 0 17
NOTE Fractional times are given as the fraction of total times (t = 1,000 0 at the class limit).

sampled is found to meet the specified class or concentration
limit, and sampling is halted.

If the running count exceeds the upper reference count limit
corresponding to the volume sampled, the air being sampled
fails to meet the specified class or concentration limit, and
sampling is halted. As long as the running count
remains between the upper and lower limits, sampling
continues until the full sample has been accumulated.

In the graph, Figure F.1, the number of observed counts, C, is
plotted versus E, the expected number of counts for air being
sampled at a rate (volume versus time) that would produce 20
counts in the time it would take to measure a full single sample
of air if the concentration were at the specified limit for the
considered particle size.

Table F.1 provides an equivalent method, in which the time of
the observed count, C, is compared with incremental fractions
of the time that would be required to measure a full single
sample, as shown in the table. If the count occurs earlier than
would be expected from the table, the air being sampled fails
to meet the specified limit. If the count occurs later
than

expected, the air being sampled meets the prescribed limit. At
most, 21 comparisons of particle arrival times with the limiting
times on the table would be required.

F.3 Procedure for sampling

F.3.1 Sequential sampling references
Two optional comparison techniques are provided for judging
the result as data collection proceeds. Progressive computer-
ized analysis of the data is beneficial and recommended.

F.3.2 Graphical sampling comparison
Figure F.1 illustrates the boundaries established in equations
(F.1) and (F.2), as truncated by the limitations of E =
20, representing the time required to collect a full sample,
and C = 20, the maximum observed count allowed.

The observed countis plotted versus the expected count for air
having a particle concentration precisely at the specified class
level. The passage of time corresponds to increasing numbers
of expected counts, with E = 20 representing the time required

16
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to accumulate a full sample volume if the particle concentration
were at the class limit.

The procedure for sequential sampling using Figure F.1 is as
follows:

As sampling proceeds, record the number of particles counted
as a function of time, and compare the count with the upper and
lower limit lines of Figure F.1. If the cumulative observed count
crosses the upper line, sampling at the location is stopped and
the air is reported to have failed compliance with the specified
class limit. If the cumulative observed count crosses the lower
line, sampling is stopped and the air passes the specified class
limit. If the cumulative observed count remains between the
upper and lower lines, sampling will continue.

If the total count is 20 or less at the end of the prescribed
sampling period and has not crossed the upper line, the air is
judged to have complied with the class limit.

F.3.3 Tabular sampling comparison
Table F.1 provides an equivalent method for use with sequen-
tial sampling, also based on equations (F.1) and (F.2). The
time, t, onthe table is assigned a value of “1,000 0” to represent
the duration of a complete single sample. The volume of this
sample is the volume necessary to provide 20 particles, if the
air contains precisely the class limit equivalent concentration of
particles of the considered size. The time values listed in the
table are the fractional portions of the total time required for
accumulation of the entire single sample.

The procedure for sequential sampling using Table F.1 is as
follows:

As sampling proceeds, record the number of particles counted
as afunction of time, and compare the time at which each count
is observed with the times shown in the two columns of the
table. If a given cumulative observed count occurs earlier than
expected, as indicated by comparison with the left-hand col-
umn, sampling is stopped and the air is reported to have failed
compliance with the specified class limit. If the cumulative
observed count occurs later than expected, as indicated by
comparison with the right-hand column, sampling is stopped
and the air is reported to be in compliance with the specified
limit. If the cumulative observed count continuously arrives
between the times shown in the two columns, sampling will
continue. If counting continues through 21 comparisons with
the left-hand column and no count arrives earlier than
its expected time, the air passes the specified limit for a full
single sample.

ISO 14644-1:1999(E)
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and non-
governmental, in liaison with 1SO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.

Draft International Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this part of ISO 14644 may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

International Standard ISO 14644-2 was prepared by Technical Committee ISO/TC 209, Cleanrooms and
associated controlled environments.

ISO 14644 consists of the following parts, under the general title Cleanrooms and associated controlled
environments:

Part 1: Classification of air cleanliness

Part 2: Specifications for testing and monitoring to prove continued compliance with ISO 14644-1

Part 3: Metrology and test methods

Part 4: Design, construction and start-up

Part 5: Operations

Part 6: Terms and definitions

Part 7: Separative enclosures (clean airhoods, gloveboxes, isolators, mini-environments)
Users should note that the titles listed for parts 3 to 7 are working titles at the time of the release of part 2. In the
event that one or more of these parts are deleted from the work programme, the remaining parts may be

renumbered.

Annexes A and B of this part of ISO 14644 are for information only.
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Introduction

This part of ISO 14644 provides a process to prove continued compliance with ISO 14644-1 and specifies minimum
requirements for testing and monitoring. In any testing plan, consideration should also be given to the particular
operational requirements, risk assessment of the installation, and its use.

Cleanrooms and associated controlled environments provide for the control of airborne particulate contamination
to levels appropriate for accomplishing contamination-sensitive activities. Products and processes that benefit
from the control of airborne contamination include aerospace, microelectronics, pharmaceuticals, medical
devices, healthcare, food and others. Many factors besides airborne particulate cleanliness should be
considered in the design, specification, operation and control of cleanrooms and other controlled environments.

In some circumstances, relevant regulatory agencies may impose supplementary policies or restrictions. In such
situations, appropriate adaptations of the standard testing procedures may be required.

© ISO 2000 — Al rights reserved \'
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Cleanrooms and associated controlled environments —

Part 2:
Specifications for testing and monitoring to prove continued
compliance with ISO 14644-1

1 Scope

This part of ISO 14644 specifies requirements for periodic testing of a cleanroom or clean zone to prove its
continued compliance with ISO 14644-1 for the designated classification of airborne particulate cleanliness.

These requirements invoke the test described in 1ISO 14644-1 for classification of a cleanroom or clean zone.
Additional tests are also specified, to be carried out in accordance with the requirements of this part of ISO 14644.
Optional tests, to be applied at the user’s discretion, are also identified.

This part of ISO 14644 also specifies requirements for monitoring of a cleanroom or clean zone (hereafter

referred to as an installation) to provide evidence of its continued compliance with 1SO 14644-1 for the
designated classification of airborne particulate cleanliness.

2 Normative references

The following normative document contains provisions which, through reference in this text, constitute provisions
of this part of ISO 14644. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this part of ISO 14644 are encouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below. For
undated references, the latest edition of the normative document referred to applies. Members of ISO and IEC
maintain registers of currently valid International Standards.

ISO 14644-1:1999, Cleanrooms and associated controlled environments — Part 1: Classification of air
cleanliness. 1SO 14644-3:—"), Cleanrooms and associated controlled environments — Part 3: Metrology and test

methods.

3 Terms and definitions

For the purposes of this part of ISO 14644, the terms and definitions given in ISO 14644-1 and the following apply.

3.1 General terms

3.141

requalification

execution of the test sequence specified for the installation to demonstrate compliance with ISO 14644-1 according
to the classification of the installation, including the verification of the selected pre-test conditions

1) To be published.
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31.2

test

procedure undertaken in accordance with a defined method to determine the performance of an installation or an
element thereof

3.1.3

monitoring

observations made by measurement in accordance with a defined method and plan to provide evidence of the
performance of an installation

NOTE This information may be used to detect trends in operational state and to provide process support.

3.2 Terms concerning frequency intervals

3.21
continuous
updating that occurs constantly

3.2.2
frequent
updating that occurs at specified intervals not exceeding 60 minutes during operation

3.23

6 months

updating that occurs at an average interval not exceeding 183 days throughout periods of operational use,
subject to no interval exceeding 190 days

3.24

12 months

updating that occurs at an average interval not exceeding 366 days throughout periods of operational use,
subject to no interval exceeding 400 days

3.2.5
24 months

updating that occurs at an average interval not exceeding 731 days throughout periods of operational use,
subject to no interval exceeding 800 days

4 Demonstration of continued compliance

4.1 Principle
Continued compliance with air cleanliness (ISO class) requirements specified for the installation is verified by

performing specified tests and by documenting the results. Monitoring data is used as an indication of installation
status and may determine the frequency with which tests are carried out.

4.2 Testing for continued compliance

4.21 The reference test method and the maximum time intervals between such tests to prove continued
compliance with the designated ISO class are given in Table 1.
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Table 1 — Schedule of testing to demonstrate compliance
with particle concentration limits

Classification Maximum time interval Test method
u ISO Class 5 6 months Annex B in ISO 14644-1:1999
>|S0O Class 5 12 months Annex B in ISO 14644-1:1999

NOTE Particle count tests will normally be performed in the operational state, but may also
be performed in the at-rest state in accordance with the designated ISO classification.

4.2.2 Where the application requires them, tests as given in Table 2 shall be carried out to demonstrate
compliance. The requirement for each of these tests shall be determined by agreement between the customer and
supplier.

Table 2 — Schedule of additional tests for all classes

Test parameter Maximum time interval Test procedure
Airflow volume 2 or airflow velocity 12 months ISO 14644-3:—, clause B.4
Air pressure difference P 12 months ISO 14644-3:—, clause B.5

NOTE These tests may normally be performed in either the operational or at-rest state in accordance with the designated
I1SO classification.

@ Airflow volume may be determined by either velocity or volume measurement techniques.

b This test will not apply to clean zones which are not totally enclosed.

4.2.3 In addition to the normative tests given in Tables 1 and 2, other tests may be included by agreement
between customer and supplier as considered appropriate to the installation, such as those listed in annex A.

4.24 Where the installation is equipped with instrumentation for continuous or frequent monitoring of the
airborne particle concentration, and air pressure difference, where applicable, the maximum time interval as stated
in Table 1 may be extended, provided that the results of continuous or frequent monitoring remain within the
specified limit(s).

4.2.5 In those installations that require additional tests, and where the installation is equipped with
instrumentation for continuous or frequent monitoring of the test parameter applicable, the maximum time
interval(s) as stated in Table 2 may be extended, provided that the results of continuous or frequent monitoring
remain within the specified limit(s).

4.2.6 Where instruments are used for testing, they shall be calibrated in accordance with current industry
practice.

4.2.7 If the test results are within the limits specified, then the installation is in a condition of continued
compliance. If any of the test results exceeds the limits specified, the installation is not in compliance and
appropriate remedial action shall be taken. Following remedial action, requalification shall be undertaken.

4.2.8 Requalification of the installation shall be undertaken after any of the following.

a) Completion of remedial action implemented to rectify an out-of-compliance condition.

b) A significant change from the current performance specification, such as a change in operational use. The
significance of a change should be determined by agreement between the customer and the supplier.

c) Any significant interruption of air movement which affects the operation of the installation. The significance of
an interruption should be determined by agreement between the customer and the supplier.
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d) Special maintenance which significantly affects the operation of the installation, (e.g. change of final filters).
The significance of an effect should be determined by agreement between the customer and the supplier.

4.3 Monitoring

4.3.1 Routine monitoring of airborne particle concentration and other parameters shall be performed according to
a written plan.

NOTE Monitoring is normally performed with the installation in the operational state.

4.3.2 The airborne-particle monitoring plan shall be based on risk assessment (see annex B) related to the
application of the installation. The plan shall include, as a minimum, predetermined sample locations, minimum
volume of air per sample, duration of measurements, number of measurements per sample location as required,
time interval between measurements, particle size or sizes to be counted, and count acceptance limits, as well as
count alert, action and excursion limits, if appropriate.

NOTE 1 If continuous or frequent monitoring is specified in the plan for both airborne particle counting and air
pressure difference monitoring, the schedule for the particle count test may be modified by extending the time interval between
tests (see

4.2.4 and 4.2.5).

NOTE 2  Monitoring of other attributes (e.g. temperature and humidity) may also be undertaken in the same manner
as above.

4.3.3 If monitoring results exceed specified action limits, the installation shall be considered non-compliant and
appropriate remedial action shall be taken. Following remedial action, appropriate tests (see 4.2 and annex A) shall
be performed to determine if the installation is in compliance. If compliance has been achieved, the monitoring may
be resumed.

4.3.4 Instruments used for monitoring shall be calibrated in accordance with current industry practice.

4.4 Documentation

441 The results from requalification or testing of each installation to prove continued compliance shall be
recorded and submitted as a comprehensive report, along with a statement of compliance or non-compliance with
the specified tests.

The test report shall include the following:

a) name and address of the testing organization;

b) operator(s) identification and the date on which the test was performed;

c) reference to this part of ISO 14644, i.e. ISO 14644-2:2000;

d) clear identification of the physical location of the installation tested (including reference to adjacent areas if
necessary) and specific designations for coordinates of all sampling locations;

e) specified designation criteria for the installation, including the ISO classification and considered particle size(s),
relevant occupancy state(s), airflow volume or velocity, and air pressure difference;

f) measuring instruments used and proof of calibration;
g) testresults, including particle concentration data for all sampling location coordinates;
h) date of the preceding test to prove continued compliance.

Where the maximum time intervals are extended in accordance with 4.2.4 and 4.2.5, the results of the continuous
or frequent monitoring shall also form part of the documentation.
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4.4.2 Documentation of the monitoring of each installation shall be as set out in the monitoring plan.

4.5 Records

Records retention shall conform to any quality control procedures in place for the installation. Records shall
comply with regulatory requirements.
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Annex A
(informative)

Optional tests
In addition to the normative tests specified in Tables 1 and 2, optional tests, such as those listed in Table A.1, may

be included within the testing plan.

Table A.1 — Schedule of optional tests

Test parameter Class Suggested maximum timel Test procedure
interval
Installed filter leakage All classes 24 months 1SO 14644-3:—, clause B.6
Airflow visualization All classes 24 months ISO 14644-3:—, clause B.7
Recovery All classes 24 months ISO 14644-3:—, clause B.13
Containment leakage All classes 24 months ISO 14644-3:—, clause B.14
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Annex B
(informative)
Guidance on the influence of risk ISO
assessment on cleanroom or clean zone 14644-4

tests and monitoring

First edition
The risk assessment pertaining to a particular cleanroom or clean zone 2001-04-01

application will affect the following:
a) monitoring plan;
b) interpretation of monitoring data;

c) actions to be taken as a result of the monitoring data obtained;

d) selection of parameters tod

e) selection of parameters to be measured from Table A.1.

ICS 13.040.30

Price based on 7 pages
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
liaison with ISO, also take part in the work. ISO collaborates closely with the International Electrotechnical
Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.

Draft International Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this part of ISO 14644 may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

International Standard 1SO 14644-4 was prepared by Technical Committee ISO/TC 209, Cleanrooms and
associated controlled environments.

ISO 14644 consists of the following parts, under the general title Cleanrooms and associated controlled
environments:

Part 1: Classification of air cleanliness

Part 2: Specifications for testing and monitoring to prove continued compliance with ISO 14644-1
Part 3: Metrology and test methods

Part 4: Design, construction and start-up

Part 5: Operations

Part 6: Vocabulary

Part 7: Separative enclosures (clean air hoods, glove boxes, isolators, mini-environments)

Users should note that the titles listed for parts 3 and 5 to 7 are working titles at the time of the release of part 4. In
the event that one or more of these parts are deleted from the work programme, the remaining parts may be
renumbered.

Annexes A to H of this part of ISO 14644 are for information only.
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Introduction

Cleanrooms and associated controlled environments provide for the control of airborne particulate contamination
to levels appropriate for accomplishing contamination-sensitive activities. Products and processes that benefit
from the control of airborne contamination include those in such industries as aerospace, microelectronics,
pharmaceuticals, medical devices and healthcare.

This part of ISO 14644 specifies the requirements for the design and construction of cleanroom facilities. It is
intended for use by purchasers, suppliers and designers of cleanroom installations and provides a check list of
important parameters of performance. Construction guidance is provided, including requirements for start-up and
qualification. Basic elements of design and construction needed to ensure continued satisfactory operation are
identified through the consideration of relevant aspects of operation and maintenance.

This part of ISO 14644 is one of a series of standards concerned with cleanrooms and associated subjects. Many
factors besides design, construction and start-up should be considered in the operation and control of cleanrooms
and other controlled environments. These are covered in some detail in other International Standards prepared by
ISO/TC 209.
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Cleanrooms and associated controlled environments

Part4:
Design, construction and start-up

1 Scope

This part of ISO 14644 specifies requirements for the design and construction of cleanroom installations but does
not prescribe specific technological or contractual means to meet these requirements. It is intended for use by
purchasers, suppliers and designers of cleanroom installations and provides a checklist of important parameters of
performance. Construction guidance is provided, including requirements for start-up and qualification. Basic
elements of design and construction needed to ensure continued satisfactory operation are identified through the
consideration of relevant aspects of operation and maintenance.

NOTE Further guidance in respect of the above requirements is given in annexes A to H. Other parts of ISO 14644 may
provide complementary information.

Application of this part of ISO 14644 is restricted in the following:
user requirements are represented by purchaser or specifier;
specific processes to be accommodated in the cleanroom installation are not specified;

fire and safety regulations are not considered specifically; the appropriate national and local requirements
should be respected;

process media and utility services are only considered with respect to their routing between and in the different
zones of cleanliness;

regarding initial operation and maintenance, only cleanroom construction-specific requirements
are considered.

2 Normative references

The following normative documents contain provisions which, through reference in this text, constitute provisions of
this part of ISO 14644. For dated references, subsequent amendments to, or revisions of, any of these publications
do not apply. However, parties to agreements based on this part of ISO 14644 are encouraged to investigate the
possibility of applying the most recent editions of the normative documents indicated below. For undated
references, the latest edition of the normative document referred to applies. Members of ISO and IEC maintain
registers of currently valid International Standards.

ISO 14644-1:1999, Cleanrooms and associated controlled environments — Part 1: Classification of air
cleanliness.

ISO 14644-2:2000, Cleanrooms and associated controlled environments — Part 2: Specifications for testing and
monitoring to prove continued compliance with ISO 14644-1.
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ISO 14644-3:— 1, Cleanrooms and associated controlled environments — Part 3: Metrology and test methods.

ISO 14698-1:— 1), Cleanrooms and associated controlled environments — Biocontamination control —
Part 1: General principles

ISO 14698-2:— 1), Cleanrooms and associated controlled environments — Biocontamination control —
Part 2: Evaluation and interpretation of biocontamination data.

ISO 14698-3:— 1), Cleanrooms and associated controlled environements — Biocontamination control
— Part 3: Measurement of the efficiency of processes of cleaning and/or disinfection of inert surfaces
bearing biocontaminated wet soiling or biofilms.

3 Terms and definitions
For the purposes of this part of ISO 14644, the terms and definitions given in ISO 14644-1 and the following apply.

31
changing room
room where people using a cleanroom may change into, or out of, cleanroom apparel

3.2
clean air device
stand-alone equipment for treating and distributing clean air to achieve defined environmental conditions

33
cleanliness
condition of a product, surface, device, gas, fluid, etc. with a defined level of contamination

NOTE Contamination can be particulate, non-particulate, biological, molecular or of other consistency.

3.4

commissioning

planned and documented series of inspections, adjustments and tests carried out systematically to set the
installation into correct technical operation as specified

3.5

contaminant

any particulate, molecular, non-particulate and biological entity that can adversely affect the product or
process

3.6
non-unidirectional airflow
air distribution where the supply air entering the clean zone mixes with the internal air by means of induction

3.7
particle
minute piece of matter with defined physical boundaries

NOTE For classification purposes refer to ISO 14644-1.
3.8

pre-filter
air filter fitted upstream of another filter to reduce the challenge on that filter

1 To be published.
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3.9
process core
location at which the process and the interaction between the environment and the process occurs

3.10
start-up
act of preparing and bringing an installation into active service, including all systems

EXAMPLE Systems may include procedures, training requirements, infrastructure, support services, statutory
under- takings requirements.

3.1

unidirectional airflow

controlled airflow through the entire cross-section of a clean zone with a steady velocity and approximately
parallel streamlines

NOTE This type of airflow results in a directed transport of particles from the clean zone.

4 Requirements

41 The parameters listed in 4.2 to 4.18 shall be defined and agreed between purchaser and supplier:
NOTE In the requirements stated below, references are made to annexes A to H which are for information only.
4.2 The number, edition and date of publication of this part of ISO 14644 shall be given.

4.3 The role of other relevant parties to the project (e.g. consultants, designers, regulatory authorities, service
organizations) shall be established (see examples in annex C).

4.4 The general purpose for which the cleanroom is to be used, the operations to be carried out therein and any
constraint imposed by the operating requirements (see examples in annexes A, B and D).

4.5 The required airborne particulate cleanliness class or demands for cleanliness in accordance with the
relevant International Standard (1ISO 14644-1, ISO 14698-1, 1SO 14698-2 and 1SO 14698-3) (see examples in
annex B).

4.6 The critical environmental parameters, including their specified set points, alert and action levels to be
measured to ensure compliance, together with the measurement methods to be used, including calibration
(ISO 14644-2 and ISO 14644-3) (see examples in annex F).

4.7 The contamination control concept, including installation, operating and performance criteria, to be used to
achieve the required cleanliness level (see examples in annex A).

4.8 The methods of measurement, control, monitoring and documentation required to meet the parameters
agreed (see examples in annexes C and F).

4.9 The entry or exit of equipment, apparatus, supplies and personnel required to support the installation (see
examples in annex D).

4.10 The specified occupancy states selected from "as-built", "at-rest" and "operational" under which the required
parameters shall be achieved and maintained including variations with time, and the methods of control (see
examples in annex C).

4.11 The layout and configuration of the installation (see examples in annex D).

412 Critical dimensions and mass restrictions, including those related to available space (see examples in
annex D).
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4.13 The process and product requirements that affect the installation (see examples in annexes B and G).

4.14 The process equipment list with utility requirements (see examples in annexes D, E and H).

4.15 The maintenance requirements of the installation (see examples in annexes D and E).

4.16 The assignment of tasks for the preparation, approval, execution, supervision, documentation, statement of
criteria, basis of design, detailed design, construction, testing, commissioning and qualification (including the
performance and witnessing) of tests (see examples in annexes E and G).

4.17 The identification and evaluation of external environmental influences (see examples in annex H).

4.18 Additional information required by the particular application (see examples in annex H).

5 Planning and design

5.1 Planning procedure

5.1.1 A project plan shall be developed, in consultation with the user and all other involved parties, to define the
requirements of the products, the processes and the scope of the installation.

5.1.2 In order to determine the needs of an installation, a process equipment list shall be compiled, and shall
include the critical requirements for each piece of process equipment.

5.1.3 Diversity factors shall be defined, considering peak and average demand for each utility and environmental
control system.

NOTE A system may include multiple subsystems which require individual diversity-factor determination.

5.1.4 A contamination control concept shall be developed for each zone of an installation (see examples in
annex A).

5.1.5 The specifications as defined in clause 4 shall be reviewed and refined based on financial and timescale
requirements.

5.1.6 The project plan shall include the following elements:

a) design documentation with support calculations;

b) cost evaluation;

c) timescale evaluation;

d) an outline of anticipated project complications;

e) design options with records of advantages and disadvantages and any recommendations;
f) areview of maintenance requirements of the installation;

g) a review of the degree of flexibility to be included in the installation;

h) a review of the stand-by capacities to be included in the installation;

i) areview of the constructability of the design of the installation;

j) aquality plan.
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The use of a quality system, such as the ISO 9000 family of international standards (e.g. ISO 9000 and
ISO 9001), should be considered, in conjunction with industry-specific quality assurance strategies.

5.1.7 The completed project plan shall be reviewed and agreed upon between purchaser and supplier.

5.2 Design

5.2.1 The design shall accommodate all of the relevant product and process requirements in conjunction with the
selected contamination control concept (see examples in annex A).

5.2.2 The purchaser and supplier shall formally accept the design in accordance with predetermined acceptance
criteria.

5.2.3 The design shall conform to an agreed list of requirements, such as building, environmental and safety
regulations, good manufacturing practice guidelines (e.g. ISO 14001 and ISO 14004).

The design should be reviewed at periodic stages of development, including final completion, to ensure compliance
with the specifications and the acceptance criteria.

6 Construction and start-up
6.1  Construction of an installation shall comply with the drawings and specifications.

6.2 Any changes required during the course of construction shall be checked for acceptance, approved and
documented prior to implementation of the change in accordance with a change control procedure.

6.3 Construction work, whether performed at a manufacturing location or in situ, shall observe the specific
contamination control requirements of the quality plan.

6.4 A clean construction protocol and cleaning procedures shall be developed as part of the quality plan and
enforced to achieve the specified contamination control requirements. Security and access control is essential to
maintain the clean construction protocol.

6.5 The cleaning methods and methods to determine and approve the achieved cleanliness shall be defined and
documented in the quality plan.

6.6 The cleaning of the air systems shall be specified and shall be carried out at assembly, before initial
operation and whenever rebuilding work, repair work and maintenance work are performed.

6.7 Inthe case of start-up of new installations or re-starting existing installations after repair or modification, final
cleaning of the cleanroom is necessary and provisions shall be made for the removal of adherent, imported or
released contamination.

6.8 Before commencing any operational activities, the complete and satisfactory function of the installation shall
be determined by tests carried out in accordance with clause 7.

NOTE In the case of packaged units, such as clean air devices, a manufacturer's certificate of compliance with
the requirements of this part of ISO 14644 may be sufficient, provided that the supplier is qualified (i.e. knowledgeable
of or competent in cleanroom requirements) and the risk of damage during transport, storage and installation can be
controlled adequately.

6.9 During acceptance testing, commissioning and initial operation, the personnel in charge of the installation
shall be trained. Testing, approval of the installation and training shall include all relevant practices for proper
cleanroom operation, maintenance and in-process control. The responsibility for providing training shall be defined.

When training is carried out, all relevant persons such as operators, maintenance and service personnel should be
included.
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7 Testing and approval

7.1 General
During and upon completion of the construction of an installation, an agreed series of documented tests shall be

specified and undertaken prior to operational use of the installation. Annex C gives examples of the design, testing
and approval processes.

7.2 Construction approval

A systematic range of inspections, adjustments, measurements and tests shall be carried out to ensure that each
part of the installation complies with the design requirements.

7.3 Functional approval

A series of tests and measurements shall be carried out to determine that all parts of the installation operate
together to achieve the required conditions in the "as-built" or "at-rest" states.

7.4 Operational approval
A series of tests and measurements shall be carried out to determine that the complete installation achieves the

required "operational" performance with the specified process or activity functioning, and with the specified number
of personnel present working in the agreed manner.

8 Documentation

8.1 General

Details of a completed installation (including instrumentation calibration) and all operation and maintenance
procedures shall be documented. Documents shall be made readily available to all personnel responsible for start-
up, operation and maintenance of the installation.

Such personnel should fully understand the documentation.

8.2 Record of an installation

Details of the completed installation shall be provided and shall contain:

a) adescription of the installation and its function;

b) a set of final and approved performance test data, derived from the tests carried out in accordance with
clause 7 of this part of ISO 14644, recording the values of all conditions defined in the specification for the

installation and achieved during the commissioning, testing and start-up procedures;

c) a setof drawings, diagrams (e.g. layout of wiring, piping and instrumentation) and specifications describing the
completed and approved "as-built" installation and its components;

d) alist of parts and equipment and any recommendation for stocking spare parts.

8.3 Operational instructions

Each installation or system shall be provided with a clear set of operating instructions. Such operating
instructions shall contain:

a) schedules of checks and inspections to be completed prior to the start-up of an installation;
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b) schedules of the acceptance range of the critical performance parameters specified;
c) procedures to start and stop the installation under normal and failure mode situations;

d) procedures to be adopted in the event of alert or action levels being reached.

8.4 Instructions for performance monitoring

Performance-monitoring of an installation is essential to demonstrate satisfactory operation. Documentation shall
include:

a) test and measurement frequency;
b) description of test and measurement methods, (or reference to standards and guidelines);
c) action plan in the event of non-compliance;

d) frequency required for assembly, analysis and retention of performance data to enable trends to be analysed.

8.5 Maintenance instructions
Maintenance shall be implemented in accordance with a specified method and programme.

Maintenance and repairs shall be carried out during the construction, commissioning, testing, start-up and normal
operation of an installation. The following items shall be considered:

a) definition of safety procedures prior to carrying out maintenance or repairs;

b) specification of maintenance actions to be taken when the acceptance range of any critical performance
parameter is exceeded;

c) agreed definition of permitted adjustments;

d) methods of making permitted adjustments;

e) methods of checking and calibrating control, safety and monitoring devices;

f)  requirements for checking and replacing all wearing parts (e.g. driving belts, bearings, filters);

g) specification for cleaning of the installation or components prior to, during and after maintenance work;
h) definition of actions, procedures and tests required after maintenance is completed;

i) inclusion of any user-specific or relevant regulatory authority requirements.

8.6 Maintenance record

A documented record of any maintenance carried out upon the installation during construction, commissioning
and start-up shall be maintained. The following items shall form part of the record:

a) definition of the maintenance tasks;
b) identification and approval of personnel undertaking the maintenance;
c) date of carrying out the maintenance;

d) a condition report prior to undertaking the maintenance;
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e) alist of spare parts used;

f) areport upon completion of the maintenance.

8.7 Record of operation and maintenance training

A documented record of training shall be maintained. The following items shall form part of the record:
a) definition of the training content;

b) identification of personnel providing and receiving the training;

c) training date and duration;

d) areport upon each period of training as it is completed.
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Annex A
(informative)

Control and segregation concepts

A.1 Contamination control zones

For economic, technical and operational reasons, clean zones are often enclosed or surrounded by further zones
of lower cleanliness classification. This can allow the zones with the highest cleanliness demands to be reduced to
the minimum size. Movement of material and personnel between adjacent clean zones gives rise to the risk of
contamination transfer, therefore special attention should be paid to the detailed layout and management of
material and personnel flow.

Figure A.1 illustrates an example of a contamination control concept. In this configuration, the clean zone would be
regarded as a more stringently controlled portion of the cleanroom.

C Outdoor environment )

Ancillary areals)

i Cleanroom(s) N\ &

( Clean zonels) ) v
N =2 2 N

Material transport Process core ) inal product fransporf

TN
A

Personnel movement

Personnel movement

Figure A.1 — Shell-like contamination control concept
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A.2 Airflow patterns

A.2.1 Cleanroom airflow patterns can be categorized as either unidirectional or non-unidirectional. When a
combination of the two is used it is frequently called mixed airflow. Airflow patterns for cleanrooms of ISO Class 5
and cleaner in operation are often unidirectional, while non-unidirectional and mixed flow is typical for cleanrooms
of ISO Class 6 and less clean in operation.

A.2.2 Unidirectional airflow may be either vertical or horizontal (see Figure A.2). Both types of unidirectional
airflow rely upon a final filtered air supply and air return inlets which are nearly opposite one another in order to
maintain the airstream in as straight a flow pattern as possible. In both designs, the important design feature is the
ability to ensure that the airflow pattern is disrupted as little as possible at the process core.

In a working plane perpendicular to the clean airflow, all positions offer the same cleanliness level. Hence,
horizontally integrated or distributed processes require vertical airflow and vertically integrated processes require
horizontal airflow. Working positions immediately adjacent to the clean air supply offer optimal
contamination control conditions, because working positions downstream of these positions may be subject to
particles generated upstream. Personnel placement should be therefore downstream of clean processing.

A.2.3 In non-unidirectional airflow cleanrooms, air flows from filter outlets located in multiple positions distributed
across the inlet plane and is returned through remote locations. Filter outlets may be distributed at equal intervals
throughout the cleanroom or clean zone or grouped over the process cores. The location of filter outlets is
important for the cleanroom performance. The final filter location may be remote, but special precautions should be
taken to avoid contamination ingress between these filters and the cleanroom (e.g. monitoring of the surface
cleanliness and airtightness of ventilation ducts and supply air inlets to avoid induction of contamination as well as
the deployment of decontamination procedures). While return air locations in non-unidirectional airflow systems
are not as critical as those in unidirectional applications, care should be taken to distribute the returns, as is done
with the supplies, to minimize dead zones within the cleanroom.

A.2.4 Mixed-airflow cleanrooms combine both unidirectional and non-unidirectional airflow in the same room.

NOTE Some special designs are available that provide protection to specific working zones by other managed
airflow techniques.

Figure A.2 gives examples that illustrate the different airflow patterns in cleanrooms. (Thermal effects are not
considered.)
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Figure A.2 — Airflow patterns in cleanrooms
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In unidirectional airflow cleanrooms, the design of physical obstacles such as the process equipment, and the
operating procedures, personnel movements and product handling, should consider basic aerodynamic
requirements to prevent serious turbulence in the vicinity of the contamination-sensitive activity. Appropriate
measures should be taken to avoid flow disturbances and cross-contamination between different work stations.

Figure A.3 shows the influence of physical obstacles (on the left) and appropriate measures for minimizing the

impact of these (on the right).
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Figure A.3 — Influence of personnel and objects on unidirectional airflow
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A.4 Contamination control concepts

To select the proper technique for a given contamination control problem, Figures A.4 and A.5 show some different
contamination control concepts that may be considered.

The transfer of contaminants into a zone protecting a process and/or personnel can be prevented by using
aerodynamic measures, i.e. by arrangement and flow direction (Figure A.4), or by physical barriers, i.e. by both
active and passive isolation (Figure A.5), if any contact between product and operator/environment is to be
prevented.

If necessary, process exhaust should be treated to prevent contamination of outdoor
environment.
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NOTE In particular cases (e.g. dry atmosphere, shielding and protecting gas or extreme temperatures), the gas flow routing
chosen should be adapted to the process.

Figure A.4 — Contamination control concepts using aerodynamic measures
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Figure A.5 — Contamination control concepts using physical segregation for product and personnel
protection

A.5 Concepts to achieve segregation of cleanrooms and clean zones

A.5.1 General

A suite of cleanrooms can consist of multiple rooms with different requirements for contamination control. The
objective of the design can be to protect the product or process, or to contain the product, and in some cases a
combination of these requirements. In order to protect cleanrooms from contamination from adjacent less clean
spaces, the cleanroom should be maintained at a higher static pressure than the adjacent spaces, or alternatively a
controlling air velocity should be established across the leakage paths between the spaces flowing from the
cleaner to the less clean space.The converse can be applied to contain a hazard. In both cases, an impervious
physical barrier can be used as an alternative.

The quantity of make-up air should be sufficient for ventilation purposes and to compensate for the leakage of air
from the boundary of the cleanrooms or clean zones and any exhaust air for other purposes.

The following comparison of three basic concepts has been prepared to facilitate the selection of a suitable
cleanroom or clean zone segregation concept.

A.5.2 Displacement concept (low pressure differential, high airflow)

A low pressure differential can effectively separate clean and less clean adjacent zones, i.e. by means of a low
turbulent "displacement” airflow, e.g. larger than 0,2 m/s (see Figure A.6).

Va-

ir>0,2m/s

el

Figure A.6 — Displacement concept

Displacement airflow velocity should be typically above 0,2 m/s, from the cleaner zones towards the less clean
zones. The necessary airflow velocity should be selected considering important conditions such as physical
obstacles, heat sources, exhausts and contamination sources.
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A.5.3 Pressure differential concept (high pressure differential, low airflow)

A pressure differential exists across the barrier between the cleaner zone towards the less clean zone. A high
pressure differential between adjacent zones can be easily controlled but care is recommended to avoid
unacceptable turbulence (see Figure A.7).

The pressure differential should be of sufficient magnitude and stable to prevent reversal of airflow direction from
that intended. The pressure differential concept should be carefully considered, whether used alone or in
combination with other contamination control techniques and concepts.

The pressure differential between adjacent cleanrooms or clean zones of different cleanliness level should lie
typically in the range of 5 Pa to 20 Pa, to allow doors to be opened and to avoid unintended cross-flows due to
turbulence.

The static pressure between cleanrooms of different class, and cleanrooms and unclassified areas can be
established and maintained using various airflow balancing techniques. These include both active/automated and
passive/manual systems that are configured to adjust the relative quantities of air that are delivered and removed
from each space by the ducted air system, air transfer system and losses.

In situations when pressure differentials at the lower end of this range are accepted, special precautions should be
taken to ensure accurate measurement of separating flow or pressure and to prove the stability of the installation.

NOTE Flow visualization, either experimentally or by computation, can be used to demonstrate both the effectiveness of
the displacement flow concept and the pressure differential concept.

Q

<
p=5Pato 20 Pa

Figure A.7 — High pressure differential concept

A.5.4 Physical barrier concept

This concept involves the use of an impervious barrier to prevent contamination transfer to a clean zone from a
less clean zone.

NOTE All three concepts can be applied in the healthcare products, semiconductor, food and other industries.
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Annex B
(informative)

Classification examples

B.1 Healthcare products

For the manufacture of healthcare products, a frequently used correlation of typical manufacturing applications and
cleanroom classification levels is given (see Table B.1). At the process core, the sterile product is filled through an

aseptic assembly of components in a clean zone, controlled for particulate and microbiological contamination.

To access the process core, both the personnel and the process materials traverse several shells of increasing
cleanliness (decreasing particulate concentrations). Personnel moving between various zones of different levels of
cleanliness may change garments between zones, in accordance with the requirements of the zone that they are
entering. Materials that enter each zone should be treated in a method appropriate to the level to be entered to

remove particulate and/or microbiological contamination.

Table B.1 — Cleanroom examples for aseptic processing of healthcare products

Air cleanliness class Airflow Average, Examples of
(ISO Class) tvpeD airflow a Iicgtions
in operation @ ype velocity® PP
m/s
5 (atwo0,5 m) U >0,2 Aseptic processing?
7 (atw0,5 m) Nor M na Other processing zones directly supporting
aseptic processing
8 (atwo0,5 m) Nor M na Support zones of aseptic processing,
including controlled preparation zones

NOTE 1 Application-specific classification requirements should take into account other relevant regulations.

NOTE 2 na = not applicable

@ Occupancy states associated with the ISO Class should be defined and agreed in advance of establishing
optimum design conditions.

b When airflow type is listed, it represents the airflow characteristics for cleanrooms of that class: U =
unidirectional; N = non-unidirectional; M = mixed (combination of U and N).

€ Average airflow velocity is the way that unidirectional airflow in cleanrooms is usually specified. The requirement

on unidirectional airflow velocity will depend on specific application factors such as temperature, and configuration of
the controlled space and the items to be protected. Displacement airflow velocity should be typically above 0,2 m/s.

d  Where operator protection is required to ensure safe handling of hazardous materials, the use of segregation concepts
(see examples in annex A) or appropriate safety cabinets and devices should be considered.
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B.2 Microelectronics

In the microelectronics industry, the minimum device feature size or film thickness dictates the target level of
contamination control and the corresponding cleanliness class.

The cleanliness class with the lowest particle concentration is often selected with reference to the critical particle
size. The critical particle size (often assumed to be 1/10th of the minimum feature size) is used to help select the
required cleanliness classification for the cleanroom.

Determination of cleanroom or clean zone cleanliness for different process cores is based upon the probability of
contamination and the potential for device failure.

For example, photolithography is a process which involves exposure of wafers to the environment with a high
probability of contamination and also a very high potential for device failure when contamination occurs.
Accordingly, protection in microelectronics for this type of risk often involves the use of physical barriers which
protect process cores in order to lower particle concentrations or alter other process parameters (e.g. temperature,
humidity, pressure).

Work zones are zones where wafers or die are handled by people and/or automated handling equipment, and the
potential for contamination is high if the product is directly exposed to the environment. The most common
responses for the protection of the product within work zones involve unidirectional flow, minimizing occupancy and
production load per cubic meter of cleanroom, segregating personnel from exposed product(s) increasingly
including barrier techniques. Work zones are most commonly separated from adjacent, less critical zones, by
physical barriers and airflow.

Utility zones are zones where the non-operator interface portions of the wafer processing equipment are typically
located. In the utility zones it is typical that work in progress is not exposed to the environment. The utility zone of a
process core is usually adjacent to its corresponding work zone.

Service zones are zones where neither product nor process equipment are located, but service zones are sited
next to work or utility zones to help separate the cleaner zones from the less clean zone (see Table B.2).

B.3 Influence of cleanroom clothing

The number of personnel and the type of cleanroom clothing may require specific consideration with respect to particle
emission (see relevant parts of this International Standard, e.g. ISO 14644-5).
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Table B.2 — Examples for microelectronic cleanrooms

Air cleanliness . .
class? X Average, airflow Air changgs e | " et
. o o
(ISO Class) Airflow type velocity per hour xamples of applications
in operation
m/s m3/m2 h
2 U 0,3t0 0,5 na Photolithography,
semiconductor processing
zone®
3 U 0,3t00,5 na Work zones, semiconductor
processing zone
4 U 0,3t0 0,5 na Work  zones, multilayer
masks processing,
fabrication of compact discs,
semiconductor service
zone, utility zones
5 ] 0,2t0 0,5 na Work zones, multilayer
masks processing,
fabrication of compact discs,
semiconductor service
zone, utility zones
6 N or Mf na 70 to 160 Utility zones, multilayer
processing, semiconductor
service zones
7 NorM na 30to 70 Service zones, surface
treatment
8 NorM na 10 to 20 Service zones

NOTE na = not applicable

@  Qccupancy states associated with the ISO Class should be defined and agreed in advance of establishing optimum
design conditions.

b When airflow type is listed, it represents the airflow characteristics for cleanrooms of that class: U = unidirectional;
N = non-unidirectional; M = mixed (combination of U and N).

€ Average airflow velocity is the way that unidirectional airflow in cleanrooms usually is specified. The requirement on
unidirectional airflow velocity will depend on local parameters such as geometry and thermals. It is not necessarily the
filter face velocity.

d  Air changes per hour is the way that non-unidirectional and mixed airflow is specified. The suggested air changes are
related to a room height of 3,0 meter.

€  Impervious barrier techniques should be considered.

f With effective separation between contamination source and zones to be protected. Could be a physical or airflow
barrier.
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Annex C
(informative)

Approval of an installation

C.1 Test preparation and final cleaning

Prior to carrying out any inspection, test or measurement procedure, running systems should be allowed time to
reach stability; this period of time should be agreed upon in advance. Tests should be of sufficient duration to
demonstrate consistent performance (see clause 4, and examples in annex H).

Prior to the fitting of filters and after cleaning as described in E.1.2/E.3.3 in annex E has been completed, all ducts,
walls, ceilings, floors and installed fittings should be cleaned to remove contamination which could prejudice the
classification of the cleanroom.

Following cleaning, the final filters should be fitted and the commissioning tests conducted to
demonstrate compliance.

C.2 Inspection, tests and approvals

C.2.1 General
In order to demonstrate that an installation is complete in every respect and performs to meet all contamination

control requirements included in clause 4, a specific range of inspections and tests should be carried out upon the
installation in question. Typical activities are identified in C.2.2 to C.2.5 and Figure C.1 for graphic representation.

C.2.2 Concept and design approval

A check should be carried out to ensure that the concept, design, and developed details satisfy the agreements
between the purchaser and supplier. Review should include at least:

a) contamination control concept;
b) layout of equipment;

c) description of the installation;
d) schemes and drawings;

e) incorporation of all other agreed requirements.
C.2.3 Construction and installation approval

C.2.3.1 Construction approval (at supplier's site)

A check should be carried out to ensure that the components and assemblies comply with the design. The
check
should include at least the following items:

a) inspection and testing for completeness and quality according to specification;
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b) approval for compliance with safety regulations, ergonomic requirements, relevant guidelines and normative
regulations;

c) approval of certificates.

C.2.3.2 Installation approval (at the site of the installation)

A check should be carried out to ensure that the construction of the installation complies with the design. The check
should include in addition to C.2.3.1 at least the following items:

a) completeness of the installation;

b) interfaces with other suppliers;

c) correct function of utilities and auxiliary equipment;

d) calibration of all control, monitoring, warning and alarm systems;

e) fitting and in-situ testing of final filters;

f)  proving the reserve capacity of the air treatment system;

g) testing enclosure for leakage;

h) confirming that the proportion of recirculation to make-up air complies with the design specification;
i)  surface cleanliness and suitability of the installation (see examples in annex E);

j)  spare parts package.

C.2.4 Functional approval

After having completed the checks and approvals according to C.2.3.2, at least the following functional tests should
be performed:

a) determine clean zone segregation;

b) measure and record contamination control recovery time;

c) determine ability to maintain temperature and relative humidity requirements;

d) determine airborne particulate cleanliness class;

e) where appropriate, determine particulate surface cleanliness and microbiological contamination levels;
f) determine light and noise levels;

g) demonstrate and record airflow patterns and air change rate if necessary.

C.2.5 Operational approval (equipment installed in a manner agreed in advance)

Certain of the previous tests may be repeated to determine compliance with the operational conditions, namely:
a) confirm clean zone segregation regime;

b) determine ability to maintain temperature and relative humidity;

c) determine airborne particulate cleanliness class;
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d) where appropriate, determine particulate surface cleanliness and microbiological contamination
levels;

e) check the completeness of documentation according to clause 8.
For compliance-related issues, refer to 1SO 14644-2; for microbiological-related issues, refer to ISO 14698-1,

ISO 14698-2 and ISO 14698-3; for testing-related issues and for operational-related issues, refer to other
relevant parts of this International Standard.

C.3 Reports

The reports of the tests should be presented in a documented manual. This manual should include:
a) supplier's test documentation;

b) calibration certificates of instrumentation used;

c) relevant drawings and as-installed details;

d) witnessed verification of compliance with specification.
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Approval stages Stages of development Classification Qualification stages of
of an installation Occupaniy state healthcare installations
Design approval Concept design Consept gqualification,

if necessary (prototype)

Design drawings

and specifications No formal classification

status during design—— Design qualification
and construction

Construction of
an installation

Construition

approval Complefed Installation
installation qualification
Functional Assemble equipment As-built
approval in situ
Equipped Functionala
T | installation ﬁ]usil;{;;?:;?]n of equipped

Process and process
equipment in operation At-rest
as agreed

Performance qualifization
of equipped installation

_ Fully operational
Operational installation
approval

Operafional

Personnel present and
process in operatfion

a8  Often used: operational.

Figure C.1 — Approval of an installation
Figure C.1 indicates a logical sequence for and relationship between approvals, stages of development and the
formal classification occupancy state of an installation. Terminology may vary in specific industries, through

established usage or regulatory requirement. Figure C.1 shows the qualification sequence frequently used
in healthcare industry applications, in relation to the stages of construction and approval.
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Annex D
(informative)

Layout of an installation

D.1 General considerations

D.1.1 Size

The size of a cleanroom should be kept to the minimum practicable, allowing for any future requirements. In
general, if a large amount of space is required, it should be divided into several zones or rooms, with or without
physical barriers.

NOTE It is recognized that the presence of people, and activity, within a cleanroom can generate both contamination and
disturbance of airflow. Annex B provides examples of installation configurations to control these phenomena. Annex A discusses
contamination control concepts in which airflow and the physical configuration of a workstation or other critical discrete areas
are managed to obviate or minimize exchange of contamination between product and its environment, including people in the
immediate proximity.

D.1.2 Workstation siting and organization

Within the cleanroom, critical workstations or areas of risk should be sited away from entries and exits, major traffic
pathways and other features which may cause disruption of the airflow pattern and higher levels of contamination.

In horizontal-flow cleanrooms, the siting of workstations should be such that the clean work which is to be
performed receives clean air from the appropriate source, without flow disturbance or contamination from
personnel movements or adjacent work.

When operations that require different degrees of cleanliness are to be carried out in an area swept by horizontal
unidirectional airflow, less clean operations should be sited downstream of cleaner operations, insofar as it can be
determined that this arrangement will not compromise the maintaining of target conditions for any critical points.

D.1.3 Ancillary areas and adjacent cleanrooms

Consideration should be given to the location and integration of ancillary areas such as service and utility, cleaning,
preparation, toilet and refreshment facilities, in order to avoid compromise of the critical conditions maintained
within the cleanrooms. Pressure or flow differentials, access and communication arrangements (such as airlocks,
speech panels and intercoms), enclosure sealing (notably material joints, equipment and utility penetrations)
should be executed so that cross-contamination from less clean zones does not compromise the cleaner zones.
Layout should combine with effective training and management of personnel behaviour to minimize disturbance
and cross- contamination due to movement between ancillary areas and cleanrooms.

D.1.4 Utility services and ancillary equipment

D.1.4.1 General

Utility services provided for the cleanroom should be designed, located and installed such that the cleanroom is
not compromised by contamination from such services.

In general, exposed piping, tubing and cable runs within the cleanroom should be minimized, as these may present
problems for adequate cleaning, and may be sources of damage by contact with cleanroom garments, wipes, etc.
This should be balanced against the potential for contamination within protective housings, covers, etc., which may
also hinder disinfection or fumigation. Where possible, consideration should be given to the routing of such services
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in external service areas or ducts. Means should be provided for the effective removal of waste and contamination
generated within such spaces.

Power take-off points, taps and connections should be designed and installed to facilitate regular cleaning, and to
avoid the build-up of contamination in or behind blanking covers. Wherever possible, maintenance activities should
be performed outside the cleanroom. Pressure or flow differentials, access arrangements (notably airlocks and
transfer hatches), enclosure sealing (notably material joints, equipment and utility penetrations) should be executed
so that cross-contamination from ancillary areas does not compromise the cleanroom.

The number, type and location of utility services should be agreed between the purchaser and supplier.

D.1.4.2 Vacuum-cleaning equipment

Vacuum-cleaning equipment, either portable or built-in, should be provided to ensure that particulate
contamination can be removed during periodic cleaning, and to ensure that contamination generated by any
operation that cannot reasonably be conducted outside the cleanroom can be removed efficiently, and with
appropriate frequency.

Where a permanent vacuum-cleaning system is provided, the exhaust and fan should be sited outside the
cleanroom. The connection sockets in the cleanroom should be blanked off when not in use. The airflow through
the vacuum chamber should not compromise the differential pressure or the airflow configuration of the cleanroom.

When portable vacuum equipment is used, it should be fitted with an exhaust filter of at least the same efficiency as
that filtering the environmental air supply, and care should be taken to consider the influence upon air patterns in
the cleanroom.

D.1.4.3 Sprinkler systems

Fire control systems present special problems, notably in the routing of supply piping containing a fire
suppressant medium, whether water, chemical substance or gas, which is a potential contaminant of the
cleanrooms, and a potential source of damage to the components of the installation, in the event of accidental or
deliberate release.

When sprinkler piping is to run above ceilings, careful consideration should be given to its routing, in relation to the
equipment and operations sited in the cleanroom below. Adequate access should be provided for maintenance and
modification, and consideration should be given to provision of means to collect and evacuate fluid leaked or
released above the ceiling.

Penetration of walls or ceilings for supply to sprinkler points should be sealed as appropriate, like all other
penetrations of the cleanroom. The sprinkler heads themselves should be situated and shaped for minimum
intrusion into the cleanroom, and for minimal disturbance of clean airflow, insofar as this is compatible with their
primary safety function. Where disturbance is inevitable, appropriate measures should be taken to avoid any
undesirable effect upon the required integrity of the cleanroom conditions.

D.1.5 Communication systems

Wherever practical, communication systems should be provided in order to minimize movement of personnel into
and out of the cleanroom. Windows, speech panels, intercoms, data links and telephones are suitable means of
communication. They should be selected to be compatible with the cleanroom class and application considerations.

D.1.6 Glazing

Where windows to the outside are a requirement, care should be taken, in design and fitting, to avoid undue heat
loss, solar gain and condensation. The use of windows to adjoining inside spaces should be considered, to allow
observation of activity within the room, without entry. Windows should be non-opening and sealed. Double glazing
can be used to achieve flush fitting, and also enables provision of interstitial shutters or blinds. The use of exposed
blinds within a cleanroom should be avoided.
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D.2 Access

D.2.1 General
The number of openings connecting the cleanroom to outside, or adjoining, areas should be minimized.

Effective means should be taken to minimize the contamination arising from the entry or exit of personnel or
material, or from air movement. Normal (non-emergency) access to or from the cleanroom should be through
airlocks for both personnel and material.

D.2.2 Airlocks

In order to maintain pressure differential and integrity of the controlled space during entry and exit, airlocks or
transfer hatches (pass-throughs) are normally required.

Precautions should be taken to ensure that entry and exit doors associated with an airlock are not opened
simultaneously. Clear windows can be provided at both points to allow a line-of-sight view between them.
Consideration should be given to the use of electrical or mechanical interlock systems including audio-visual
indicators.

Barrier benches or other clear demarcation systems, together with appropriate decontamination devices and
procedures, should be employed within an airlock system for the passage of material. The passage of material and
personnel can be segregated.

D.2.3 Emergency exits

Emergency exits should be provided with means to show that they have been opened.
D.2.4 Changing rooms

D.2.4.1 General

Changing rooms are specialized airlocks for the entry and exit of personnel to and from a cleanroom. They should
include sufficient space for their function, and, depending on the cleanroom quality, facilities for donning and
removing specialized garments, and may include washing, disinfection facilities, etc. Special contamination control
equipment such as air showers, shoe cleaners and adhesive floor materials may be provided at the point(s) of entry
and exit to the cleanroom.

Separation of the personnel entering from those leaving the cleanroom via the changing room should be ensured.
This can be achieved by separation in time, or by providing physically separate entry and exit routes.

Where hazardous materials are processed, a separate changing and decontamination route should be
considered.

D.2.4.2 Changing room control and configuration

Changing rooms should be provided with a level of contamination control and environmental control that ensures
the integrity of the cleanroom. Similarly, the methods and equipment for storage of garments and equipment for
use in the cleanroom should be commensurate with the required cleanliness and contamination protection required
by the contamination-sensitive operation. To provide the required protection, consideration should be given to
three functional zones of the changing room:

a) at the changing room entry: access from ancillary areas (either directly or via an airlock) appropriate for
removal, storage, disposal and/or redonning of garments not permitted within the cleanroom;

b) the transition zone: area where garments or personal equipment dedicated to the cleanroom are stored,
donned or removed, as appropriate;
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c) the inspection/access zone: area where inspection of the completed gowning process is accomplished and
which provides access to the cleanroom either directly or via an airlock.

The three functional zones may be separated by a physical barrier (e.g. a stepover bench or airlock) as appropriate
to the operation and use of the changing room. The three zones should be established, such that the zone closest

to the cleanroom provides a high degree of assurance, and that minimal adverse impact is caused by access or
gowning procedures implemented in the adjacent zone.

D.2.4.3 Facilities in changing rooms
The features provided in the changing room are particular to the cleanroom that the changing room serves.
The following requirements should be defined:

number of people passing through the gowning procedure, both in the absolute, and at any one time;

the gowning procedure (i.e. what garments are to be taken off and put on, whether these are reusable or
single-use, the required protocol to ensure garment cleanliness and to avoid cross-contamination);

the frequency of garment replacement.
Consideration should be given to the following provisions in the changing room:
a) storage and disposal of garments;

b) storage before use, provision and disposal of consumable items and accessories (e.g. gloves, masks,
protective glasses, overshoes);

c) storage of personal items;
d) hand-washing and -drying or other decontamination processes;
e) prominent display or posting of gowning sequence, with clear instructions;

f)  full-length mirrors to check effective fit.
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Annex E
(informative)

Construction and materials

E.1 Selection of materials

E.1.1 General

The materials used in the construction of the installation should be selected and applied to meet the requirements of
the installation, and should take into account the following:

a) the cleanliness class;

b) effects of abrasion and impact;

c) cleaning and disinfection methods and frequencies;
d) chemical/microbiological attack and corrosion.

Materials which may tend to break down or to shed particles should only be used when they are effectively
encapsulated and protected.

Consideration should be given to the chemical compatibility of all materials used with the operating requirements of
the installation. This may, for instance, influence the choice of adhesives and sealing mastics for surface-finishing
work, or of materials used for filter assembly and sealing.

All surfaces which come into contact with air supplied to the interior of the cleanroom or clean zone may by their
nature or condition influence the quality of the air supplied to the contamination-sensitive zones. For this reason,
materials and finishes intended for the internal surfaces of the complete air-handling system should be critically
assessed and specifically approved for this purpose.

All exposed surfaces of equipment, furnishings and material present within the cleanroom or clean zone should meet
the same criteria as the exposed structural elements of the installation.

Further details of specific performance criteria follow.

E.1.2 Surface cleanliness and cleanability of materials of construction

All exposed materials should be suitable for effective and frequent cleaning and disinfection, and offer no surface
asperities or porosity which are likely to allow retention of particulate and chemical contamination, or the development
of microbiological contamination. Methods for selecting, applying and controlling suitable procedures for cleaning and
disinfection are indicated in 1ISO 14698-1 and I1SO 14698-3, and other relevant parts of this International Standard.
Appropriate methods for assessing and monitoring surface cleanliness (for instance in terms of releasable particulate,
biological and chemical contamination) should be selected and approved for the application. Exposed materials
should be selected with due consideration of their resistance to the mechanical and chemical effects of the intended
methods of cleaning and disinfection, in order to remain smooth, non-porous, abrasion- and stain-resistant (see also
E.1.4 and E.3.3).

Walls, floors and ceilings in cleanrooms and in clean zones should be designed and constructed in such a way that

the surfaces are accessible for cleaning. In a room, this generally includes the walls, floors, ceilings and doors, the
inlet side of air diffusers and floor drain, etc. (see examples in annex G).
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When it is necessary to wipe down or wash walls, floors or ceilings on a frequent basis, consideration of the selection
of materials should include careful evaluation of the junction and intersection details, and in particular the avoidance of
places where moisture can be trapped or lie on surfaces.

E.1.3 Control of electrostatic charging and discharge

Accumulation of electrostatic charge, and subsequent electrostatic discharge, can present a risk of hazards
such as explosion (in the presence of powders or gases), device damage (e.g. damage to electronic or optical
components), or excessive attraction of particles to surfaces contributing to physical, chemical and microbiological
contamination.

Where the above risks cause concern, materials used in the construction of installations should neither generate nor
hold a significant static charge. This significant value will be specific to each application, and should be clearly
specified by the purchaser. Certain processes may require particular conditions in terms of environmental humidity, in
order to minimize the generation of electrostatic charge. Annex F provides further guidance on this technique. It
should be noted that the most favourable humidity conditions for avoidance of electrostatic charge accumulation may
conflict with other requirements of the process, or project objectives. A solution should be agreed, which achieves an
acceptable compromise. Certain applications may require the use of conductive or static dissipative materials in order
to minimize the influence of any induced static charge.

To_protect electrostatically sensitive components the resistance to earth should be in the range of R = 10* to
10" . Care should be taken to protect the personnel against risk of electrocution. Earthing should be considered, with
a site transition resistance Rgt =95 10* . The "ideal" range of resistance is therefore between the site transition
resistance Rgy=5 10* and the mass resistance Rg = 10

The required electrical characteristics for flooring are valid for the entire structure or composite of materials used
as a floor, and should be measured regularly to monitor potential loss of performance through ageing. Limit
values of

2 kV (applicable to accumulated surface charge) should not be exceeded. Monitoring of wall conductivity should be
carried out regularly and after modifications or repairs.

E.1.4 Internal finishes, durability and maintainability

In the completed installation, all internal surfaces should be finished suitably smooth, non-porous and free from
cracks, cavities, steps and ledges. The design and construction should be such that the number of steps, ledges,
cavities and similar features where contamination could collect is minimized. The number of corners should also be
kept to a minimum, particularly internal corners. Corners and junctions may be radiused, especially at floor-to-wall and
wall-to-wall junctions, so that effective cleaning is facilitated. The finish should be compatible with the mechanical and
chemical effects of the intended methods of cleaning and disinfection.

Materials used for internal finishes should be maintained to ensure that they consistently retain the performance
qualities consistent with the cleanliness class of the installation. This may require regular maintenance procedures
and repairs. Consideration of maintenance and repair methods and disruption impact should form part of the material
selection criteria. Full lifecycle cost and contamination risk analysis procedures should be considered.

E.2 Considerations for specific components
E.2.1 Ceilings, walls and floors

E.2.1.1 Basic requirements

Wall, ceiling and floor elements should comply with all relevant regulations concerning fire protection, sound and
thermal insulation. Surface finish and assembly details should be compatible with the specified cleaning methods. In
order to avoid glare, consideration should be given to the interaction of surface colour and finish with the intended
lighting conditions. Airlocks, gowning rooms and material passage points should normally have at least the same
requirements as the cleaner of the zones they serve. In the case of equipment and material transfer airlocks,
decontamination and "cleandown" procedures may impose special requirements.
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NOTE There are many acceptable methods and materials for constructing cleanrooms ranging from in situ construction to
fully prefabricated site-assembled systems. The basic options are summarized as follows:

a) Prefabricated site-assembled systems and in situ construction:
1)  wet construction with applied surface finish,
2) dry construction with applied surface finish.
b) In situ assembly:
1) pre-finished engineered components,
2) modular pre-finished panel system.
Combinations of these basic construction options can also be used.

The choice of method of construction of an installation should take into account not only the contamination control and
operational requirements, but also matters relating to the construction location (e.g. construction and finishing skills
available); considerations influenced by the available building envelope in which the installation is located, such as
available height, load-bearing capability, deflection of structures; maintenance constraints and requirements such as
"walk-on-ceiling" capability, etc.

E.2.1.2 Ceilings

Ceilings should be sealed, to prevent ingress of air bearing particles, or other contaminants, from the ceiling void.
Filters, filter frames, filter housings and diffusers mounted in the ceiling should be sealed. Penetration points (e.g. for
utility services, sprinklers and lighting) should be kept to the minimum required, and be sealed. Consideration should
be given to the location and configuration of components such as lights and sprinklers to avoid disturbance of the
intended airflow.

E.2.1.3 Walls and wall systems

Materials and surface finishes should meet all general requirements for their application. Particular consideration
should be given to impact and abrasion resistance, especially in those locations exposed to frequent passage of
trolleys, carts or personnel carrying material likely to contact exposed surfaces of walls and doors. Suitable rubbing
strips or protective bars may constitute satisfactory protection of otherwise vulnerable material.

Some applications may require that walls or wall panels be sealed to prevent exchange of contaminants with
surrounding areas. Cover strips or seals between panels should be smooth, with rounded edges (some applications
require flush fitting) to facilitate efficient cleaning and limit retention of contaminants. Particular attention should be
paid to smoothness and effective sealing of utility services or other penetrations.

Where glazing is required, in walls or doors, it should be of the non-opening type. Consideration should be given to
the use of double glazing, with airtight seal, which can enable flush mounting on both sides. If blinds or shutters are
required, these should be fitted outside the clean zone, or between the glazed elements of double glazing. Glazing
frames should be smooth. Where flush fitting is not required, rounded edges or sloping surfaces should be
considered.

Doors should present as few horizontal surfaces as possible, with particular attention being paid to the minimization of
steps and ledges in the door surface. Thresholds should be avoided. Consideration should be given to the
minimization of abrasion in the mechanical elements of the door (e.g. latches, locks and hinges), and also between
the door and its frame and the floor. Door handles, where required, should be smooth, non-snagging and easy to
clean. Consideration should be given to the use of push plates, automatic openings, or appropriate door-swing
direction where contamination transfer is a concern.
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E.2.1.4 Floors

Floors or floor coverings should be non-porous, slip-resistant, abrasion-resistant, conductive if necessary; resistant to
the chemicals they will encounter in use (both cleaning and disinfection products, and accidental spillage of process
fluids) and easy to clean. The floor should support the specified static and dynamic loads with the required durability.
The floor complex should provide the appropriate electrostatic characteristics.

E.2.2 Air-handling systems

Attention should be paid to minimizing the contamination generated, retained and released throughout the air-
handling system, in all components and surfaces in contact with the system air, in order that an excessive load is not
placed on the filtration system. Ducts should be manufactured from materials with corrosion-resistant and non-flaking
properties, or should be given suitable surface treatment to prevent release of contaminants from the duct to the air
passing through. If there is no terminal filter outlet provided, the quality and integrity of the system downstream of the
final filter is more important. The effects of leakage from air-handling systems should be considered.

E.2.3 Fittings in airlocks

Fittings in airlocks and gowning rooms should present as few horizontal surfaces as possible. For example
consideration should be given to the use of hanging rails and perforated shelf boards rather than closed lockers.
Exposed surfaces should satisfy criteria similar to those specified for the interior of the cleanroom and clean zone,
and may require additional specifications to ensure durability in this application.

E.2.4 Ancillary areas

These should have no direct connection to the cleanroom, except for emergency exits. Exposed surfaces in these
areas should be chosen with a particular concern for durability and ease of maintenance.

E.3 Construction and assembly

E.3.1 General

Construction work should comply with the drawings and specifications, and the agreed quality plan. Any changes
required during the construction phase should be checked for acceptance, approved and documented prior to their
implementation (see also examples in annex C).

E.3.2 Material management during construction

All components and materials for use in the construction and subsequent maintenance of the installation should be
manufactured, packed, transported, stored and inspected before use in such a manner as to ensure their suitability for
their intended use.

E.3.3 Cleanliness and cleaning during construction and start-up

Many tasks involved in construction and assembly intrinsically generate contamination. A clean construction protocol
should be developed and enforced to satisfy and achieve the specified contamination control objectives. Particular
attention should be paid to the scheduling of tasks which are the greatest sources of contamination, such that those
tasks are accomplished before tasks which are lesser sources of contamination or more contamination-sensitive.

During construction, measures should be taken to ensure that contamination generated in the course of assembly and
construction work is contained and removed, so as to limit undue contamination of surrounding areas. Appropriate
means of containment may include the use of temporary screens and walls, and pressurization of critical zones, with
provisional use of temporary "sacrificial" filters in the air-handling system(s). Such filters, installed to protect clean
volumes (clean environment and air-handling systems) from outside contaminants, and to permit their initial
pressurization and operation, are intended to be removed and replaced by filters of the appropriate grade at the
agreed stage or stages of start-up, before construction approval and subsequent operational use of the installation.
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Continual or frequent cleaning should be planned, undertaken and controlled as specified, with the aim of preventing
undue build-up of contaminants in any part of the installation, and so facilitating the essential final cleaning before
start-up (see also clause 6 and E.1.2).

It may be useful to effect initial cleaning of components, and those preparation or assembly tasks which it is not
absolutely necessary to perform as part of definitive construction in situ, in a separate or intermediate zone between
the point of reception on-site, and the final point of construction. Such procedures can contribute significantly to the

reduction of contamination in all parts of the installation, though they are of special value where subsequent access
and cleaning would be difficult or impossible.

E.4 Materials of construction
Typical surface materials are:
a) For walls and ceilings:
sheets of stainless steel;
anodized aluminium; mounted on appropriate substrates or construction
polymer sheets or coating.
b) For floors:
polymer coating or sheets;
tiles with appropriate sealed joints.
Selection of materials should include consideration of the chemical, thermal and mechanical stresses during
operation (production, setup, cleaning and decontamination as well as conductivity and outgassing characteristics).

Additionally, flexibility, functionality, durability, aesthetics and maintainability should be considered by customer and
supplier.
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Annex F
(informative)

Environmental control of cleanrooms

F.1 Design

F.1.1 Requirements for environmental control vary with each application. Therefore the purchaser should state
which criteria are important when specifying a cleanroom. The lists given in this annex are not exhaustive and
should be supplemented as required.

F.1.2 The design of the environmental systems should take into account the following:

a) the contamination control concept chosen;

b) product quality requirements;

c) capital and operating costs (life cycle costing);

d) energy conservation;

e) safety;

f)  health and comfort of personnel;

g) needs and constraints imposed by equipment and processes;

h) reliability, ease of operation and maintenance;

i) environmental issues (e.g. handling of waste and packaging);

j)  regulatory requirements.

F.2 Temperature and humidity

F.2.1 The set point and variation limits of temperature (in degrees Celsius) and relative humidity (in percent
saturation) which may depend on special process requirements should be specified for the performance of the
cleanroom.

F.2.2 Temperature control should be provided for:

a) processes;

b) equipment and materials;

c) stable conditions for personnel wearing cleanroom garments selected to suit the class of cleanliness specified.
In general terms, heat loads from lighting are high and stable; personnel loads vary; the heat generated by process
operations (e.g. heat-sealing, soldering, welding, heat-treating and heating pressure vessels) is usually high

and variable.

F.2.3 The large quantities of air required for contamination control facilitate the offsetting of internal heat gains at
an acceptable rate of response from the temperature control system. However, areas of concentration of heat-
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producing equipment and supply-air patterns should be analysed to determine the acceptability of resulting
temperature gradients and contamination control.

F.2.4 Humidity control should be provided for:

a) manufacturing processes;

b) equipment and materials;

c) the reduction of electrostatic charges;

d) personnel comfort in conjunction with temperature control mentioned above.

F.2.5 In cleanroom installations, humidity control is affected more by external influences (such as weather
changes) than by variations in moisture generation within the space. If processes involving evaporation should
take place within the cleanroom installation, they should be confined within ventilated enclosures. Precautions
should be taken to control static electricity effects. Some manufacturing processes (such as vacuum tube
manufacture and tabletting) require relative humidities (R.H.) lower than 35 %. As indicated in annex E,
consideration should be given also to selection of materials which minimize electrostatic effects. If the humidity in
a confined space is low, static charges may be higher than in an area with higher humidity.

F.2.6 Temperature and humidity levels for personnel comfort should be defined for these specific installations. A
typical set range for relative humidity is < 65 % R.H. to > 30 % R.H. Outside this range, suitable measures should
be considered to meet process and personnel requirements. Specific guidance to adjust temperature
specifications to cleanroom garments used is given in ISO 7730.

F.2.7 The locations at which temperatures and relative humidities require to be measured should be specified.

F.2.8 The outside conditions under which the system is required to operate should be specified taking into
account the intended operational mode.

F.2.9 The amount of heat and moisture generated in the cleanroom, the location of sources and the nature of
their dynamic variation should be specified.

F.3 Lighting

F.3.1 The lighting levels and uniformities required within the various parts of the installation should be specified,
together with the methods used to assess them.

F.3.2 The colour rendering of light should be specified by the purchaser, as it has a significant effect on the
comfort of personnel and, in many cases, the processes being carried out, especially photosensitive processes.

F.3.3 The lighting system should be consistent with the effective operation of the cleanroom. Light fittings should
have no areas from which contamination may be released. The use of sealed or flush fittings should be considered.
For unidirectional airflow applications, the design and positioning of the light fitting and associated diffuser should
be such as to minimize or negate turbulence. The light fittings should be serviceable in a manner such that the
integrity of the cleanroom is not violated and excessive contamination is not produced. The effect of glare should
be considered within the context of the work being carried out.

F.4 Noise and vibration

F.4.1 General

Noise and vibration limits should be specified, if required, according to a specific process or other requirements.
Consideration should be given to
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a) site selection: vibration, soils, and future site developments;
b) structural design: cleanroom floor support, stiffness, isolation joints;

c) mechanical design: equipment selection, system design, performance specifications, vibration isolation
systems, noise control systems (internal and external);

d) architectural layout: building and installation layout, plant areas, service systems.

F.4.2 Sound pressure level

The selected sound pressure level should be based on the requirements with regard to both the comfort and safety
of the personnel and consideration of the background sound pressure level created in the environment (e.g. other
equipment). A typical A-weighted sound pressure level range for cleanroom installations lies between 55 dB
and

65 dB. Some applications may require lower levels or may tolerate higher levels. Noise control measurements
should be carried out in accordance with ISO 3746.

F.4.3 Mechanical vibration

F.4.3.1 Vibration is an important consideration in cleanroom installations, since it can have an adverse
influence on processes, human comfort and service life of equipment and systems.

F.4.3.2 Vibration in cleanrooms should be minimized, or the source isolated, using methods such as high
quality fans and vibration control equipment.

F.4.3.3 When vibration control is required, the permissible levels should be defined using ISO 1940-1 and
ISO 10816-1.
F.5 Energy conservation

Consideration may be given to incorporating in the design energy conservation considerations, such as provisions
to reduce or close down temperature and humidity control and to reduce airflow during periods in which there is
no activity. The ability to recover operating conditions in a defined recovery period should be demonstrated.
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Annex G
(informative)

Control of air cleanliness

G.1 Air filtration systems

Air filtration systems including filter elements, mounting frames, housings, gaskets, sealants and clamping systems
should be selected to suit both the cleanliness level required and the conditions associated with their use and
installation test requirements in the system. Specific air filtration standards should be used for filter selection. Three
basic stages of air filtration are recommended:

a) prefiltering of the outside air to ensure adequate quality of air supply to the air conditioning plant;

b) secondary filtering in the air conditioning plant to protect the final filters;

c) finalfiltering before cleanroom supply.

G.2 Secondary filtration

It should be understood that unless adequate secondary filtration is provided before the final filters
supplying cleanrooms, several problems may arise. These problems include the following:

a) the desired class of air cleanliness may not be achieved;
b) the high frequency of final filter changing may become unacceptable;

c) undesirable particulate and microbiological contamination of the product may occur.

G.3 Application
The designer should evaluate the performance of the primary and secondary air filters used in cleanroom air
conditioning systems to suit each application. Consideration should be given to the use of filters for chemical and

molecular decontamination (e.g. activated carbon) and configurations for exhaust air filtration to protect the
outdoor environment.

G.4 Energy conservation

For energy conservation reasons, airflow of the ventilation systems may be reduced to low levels during non-
operating periods. If, however, they are turned off, the potential for unacceptable room contamination to occur
should be considered.

G.5 Temporary filters

The installation of temporary filters should be considered to protect the air cleanliness of air-handling
systems during construction and commissioning.
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G.6 Packaging and transportation

High-efficiency air filters should be packaged in a manner that adequately protects the element from mechanical
damage during handling and transportation from the supplier. The filters should be inspected and be free from
damage prior to fitting into the installation.

G.7 Fitting

The fitting of high-efficiency filters should be delayed until they are required for commissioning purposes. Whilst
awaiting fitting, filters should be stored in accordance with the supplier's instructions. Immediately prior to fitting, the
air ducting system should be visibly clean and free from contamination. The filters should be fitted in accordance
with the manufacturer's instructions.

G.8 Testing

All air filtration equipment installed in an installation should allow for leak-testing of the final filters and integrity-
testing of the seals between filter and mounting arrangements. Consideration should be given to the materials used
for such testing to ensure that materials themselves do not become contaminants or cause contamination.
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Annex H
(informative)

Additional specification of requirements to be agreed upon between
purchaser/user and designer/supplier

H.1 General
This annex is intended to assist the purchaser/user and designer/supplier to communicate and agree on additional

requirements. It is intended that the checklist be used to define known requirements and identify aspects where further
development is required.

H.2 Checklists

Checklists are given in the form of tables.

Table H.1 suggests a check for process requirements which affect the installation.

Table H.2 suggests a check for contaminants which detrimentally affect the process.

Table H.3 suggests a check for all pieces of equipment to be utilized in the process.

Table H.4 suggests a check for all external factors affecting the process.

Table H.5 suggests a check for environmental requirements affecting the process.

Table H.6 suggests a check to identify requirements for safe operation.

Table H.7 suggests a check to evaluate the requirements for systems redundancy (standby/backup).
Table H.8 suggests a check for the scope of equipment maintenance required.

Table H.9 suggests a check for miscellaneous requirements not previously defined that affect design, construction,
operation and maintenance.

Tables H.10, H.11 and H.12 suggest checks for factors affecting future developments, cost requirements and
scheduling, respectively.

Table H.1 — Process requirements

Number Item Description Specified Achieved
value performance
1 Direct Those which directly affect the end product
processes or service.
2 Indirect Those which support or indirectly affect the
processes end product or service.
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Table H.2 — Process contaminants

Number Item Description Specified Achieved
value performance
1 Matter as Non-viable or viable matter
contaminant
1.1 Particulate Particles of different shape
1.1.1 Class In accordance with ISO 14644-1
1.1.2 Size(s) Particle size(s), M- and U-Descriptors (see
annex E in ISO 14644-1:1999)/Basic,
ultrafine, macroparticles and fibres
1.1.3 Recovery time
1.2 Chemical Molecular, ionic, gaseous, condensable,
metallic
1.2.1 Amount Quantity of chemical contamination/weight,
layer(s), concentration
1.2.2 Class In accordance with 1SO 14644-1 or other
standard
1.2.3 Recovery time
13 Biological Viable, aerobic or non-viable pathogenic
organisms/organisms capable of
reproducing
1.3.1 General type Bacteria, fungi, other
1.3.2 Contamination Aggressive to surfaces, resistant to
type disinfection, pathogenicity
1.3.3 Propagation Duration from upset to steady state
2 Energy as Energy sources which interfere
contaminant
21 Vibration Extent of motion
211 Amplitude Greatest displacement
21.2 Frequency Rate of motion
2.2 Magnetic Electromagnetic fields
221 Field strength
23 Radio
frequency
2.3.1 Field strength
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Table H.3 — Process equipment specification

Number Item Description Specified Achieved
value performance
1 Input utilities Matter and energy required to be delivered
to each process equipment
1.1 Solids — Supply | List equipment solids to be utilized in the
requirements process
1.11 Solids  supply List, for each piece of equipment, for
purities/ purities/concentrations required for all
Concentrations solids to be utilized in the process
11.2 Solids supply List, for each piece of equipment, the
quantities quantities of all solids to be utilized in the
process, including the maximum, minimum,
and nominal rates of introduction and
utilization
1.2 Gases — Supply | List, for each piece of equipment, all gases
requirements to be utilized in the process
1.21 Gases supply List, for each piece of equipment, the
purities purities required for all gases to be utilized
in the process
1.2.2 Gases supply List, for each piece of equipment, the
quantities quantities of all gases to be utilized in the
process, including the maximum, minimum,
and nominal rates of introduction and
utilization
1.2.3 Pressures List, for each piece of equipment, the
pressures of all gases to be utilized in the
process, including the maximum, minimum,
and nominal rates of introduction and
utilization
1.3 Liquids — List, for each piece of equipment, all liquids
Supply to be utilized in the process
requirements
1.3.1 Liquids supply List, for each piece of equipment, the
purities/ purities/concentrations required for all
Concentrations liquids to be utilized in the process
1.3.2 Liquids supply List, for each piece of equipment, the

quantities

quantities required for all liquids to be
utilized in the process, including the
maximum, minimum, and nominal rates of
introduction and utilization
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Number Item Description Specified Achieved
value performance
1.3.3 Liquids supply List, for each piece of equipment, the
pressures pressures for all liquids to be utilized in the
process, including the maximum, minimum,
and nominal rates of introduction and
utilization
1.4 Electric power | List, for each piece of equipment, the
requirements electric power requirements
141 Voltage
1.4.2 Phase
143 Frequency
144 Load
145 Allowable List, for each piece of equipment, the
electrical power maximum allowable fluctuation in electrical
fluctuation service that can be accepted without
requirements electrical power filtration
2 Output utilities
21 Solid waste List, for each piece of equipment, all solids
requirements to be rejected in the process
211 Solids  waste List, for each piece of equipment, the
purities/ purities/concentrations of all solids to be
Concentrations rejected in the process
21.2 Solids waste List, for each piece of equipment, the
quantities quantities of all solids to be rejected in the
process, including the maximum, minimum,
and nominal rates of rejection
22 Exhaust flow List, for each piece of equipment, all types
requirements of exhaust to be utilized in the process
221 Exhaust flow List, for each piece of equipment, the types
characteristics of exhaust flows (e.g. acid, solvent, heat,
general, etc.) to be utilized in the process
and their respective concentrations, and
temperatures
222 Exhaust flow List, for each piece of equipment, the

quantities

quantities of all exhaust flows to be utilized
in the process, including the maximum,
minimum, and nominal rates of introduction
and utilization
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Number Item Description Specified Achieved
value performance
223 Exhaust flow List, for each piece of equipment, the
pressures pressures of all exhaust flows to be utilized
in the process, including the maximum,
minimum, and nominal rates of introduction
and utilization
23 Liquid waste List, for each piece of equipment, all liquids
requirements to be rejected in the process
2.31 Liquid waste List, for each piece of equipment, the
quantities quantities of all liquids to be rejected in the
process, including the maximum, minimum,
and nominal rates of introduction and
utilization
3 Environmental To allow intended use of the process
parameters equipment
3.1 Temperature List, for each piece of equipment, the
requirements maximum, minimum, and optimum
temperature requirement, both internal and
external to the equipment. Further list by
equipment component separately, as
required.
3.11 Rate of | List, for each piece of equipment, the
temperature rise maximum allowable rate of temperature
rise
3.1.2 Rate of List, for each piece of equipment, the
temperature fall maximum allowable rate of temperature fall
3.2 Humidity List, for each piece of equipment, the
requirements maximum, minimum, and optimum humidity
requirement, both internal and external to
the equipment components as required
separately
3.21 Rate of humidity | List, for each piece of equipment, the
rise maximum allowable rate of humidity rise
3.2.2 Rate of humidity [ List, for each piece of equipment, the
fall maximum allowable rate of humidity fall
3.3 Vibration List, for each piece of equipment, the
requirements/ maximum, minimum, and nominal vibration
Limitations energy level
3.4 Physical barrier | Are they required?
applied
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Number Item Description Specified Achieved
value performance
4 Physical Equipment dimensions and mass
attributes
5 Installation How to install
considerations
6 Operational How to operate
considerations
7 Maintenance How to maintain
considerations
8 Pre-process Status of incoming product or starting
materials
9 Post-process Description of subsequent manufacturing
steps
10 Process The amount of product passing through the
throughput equipment over time
11 Communication | Describe
considerations
12 Ergonomic Describe
considerations
Table H.4 — External factors
Number Item Description Specified Achieved
value performance
1 Regulatory List all regulatory factors affecting site
requirements selection and operations, including local
zoning laws and ordinances, local tax
structures, and permitting requirements
2 Utility List utility resources, including availability,
resources and | quality, and quantities
factors
2.1 Site water List the characteristics of local ground or
supply municipal water supply, including toxicity,
turbidity, etc.
22 Site air quality List existing site air quality characteristics
23 Site electrical List the local electrical power supply
power factors characteristics, i.e. capacity, voltage,
number of phases, frequency, and intensity
and frequency of fluctuations, etc.
24 Site waste | List the local waste system characteristics

systems factors
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3 Site vibration | Evaluate the ambient site vibration level
characteristics | and its variations. Evaluate for potential
impacts on planned processes and facilities
4 Proximity List all proximate and adjacent site
factors structures, processes, pollutants, etc.
Evaluate for potential impacts on planned
processes, facilities, and personnel
5 Site List all geotechnical factors, i.e. soils
geotechnical toxicity, soils expansion, characteristics,
factors etc. Evaluate affect on planned installation
6 Security and | List all security and accessibility factors.
access factors | Evaluate for affect on installation.
Table H.5 — Environmental requirements
Number Item Description Specified Achieved
value performance
1 Ambient Consider for process, equipment, and
requirements personnel requirements. List initially by
cleanliness hierarchy. List each process
area by cleanliness classification only if the
design process is substantially developed.
1.1 Cleanliness Required cleanliness classification
1.2 Air pattern type | List the cleanroom air pattern type, i.e.
unidirectional, non-unidirectional, or mixed
1.3 Airflow direction | List the cleanroom airflow direction, i.e.
vertical or horizontal
1.4 Air velocity List the cleanroom air velocity within the
process area
1.5 Air circulation Evaluate the cleanroom air circulation
system and system configuration. Consider process,
configuration regulatory, personnel and budgetary factors
1.6 Dry bulb Evaluate the cleanroom dry bulb
temperature temperature requirement, including the
maximum, minimum and nominal value
1.6.1 Rate of dry bulb | List the cleanroom maximum allowable rate

temperature rise

of dry bulb temperature rise
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Number Item Description Specified Achieved
value performance
1.6.2 Rate of dry bulb | List the cleanroom maximum allowable rate
temperature fall | of dry bulb temperature fall
1.7 Humidity Evaluate the cleanroom humidity
requirement, including the maximum,
minimum, and nominal value
1.71 Rate of humidity | List the cleanroom maximum allowable rate
rise of humidity rise
1.7.2 Rate of humidity | List the cleanroom maximum allowable rate
fall of humidity fall
1.8 Pressurization List the cleanroom pressure
1.8.1 Pressurization List the cleanroom pressurization
differential differential from zone of higher space
pressure to adjacent zone of lesser
pressure
1.8.2 Pressurization List the cleanroom maximum allowable rate
rate of change of change in space pressure
2 Sound List the cleanroom maximum allowable and
pressure level | nominal sound pressure levels
(noise)
3 Vibration List the cleanroom maximum allowable and
nominal vibration energy level
4 Lighting List the minimum and nominal cleanroom
lighting requirements, and any wavelength
restrictions
5 Physical List the dimension/size requirements
geometry
5.1 Ceiling-to-floor List the cleanroom ceiling-to-floor height
height requirement
5.2 Floor area List the cleanroom floor area requirement,
requirement i.e. length and breadth
53 Floor loading Maximum mass loading
6 lonization Charge balance (air)
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Number Item Description Specified Achieved
value performance
1 Cleanroom life- | Identify all safety codes and regulations
safety that affect the installation
requirements
2 Separation of Evaluate specific requirements for
air circulation individual zone control and segregation
zones
3 Storage and Evaluate specific process and overall
transport of storage requirements
toxic, flammable
and hazardous
materials
4 Exiting Evaluate maximum exit distance
requirements requirements
5 Physical Evaluate requirements for fire resistive
requirements materials and assemblies
6 Purge system Is one required?
6.1 Flowrate At what rate?
Table H.7 — Standby/backup requirements
Number Item Description Specified Achieved
value performance
1 System 100 % replacement capability
duplication
2 System More available than required
oversizing
3 Largest Replace 100 % of single
component
backup
4 Alternative Switch over to alternative
source
5 Failure
detection and
reporting
6 Change-over Manual or automatic

methodology
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Table H.8 — Operations and maintenance factors

Number Item Description Specified Achieved
value performance
1 MTBF Mean time between failures
2 MTTR Mean time to repair
3 Maximum time How long to fix?
to repair
4 Spare parts How many, what type?
availability
Table H.9 — Personnel factors affecting people and productivity
Number Item Description Specified Achieved
value performance
1 Personnel and Evaluate product and process flow
materials flow requirements  and personnel  flow
requirements requirements. Evaluate distances between
individual processes and their functional
interdependencies. Evaluate personnel
communications and access needs.
1.1 Airlocks Required?
1.2 Gowning What type of gown(s)
requirements
2 Operating List the operating frequency of the
frequency cleanroom, i.e. continuous versus
intermittent. If intermittent, specify
frequency of operation, e.g. 5 days per
week, 8 h per day
3 Ergonomics Any requirements
4 Aesthetics Any requirements
Table H.10 — Future developments
Number Item Description Specified Achieved
value performance
1 Future Planning to consider now?
2 Flexibility Planning to consider now?
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Table H.11 — Cost requirements
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Number Item Description Specified Achieved
value performance
1 Capital cost First cost
2 Operating cost
2.1 Energy use Identify ways to reduce operating costs
2.2 Maintenance
costs
3 Life cycle cost Owning cost
Table H.12 — Schedule
Number Item Description Specified Achieved
value performance
1 Task definition Project tasks shall be agreed between the
user and supplier
2 Identify Identify or define key project milestones
milestones and the acceptance criteria

H.3 Specification checklist of basic requirements for cleanroom projects

Purpose: The purpose of this form is to help the user and supplier of the cleanroom project to document the
essential and non-essential aspects of the cleanroom project. This form should be used in conjunction with the
normative and informative clauses of this part of ISO 14644.

Project Name:

Project Location:

Customer Name:

Supplier Name:

Customer Contact:

Supplier Contact:

Customer Phone No.

Date:

Supplier Phone No.
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H.4 Relation to clause 4

Table H.13 — Relation to clause 4

ISO 14644-4:2001(E)

Clause 4 Description of requirement Response, requirement,
reference specification

4.2 What is the number of the International Standard being
referenced?

4.2 What is the date of publication of this International Standard?

44 What is the general purpose for which the controlled space is
to be used?

4.4 What are the operations to be carried out in the cleanroom?

4.4 Are there any constraints imposed by the operating criteria
(see examples in annexes A, B and D)?

4.5 What are the required classes or demands for cleanliness in
accordance with the relevant parts of this International
Standard  (ISO 14664-1, ISO 14698-1, ISO 14698-2,
ISO 14698-3) (see examples in annex F)?

4.6 What environmental parameters will be measured for
validation purposes? What are the allowable variations,
measurement method(s), and calibration method(s)
(ISO 14644-2 and ISO 14644-3) (see examples in annex F)?

4.7 Describe the contamination control concept to be used to
achieve the required cleanliness level (including operating
and performance criteria) (see examples in annex A for
description of control concepts).

4.9 What is the material flow through the cleanroom (see
examples in annex D)?

410 What are the occupancy state(s) under which the required
conditions shall be achieved and maintained, including
variations with time, and the methods of control of occupants,
including e.g. gowning, sanitation techniques, personnel flow
and access control to all clean areas (see examples in annex
C)?

4.1 Provide layout and configuration drawings of the installation
(see examples in annex D).

412 Provide all critical dimensions and mass restrictions,
including those related to available space (see examples in
annex D).

4.13/4.14 The process and product equipment to be installed in the

cleanrooms or clean zones, including usage, method of
gaining access for construction and maintenance, emissions,
size and mass, and utility requirements (see examples in
annexes B, D, E, G and H).
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Clause 4 Description of requirement Response, requirement,
reference specification
4.15 The maintenance requirements of the system components

creating the cleanroom or clean zone shall be supplied in a

timely manner (see examples in annexes D and E).
4.16 Provide the definition of all responsibilities for statement of

criteria, basis of design, detailed design, construction,

testing, commissioning and qualification (including the

performance and witnessing) of tests (see examples in

annexes E and G).
417 Identify all external environmental influences, such as

chemical and particle contamination, noise and vibration (see
examples in annex H).
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
liaison with 1SO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 3.

Draft International Standards adopted by the technical committees are circulated to the member bodies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this part of ISO 14644 may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

International Standard 1SO 14644-5 was prepared by Technical Committee ISO/TC 209, Cleanrooms and
associated controlled environments.

ISO 14644 consists of the following parts, under the general title Cleanrooms and associated controlled
environments:

— Part 1: Classification of air cleanliness

— Part 2: Specifications for testing and monitoring to prove continued compliance with ISO 14644-1

— Part 3: Metrology and test methods

— Part 4: Design, construction and start up

— Part 5: Operations

— Part 6: Vocabulary

— Part 7: Separative enclosures (clean air hoods, glove boxes, isolators and minienvironments)

Users should note that the titles listed for parts 3, 4, 6 and 7 are working titles at the time of the release of part 5. In
the event that one or more of these parts are deleted from the work programme, the remaining parts may be

renumbered.

Annexes A to F to this International Standard are for information only.
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Introduction

Industries and organizations of all kinds utilize cleanrooms to help provide quality products and processes.
Operational procedures have a profound effect on the cleanliness levels achieved during the operation of the
cleanroom and equipment. Consistent quality is cleanliness dependent. Operational cleanliness can only be
attained and maintained through a deliberate program established to specify, measure and enforce defined
operational procedures. Regulatory agencies that have authority over processes and products produced in the
cleanroom may require additional procedures and measures of cleanliness not covered in this general operating
standard.

This part of ISO 14644 addresses normative and informative operational requirements related
to:

a) providing a system that defines policies and operational procedures;
b) the clothing used to isolate the human element from the cleanroom environment;

c) the training of personnel inside the cleanroom and monitoring their compliance to specified procedures and
disciplines;

d) the transfer, installation and maintenance of stationary equipment (selection criteria is not discussed);
e) the selection and use of materials and portable equipment in the cleanroom;

f)  maintaining the cleanliness of the cleanroom through systematic cleaning and monitoring procedures.
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Cleanrooms and associated controlled environments — Part 5:
Operations

1 Scope

This part of ISO 14644 specifies basic requirements for cleanroom operations. It is intended for those planning to
use and operate a cleanroom. Aspects of safety that have no direct bearing on contamination control are not
considered in this part of ISO 14644 and national and local safety regulations must be observed. This document
considers all classes of cleanrooms used to produce all types of products. Therefore, this document is broad in
application and does not address specific requirements for individual industries. Methods and programmes for
routine monitoring within cleanrooms are not covered in detail in this part of ISO 14644 but reference should be
made to ISO 14644-2 and ISO 14644-3 for monitoring particles and ISO 14698-1 and ISO 14698-2 for monitoring
micro-organisms.

2 Normative references

The following normative documents contain provisions which, through reference in this text, constitute provisions
of this part of ISO 14644. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this part of ISO 14644 are encouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below. For
undated references, the latest edition of the normative document referred to applies. Members of ISO and IEC
maintain registers of currently valid International Standards.

ISO 14644-1:1999, Cleanrooms and associated controlled environments — Part 1: Classification of air
cleanliness.

ISO 14644-2:2000, Cleanrooms and associated controlled environments — Part 2: Specification for testing and
monitoring to prove continued compliance with ISO 14644-1.

ISO 14644-3:—"), Cleanrooms and associated controlled environments — Part 3: Methods for evaluation and
measurement.

ISO 14644-4:—"), Cleanrooms and associated controlled environments — Part 4: Design, construction and start-
up.

ISO 14698-1:—"), Cleanrooms and associated controlled environments — Part 1: Biocontamination control—
General principles.

ISO 14698-2:—1), Cleanrooms and associated controlled environments — Part 2: Biocontamination control—
Evaluation and interpretation of biocontamination data.
3 Term(s) and definition(s)

For the purposes of this part of ISO 14644, the following terms and definitions apply.

) To be published.
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3.1 General

3141

airlock

intermediate room or area that is usually ventilated, and used to minimise the transfer of airborne contamination
from one area to another

31.2
biocleanroom
cleanroom used for products and processes that are sensitive to microbiological contamination

31.3
changing room
room where people entering or leaving a cleanroom put on or take off cleanroom clothing

[adapted from ISO 14644-4:—1), 3.1]

314

cross-over bench

bench that is used as an aid to changing of cleanroom clothing and which provides a barrier to the tracking of floor
contamination

315
disinfection
removal, destruction or de-activation of micro-organisms on objects or surfaces

3.1.6
fibre
particle having an aspect (length-to-width) ratio of 10 or more

[ISO 14644-1:1999, 2.2.7]

317
operator
person working in the cleanroom performing production work or carrying out process procedures

3.1.8
particle
minute piece of matter with defined physical boundaries

NOTE For classification purposes refer to ISO 14644-1:1999.

319

personnel

persons entering the cleanroom for any purpose

3.1.10

unidirectional airflow

controlled airflow through the entire cross section of a clean zone with a steady velocity and approximately parallel
airstreams

NOTE This type of airflow results in a directed transport of particles from the clean zone

[1ISO 14644-4:—1), 3.11]
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3.2 Occupancy states

3.21

as-built

condition where the installation is complete with all services connected and functioning but with no
production equipment, materials, or personnel present

[ISO 14644-4:—1), 2.4.1]

3.2.2

at-rest

condition where the installation is complete with equipment installed and operating in a manner agreed upon by the
customer and supplier, but with no personnel present

[ISO 14644-4:—1), 2.4.2]

3.23

operational

condition where the installation is functioning in the specified manner, with the specified number of
personnel present and working in the manner agreed upon

[ISO 14644-4:—1), 2.4.3]

4 Specification of requirements

4.1 Operational systems

411 A system of operational procedures shall be established and documented, that will provide a framework for
producing the quality products and processes for which the cleanroom was designed.

4.1.2 A set of risk factors, appropriate for the use of the cleanroom, shall identify the areas where there is a risk
of contamination to the process. A method for monitoring these risks shall be instituted so action can be
taken when conditions violate the contamination limits for the cleanroom classification.

NOTE Although not covered in detail in this part of ISO 14644, it is important to routinely monitor the operation of
a cleanroom. Guidance for monitoring particles is given in ISO 14644-2 and ISO 14644-3. Guidance for
monitoring biocontamination is given in ISO 14698-1 and ISO 14698-2.

41.3 A system for training personnel in cleanroom procedures shall be instituted. A method for monitoring
compliance to those training procedures shall be specified.

4.1.4 A documentation system shall be maintained to provide evidence that all personnel have received suitable
levels of training for their assignments.

4.1.5 A set of procedures shall be documented to describe how the cleanroom mechanical systems are to be
operated, maintained, repaired and monitored (see ISO 14644-4).

4.1.6 All activities that modify, supplement, or enlarge the cleanroom shall be planned and include all relevant
personnel. Any significant change of operational use may be subject to re-qualification of the installation in
compliance with ISO 14644-2.

4.1.7 A system shall be documented that encourages and enforces safety for personnel in the cleanroom that
may influence aspects of contamination control.

NOTE Informative guidance concerning the operational systems requirements listed in 4.1.1 to 4.1.7 can be found in annex
A
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4.2 Cleanroom clothing

4.21 Cleanroom clothing shall protect the environment and products from contamination generated by the
personnel and their everyday clothing. To maximise this containment, the choice of barrier fabric, the clothing style
and extent of coverage of personnel by the cleanroom clothing shall be established.

4.2.2 Cleanroom clothing shall be made of fabrics and materials that will resist breakdown (minimal linting) and
therefore not shed contamination.

4.2.3 The frequency of changing into fresh clothing before entering the cleanroom shall be determined in
accordance with the product and process cleanliness requirements.

4.2.4 Reusable cleanroom clothing shall be processed at regular intervals to remove contamination.

4.2.5 The necessary cleaning, processing (including sterilization or disinfection where required) and packaging of
clothing shall be defined.

4.2.6 Cleanroom clothing shall be transported and stored in a specified manner to minimize contamination.

4.2.7 Cleanroom clothing (clean packaged or dirty) shall not be removed beyond the confines of the storage area
and cleanroom except for laundering purposes.

4.2.8 Cleanroom clothing shall be put on and taken off in such a way that the spread of contamination is avoided
or minimized.

4.29 If clothing is to be reused, it shall be removed and stored to ensure that contamination is minimized.

4210 Cleanroom clothing shall be checked at regular intervals to ensure that it retains acceptable
contamination control characteristics.

4.2.11 Consideration shall be given for the comfort of personnel wearing the cleanroom clothing.

4.2.12 Consideration shall be given to special (e.g. chemical, physical or microbiological) properties of the clothing
that may be necessary for specific applications.

4.2.13 Consideration shall be given to special concerns for cleanroom clothing during and after emergency
evacuations.

NOTE Informative guidance concerning cleanroom clothing requirements listed in 4.2.1 to 4.2.13 can be found in annex B.

4.3 Personnel

4.3.1 Personal and other items not intended for cleanroom use shall not be allowed inside the cleanroom, unless
approved.

4.3.2 Personnel shall be instructed in hygiene-related issues that will prepare them for properly working in the
cleanroom environment.

4.3.3 A policy concerning jewelry, cosmetics and similar materials that can cause contamination problems shall
be determined.

4.3.4 Cleanroom personnel shall be trained to conduct themselves in a manner that minimizes the possibility of
contamination being generated or stirred up, and transferred or deposited on or into the product.

4.3.5 Personnel shall be protected against hazards. They shall receive safety training for all known health and
safety risks associated with their work.

NOTE Informative guidance concerning personnel requirements listed in 4.3.1 to 4.3.5 can be found in annex C.

© ISO 2001 — All rights reserved 4



ISO/DIS 14644-5

4.4 Stationary equipment

441 All equipment, with its associated moving and rigging equipment, shall be thoroughly cleaned or
decontaminated, or both, before being transported into the cleanroom environment.

4.4.2 Procedures relating to the entry of equipment into a controlled environment shall be specified to ensure
that all equipment undergoes the necessary cleaning and decontaminating.

4.4.3 |Installation of equipment shall be planned and carried out to minimize the impact on the cleanroom
environment.

4.4.4 Equipment maintenance, repairs and calibration procedures shall be performed in such a way as to control
and minimize contamination of the cleanroom.

4.4.5 Procedures relating to maintenance work and repairs shall be specified to control contamination.

4.4.6 Preventive maintenance schedules shall be established and timed to renew and replace components
before the components become contamination sources.

NOTE Informative guidance concerning stationary equipment requirements listed in 4.4.1 to 4.4.6 can be found in annex D.

4.5 Materials and portable and mobile equipment

4.5.1 All materials, and portable and mobile equipment shall be appropriate for the level of cleanroom
cleanliness, and in use, shall not compromise the product and process.

4.5.2 Procedures shall be established to ensure materials and portable and mobile equipment entering the
cleanroom are not contaminated.

4.5.3 Procedures shall be established to minimise the quantities of materials stored in the cleanroom.
Consideration shall be given to shelflife limitations, if applicable.

4.5.4 Materials stored in the cleanroom shall be subject to defined procedures and, where necessary, shall be
held in protective storage or isolation. The risk of contamination, arising from the storage and subsequent use of
materials and portable and mobile equipment in the cleanroom, shall be considered.

4.5.5 All used and waste materials shall be collected, identified and removed in accordance with defined
procedures. Waste materials shall be removed frequently and in a manner that does not compromise the
cleanliness of the product or process. Procedures for hazardous materials shall conform to standards set by local
and other regulatory agencies.

NOTE Informative guidance concerning materials and portable equipment requirements listed in 4.5.1 to 4.5.5 can be found
in annex E.

4.6 Cleanroom Cleaning

4.6.1 Cleaning methods and procedures shall be specified and routinely followed to maintain cleanroom surfaces
at acceptable cleanliness levels.

4.6.2 Personnel responsible for the cleaning operation shall be designated and receive specific training for
accomplishing the task.

4.6.3 Cleaning schedules shall be defined and carried out at effective frequencies to ensure that specified
cleanliness levels are maintained.

4.6.4 Appropriate contamination checks shall be carried out on a routine basis to ensure the cleanroom is
maintained at specified levels.
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4.6.5 An assessment shall be made to identify any cleaning procedures that will place products or processes at
risk during the performance of such cleaning tasks so preparations are made to remove or cover work-in-process
before cleaning begins.

4.6.6 Special cleaning procedures and techniques shall be defined for unavoidable accidents or system failures
that create contamination that places the cleanroom, products, processes or personnel at risk.

NOTE Informative guidance concerning cleaning requirements listed in 4.6.1 to 4.6.6 can be found in annex F.
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Annex A
(informative)

Operational systems

A.1 General

It is essential that management provides leadership that will focus the attention of its staff on generating and
maintaining systems that will encourage good cleanroom practices. A management structure should be defined
and published to ensure all parties are aware of their responsibilities. Good cleanroom practices will have a

significant impact on the quality of products being produced and the processes performed in the cleanroom. This
annex is provided to assist management in identifying those systems.

A.2 Assessing contamination risks

A.2.1 Methods for assessing risks

A risk assessment should be made to determine any relevant contamination control factors that may affect the
products or processes performed in the cleanroom.

Some examples of methods used for determining and managing these factors include:

a) HAZOP (HAzard and OPerability studies of the International Social Security Association)[ﬂ;
b) HACCP (Hazard Analysis Critical Control Point)[2l;

c) FMEA (Failure Mode Effects Analysis)3l4];

d) FTA (Fault Tree Analysis)®l.

A.2.2 Determining operational risks

Improper control of the critical elements of an operational cleanroom can pose a risk to the cleanliness of the
cleanroom and the quality of the product. An assessment of these risks should be carried out and plans formulated
to remedy out-of-control situations. The list in A.2.2.1 identifies some of the risks that may prove important. Each
organisation should determine which of these factors to include in its own risk assessment program. Information on

cleanroom support parameters including heating, ventilation and air conditioning functions, pressure, temperature,
humidity, air change failure and filter failure are discussed in ISO 14644-2, ISO 14644-3 and ISO 14644-4.

A.2.21 Cleanroom clothing

Risk factors that may influence the operation or environmental quality of the cleanroom may include:
a) required human containment (coveralls, frocks, hoods, gloves, boots, masks, etc);

b) material performance (weave characteristics, filament types, sterility, antistatic, calendering, etc);
c) design and construction (special tailoring requirements);

d) comfort;
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e) usage (launderable vs disposable);

f)  choice of personal clothing worn under cleanroom clothing;

g) time interval or number of wearings before laundering is required;
h) choice of cleanroom clothing laundry;

i) renewing, packaging, storage, and distribution.

A.2.2.2 Personnel

Risk factors that may influence the operation or environmental quality of the cleanroom may include:
a) selection of personnel;

b) education and training;

c) safety (including emergency procedure);

d) personnel practices, hygiene, and behavior, (including behavior prior to entering the cleanroom);
e) chronic and acute medical conditions;

f) who is allowed to enter;

g) special procedures for visitors;

h) maximum occupancy;

i) entry and exit procedures;

j)  the movement of personnel within the cleanroom.

A.2.2.3 Stationary equipment

Risk factors that may influence the operation or environmental quality of the cleanroom may include:
a) entry and exit procedures;

b) installation;

c) cleaning techniques;

d) contamination generation;

e) generation of heat, humidity and electrostatic charge;

f) maintenance and repair;

g) cleanliness of process material and utilities delivery systems;

h) potential equipment failures.

A.2.2.4 Materials and portable and mobile equipment

Risk factors that may influence the operation or environmental quality of the cleanroom may include:
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a) compatibility and selection;

b) entry, exit and movement procedures;

c) storage factors while in the cleanroom;

d) contamination factors during use;

e) generation of electrostatic charges;

f)  fluid and gas purity supplied by delivery systems;

g) waste disposal;

h) packaging.

A.2.2.5 Cleanroom cleaning

Risk factors that influence the operation or environmental quality of the cleanroom may include:

a) routine environmental contaminating factors (airflows, airborne particles, outgassing, hazardous gas, viables,
vibration, electrostatic charges, molecular contamination, etc.);

b) personnel and material flow;

c) service, maintenance, and repair;

d) cleaning methodology;

e) emergency and planned shutdown;
f) facility expansion and modification;

g) frequency for monitoring the results.

A.3 Monitoring and corrective action

A routine monitoring programme encompassing personnel, cleaning and other operational systems should be
followed. Monitoring should be sufficiently frequent and comprehensive to detect actual or emerging unacceptable
conditions in a timely manner. Exceeding specified action levels should result in a prompt response, including
investigative and corrective action. Investigative and corrective action should include the effect on product
quality as a potential result of the out-of-specification condition. Further information can be found in ISO 14644-2
and ISO

14644-3 for particle monitoring. Information on microbiological monitoring can be found in ISO 14698-1 and ISO
14698-2.

A.4 Education and training

A.4.1 Involvement

General personnel activity within the cleanroom has a profound effect on the integrity of the clean environment.
Failure to properly train anyone entering, using or maintaining the facility will compromise the effectiveness of the
cleanroom. Management is therefore responsible for implementing a comprehensive program to train all personnel
with regard to their responsibilities and how those responsibilities interact with the clean environment. Certification
should be based on successful completion of testing to demonstrate understanding and compliance. The program
should ensure each of the following groups of personnel is educated and trained appropriately:
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operators;

technicians;

engineers and scientists;
supervisors and managers;
facilities personnel;
contractors;

field service personnel;

visitors.

A.4.2 Training course contents

Subjects that can be included in the training course include:

A.4.3 Monitoring of cleanroom personnel and corrective action

how the cleanroom works (design, airflow, and air filtration);
cleanroom standards;

sources of contamination;

personal hygiene;

cleaning;

cleanroom clothing procedures;

maintenance procedures;

how a cleanroom is tested and monitored;

how to act in a cleanroom;

explanation of the work process and technologies or sciences employed;

safety and emergency response.

ISO/DIS 14644-5

The cleanroom training program provides an explanation of requirements and actions that minimise the risk factors
important to the cleanroom, identified in A.2.2.2. The ability of personnel to incorporate all elements of cleanroom
training into practice is essential to the continuous, effective operation of the cleanroom. Although properly trained,
personnel may not fully understand or fall into poor cleanroom habits. Therefore, actions of personnel, listed in
A.4.1, should be monitored to ensure personnel carefully comply with correct cleanroom disciplines. Consideration
should be given to a system that will monitor the cleanroom personnel. Monitoring programs can be formal or
informal depending on the level of empowerment given to each person that is part of the cleanroom staff. Internal
auditors can monitor the actions of those in the cleanroom based upon the written procedures. Reports can be
issued to management on a regular basis detailing deficiencies and can be used for determining corrective
actionl6l.

An effective program should be a positive influence on all personnel to follow proper cleanroom
procedures.
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A.4.4 Training documentation

A concise, comprehensive system that documents the training progression and level of each individual should be
used. The management team should identify each job and set of jobs or responsibilities. This documentation
system should be easily accessible to management and periodically reviewed. Basic documentation should
include course contents, personnel identification information, training and certification dates, and schedules for
retraining that may be required at future intervals.

A.5 Cleanroom support services

Management is responsible for ensuring cleanroom support services consistently function as designed on a day-to-
day basis. Support services may include clean and conditioned air systems, compressed air and gasses, water and
other utilities, and other aspects required for standard cleanroom operation. Failure of any mechanical support
system can seriously affect the cleanliness and operation of the cleanroom. Records and procedures documenting
the operation of the systems that provide and maintain the cleanroom should be readily available. Some of the
information required to establish such systems is given in A.5.1 to A.5.5. More thorough coverage of the subjects
listed in A.5.1 to A.5.5is found in ISO 14644-4.

A.5.1 Record of the installation

This record should contain installation drawings, cleanroom classification including acceptance test results to
original specifications, and recommended spare parts lists.

A.5.2 Operating and maintenance instructions

The mechanical and electrical systems within the installation should have a clear set of operating and maintenance
instructions. These instructions should describe procedures used to check and inspect all critical components prior
to start-up. Emergency shutdown procedures and start-up procedures after unplanned shutdowns should
be documented.

A.5.3 Performance monitoring

Performance monitoring of the installation is essential to demonstrate satisfactory operation. Documented
schedules and procedures that specify the required tests and the frequency of testing are needed to demonstrate
compliance with specified cleanroom classifications. Action plans for out-of-control situations should be defined.

A.5.4 Maintenance procedures

Unplanned downtime can adversely affect productivity and introduce contamination to the cleanroom. Ongoing
performance checks and preventive maintenance should be performed to minimize contamination that may be
caused by unanticipated equipment failures. Repair and maintenance procedures should contain precautions that
will help minimise and contain contamination. Tests may also be necessary to ensure that reactivated equipment is
clean and in specification before being accepted for reuse.

A.5.5 Maintenance records
Evidence of effective maintenance requires a documented record involving all maintenance activities. Problem
diagnoses, parts replaced, dates, times and personnel performing the maintenance should be documented.

Preventive maintenance schedules and charts should be updated as required. Periodic analysis of such records
may help in making improvements to the program and help optimize preventive maintenance schedules.

A.6 Upgrading and modifying the cleanroom

All upgrades or madifications, including the addition of stationary equipment and changes to floor plans, can affect
the cleanroom. Management should make certain these changes are planned and carried out in a controlled and
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thorough manner and that requalification of the installation is in compliance with ISO 14644-2 and ISO 14644-4. A
record of all changes or modifications should be documented after requalification. All appropriate personnel with
responsibilities affected by these changes should be involved and kept informed of progress. Such personnel can
include but are not limited to:

A

facility engineers;

manufacturing engineers;

equipment engineers;

contamination control engineers;

process engineers and scientists;

quality assurance engineers and scientists;
manufacturing managers;

contractors.

7 Safety

Normal operation of cleanroom facilities often includes the use of hazardous, toxic or infectious materials.
Personnel should be protected from exposure to these agents. Management should implement and monitor
effective systems for protecting the health and welfare of personnel. Good programs should include the following:

a)

centralised, readily-available safety data sheets that describe hazardous materials;
evacuation plans and practice evacuations;

accident reporting system;

feedback suggestion systems for personnel;

appropriate monitoring of potentially hazardous conditions or materials;

rapid response to emergencies by trained personnel;

documentation that supports improvements and corrections to safety related issues.
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Annex B
(informative)

Cleanroom clothing

B.1 Function of cleanroom clothing

Personnel disperse fragments from their skin and particles from their normal indoor clothing. This airborne
dispersion will vary from person to person and from time to time but can be several million particles per minute and
several hundred bacteria-carrying particles per minute. The prime function of cleanroom clothing is to act as a
barrier filter that protects product and process from human contamination. Therefore, cleanroom clothing should
be made from a fabric that filters the contamination dispersed. Cleanroom clothing should also be designed to
envelop a person and not allow significant amounts of unfiltered body emissions to be dispersed into the
cleanroom. An effective cleanroom undergarment in combination with cleanroom clothing can give an additional
reduction in dispersion.

Although the maijority of contamination originates from the skin and non-cleanroom clothing, contamination is also
dispersed from the surface of cleanroom clothing fabrics. The fabric used to manufacture cleanroom
clothing should not add to the contamination burden.

Personnel emit inert and microbe-carrying particles from the mouth through sneezing, coughing and talking.
Touching will transmit contamination from the hands to surfaces in the cleanroom. Depending on the cleanroom
function and class, it may be necessary to wear facemasks, helmets and gloves to minimize transmission of these
types of contamination.

The choice of cleanroom clothing will vary according to the product cleanliness and process requirements but will
normally, but not exclusively, consist of hoods, caps, helmets, coveralls, overboots, facemasks and goggles or
safety glasses.

B.2 General choice of cleanroom clothing

The best design of cleanroom clothing will completely envelop the person and have good closures at the wrist,
neck and ankle. The choice will depend on the class of cleanroom but cleanrooms with higher cleanliness
requirements are typified by a one-piece coverall, overboots and a hood with yoke or skirt that tucks under the neck
of the garment. Increasing technical requirements on cleanroom clothing may result in increasing personal
restrictions or discomfort. Therefore, consideration should be given to what is necessary for the standard of room
cleanliness. Where cleanliness and process requirements permit, clothing of lesser coverage may be acceptablel”]
(89110, Certain enhanced devices with built-in clean air systems (e.g minienvironments or isolators) may allow for
the simplification of required cleanroom clothing.

There are two broad categories of clothing used in cleanrooms: 1) disposable (or limited use) and 2) reusable. In
general, disposable or limited use clothing usually is made from a non-woven materials and is used either once or a
few times, and then discarded. Reusable clothing is processed at regular intervals and usually made from tightly
woven synthetic fabrics. More critical applications may require the use of membrane barrier technology. Natural
fabrics made from fibres, such as cotton, would not normally be used in cleanrooms as they easily break up and
disperse contamination.
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B.3 Properties of fabric

B.3.1 Barrier properties

The fabric used in cleanroom clothing should prevent personnel-generated contamination from being dispersed
into the cleanroom. Woven fabric acts as a filter; effectiveness is related to the tightness of the weave of the fabric.
The effectiveness of the weave can be tested by measuring the pore size and the efficiency of the fabric in
removing particles. In the case of barrier-type fabrics such as non-wovens and laminate membranes the
effectiveness to contain contamination is a function of the barrier characteristics. Fabric effectiveness can be
assessed by a measurement of air permeability, particle retention and pore sizel8ll'I['2], As air permeability
decreases, there is a corresponding increase in pressure within the garment as personnel move about. This
can result in an outward pumping action of unfiltered air through the closures of the cleanroom clothing.

B.3.2 Durability

Cleanroom clothing should be resistant to breakdown and tearing. The fabric should disperse the minimum of
particles. Information is available on tests used to assess these types of fabric properties7Il101(13][14],

B.3.3 Electrostatic properties

In some types of cleanrooms (e.g. microelectronics or rooms with flammable or explosive chemicals) the
electrostatic charges that build up on the surface of clothing will be harmful to the components being manufactured
or hazardous to operators. Fabrics are available with woven-in, static-dissipative threads to discharge any induced
voltage potentials on the fabric surface. The effectiveness of a fabric to dissipate an electrostatic charge can be
indirectly measured by checking the fabric’s surface resistivity. Such methods are described in other sources!'5116],

In a more effective test, a static charge of known voltage level is applied to the fabric. Static dissipative

performance can then be determined by the time it takes for the voltage to decrease by a given percentage of the
original voltage. Such methods are described in other sourcesl 151161,

B.3.4 Other physical properties

The effectiveness of a fabric will deteriorate due to aging, wear, washing, drying, sterilization, etc. This
deterioration should be monitored. Another physical property that should be considered is the resistance of
the fabric to chemicals, such as those used during the manufacturing process and in the cleaning and disinfection
of the cleanroom and clothing.

NOTE The tests referenced in B.3.1 to B.3.4 will help to verify that the clothing remains effective.

B.4 Design and construction of cleanroom clothing

B.4.1 Construction of clothing

Cleanroom clothing should be constructed to minimise contamination in the cleanroom. Cutting the fabric prior to
sewing produces raw edges that will generate particles if left unfinished. Methods used to finish these edges are as
follows: all raw edges of the fabric should be covered, interlocked and heat seared or laser cut to prevent fraying.
Seams should be double-needle stitched, bound, or taped to provide a good barrier and not produce fibres.
Threads should be synthetic continuous filament. Zippers, clips and fasteners, and shoe soles should not
shed, chip or corrode, and should stand up to multiple launderings and where necessary, sterilisation.

B.4.2 General design

The selection of the design of clothing should be considered with respect to the type of cleanroom[8I€II10],
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Cleanroom clothing should incorporate a large selection of sizes to provide comfort and fit. To minimise the
retention of contamination pockets, pleats, darts, hook and pile fasteners, and action backs should not be used.
Elasticised or knitted cuffs should not trap or shed contaminants and should not build up electrostatic charges.
Garment closures should provide a tight yet comfortable closure. Other design parameters that should be
considered are:

a) zipper material (e.g. covered plastic zip-fasteners), type, and location;
b) placement and effectiveness of snap adjusters and stays;

c) sleeve construction (set-in or raglan);

d) collar style;

e) ability to don over various shoe or boot styles;

f)  hood style (open or closed face, snap or pull-over);

g) passive or active adjustment and fit of hoods;

h) type and placement of straps on boots.

B.4.3 Dispersal chamber (body box)

This simulation procedure can be used to demonstrate the combined effect of fabric, construction and design of
clothing. A person will enter the box, which is ventilated at a known flow rate of filtered air, and exercise to a given
routine. The number of particles or bacteria dispersed can be measured. Different types of clothing that have to be
assessed can be compared. A description of this test is availablel®l.

B.5 Thermal comfort

Whenever possible, the comfort of people working in the cleanroom should be considered when choosing
cleanroom clothing materials[21]. Air and moisture permeability specifications of the fabrics under consideration can
help in this determinationl'8ll'9l. A simple but effective approach is to obtain a selection of suitable clothing of
different fabrics and try them in the cleanroom. Feedback, solicited from personnel who will be expected to wear
the clothing, may provide valuable information that will aid in the selection process.

The use of relevant personnel parameters and environmental parameters can be used to derive theoretical clothing
comfort levels to determine cleanroom clothing requirements for the cleanroom. Personal clothing or underclothing
worn by personnel (clo=clothing factor), as well as physical activities (met=metabolic rates) in the cleanroom are
determined. Additionally, air temperature, velocity, turbulence, mean radiant temperature and humidity within the
cleanroom are used to calculate the Predicted Mean Vote (PMV) index leading to the Predicted Percentage of
Dissatisfied (PPD). The resultant PPD index indicates the percentage of people that are likely to be too hot (or cold)
in given conditions. ISO 7730[20] provides guidance and tables that will assist in making this determination.

B.6 Processing of clothing and frequency of change

During use, cleanroom clothing will become contaminated. If it is to be reused it should be cleaned. Suggestions as
to how this cleaning process should be carried out are available in other sourcesl8ll'7]. Final treatment and
packaging operations for cleanroom clothing should be carried out in cleanroom conditions that match
the standards of the cleanroom in which they will be used. Clothing similarly becomes contaminated with
bacteria. In cleanrooms where bacteria are an important consideration, the processing cycle in the cleanroom
laundry should include, as appropriate:

a) disinfection;
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b) hot water cycles;
c) sterilisation.

Cleaning procedures should be followed by sample testing at the laundry for the appropriate type and level of
contamination.

The frequency of clothing change will vary according to the intended use of the cleanroom. The more sensitive the
process is to contamination, the more frequently the clothing should be changed and cleaned. Guidance is also

available to help in the decision making processlé.

B.7 Gloves

Cleanroom gloves are required in most cleanrooms. They cover that part of the human body that is often closest to
the product and critical surfaces. Consideration should therefore be given to whether gloves are necessary. If they
are used, consideration should be given to what properties are best suited, as well as how often they should be
changed or cleaned (and where appropriate, disinfected).

Properties of cleanroom gloves that should be considered with respect to the type of cleanroom in which they will
be used are as follows: surface contamination, outgassing, sterility, tactility, strength, comfort, fit as well as the
method of packaging. Various tests can be performed to help in selecting the proper gloves for each particular
cleanroom applicationl22l.

Gloves can be constructed of latex, vinyl, or other materials such as nitrile rubber. The choice of construction
should be considered with respect to the required properties and application of the glove, and the cost.
Undergloves, made from non-linting materials, may also be needed by some employees to provide a level of
comfort or isolation from inner glove surfaces that can cause, or aggravate, contact dermatitis.

B.8 Facemasks and other headgear

Face masks and exhaust headgear provide a barrier against saliva and contamination dispersed from the mouth,
nose, face and, in the case of headgear, the head. Masks and veils are passive barrier elements commonly used in
cleanrooms. The masks can be surgical-style masks with elasticised straps and loops and the veils are snapped
into hoods or permanently sewn into the hood at manufacture. Materials used are washable and disposable
fabrics. Care should be taken to select the proper material and style that is appropriate to the risk from emissions
from the mouth. This selection should also consider the acceptability of the facemask to the personnel.

Headgear is available that provides an active barrier to contamination from the mouth and head. A helmet with
hood and clear face-shield encloses the head and is provided with a filtered exhaust system that prevents
contamination from escaping into the cleanroom.

Glasses or goggles can help provide an additional barrier to help retain skin flakes and eyelashes and keep them

from falling onto critical surfaces. Glasses or goggles should be constructed from materials that are cleanroom
compatible and should conform to accepted personal safety standards.

B.9 Storage of clothing

B.9.1 |If the cleanroom clothing is to be reused, it should be stored or hung using appropriate techniques that will
maintain the cleanliness of the clothing. Clothing elements may require physical separation when stored.
Launderable or disposable bags can be used to help avoid cross-contamination. Several methods are effective for
storing clothing. These may include:

a) clothing racks with high efficiency self-contained, filtered air supply;

b) fixed and portable racks utilising hangers;
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c) locking and non-locking hooks mounted to walls or frames in the changing area or room. These can be in a
locker or in the room;

d) bins or storage slots.

B.9.2 The space required to store cleanroom clothing to supply all personnel working in the cleanroom is

dependent upon the number of people working in the cleanroom and the frequency at which the cleanroom clothing
is changed.

B.9.3 An area large enough to contain the packaged cleanroom clothing should be set aside for storage
purposes. Lockers can be obtained for this purpose. These lockers should be placed on the cleaning schedule to
ensure that they do not contribute to contamination.

B.9.4 Cleaned clothing should be packaged in clean, non-shedding bags to avoid contamination during handling,
storage and distribution. Shelflife for sterilised products should be defined. It is recommended that storage should
be in a controlled environment that is adjacent to or in the changing area. This allows better control of the inventory
and reduces the risk of clothing being removed from the cleanroom environment and becoming soiled.
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Annex C
(informative)

Personnel

C.1 Training

Only trained personnel should be allowed to enter and work in a cleanroom. All personnel should be given an
introductory course when initiated into the cleanroom and further periodic retraining (see A.2).

C.2 Access by personnel

People generate contamination; the more people in a cleanroom the greater the potential for elevated
contamination levels. Therefore, only essential personnel should enter the cleanroom. If the total number of
people allowed in the cleanroom is controlled, access should be documented and enforced. Visitors and
maintenance people can be allowed into the room by permission and under supervision. They should be given an
appropriate level of training.

C.3 Clothing and personal items

The type of clothing worn under cleanroom clothing will affect the dispersion of airborne particles and fibres.
Personal indoor clothing manufactured from natural fibres such as wool or cotton and worn underneath cleanroom
clothing will shed contamination. The provision for special cleanroom undergarments should be considered. If
these are provided, they should be made from closely woven, artificial fibores such as polyester for effective
filtration of body contamination.

Personal items should be left outside the cleanroom in a secure area. Jewelry, such as rings, watches, and chains,
can puncture cleanroom gloves or dangle outside facemasks, hoods, or sleeves of the clothing and should be
avoided.

Cosmetics, talcum powder, hair sprays, nail polish or similar materials are undesirable in a cleanroom. An

assessment should be made of the risk to the product or process from these items. Cosmetics can generate
particles that contaminate cleanroom clothing, the cleanroom and products being produced and may be prohibited.

C.4 Hygiene

Cleanroom personnel are expected to have good personal hygiene. Personnel should keep dandruff controlled,
and, as necessary, use specially formulated skin lotion to replace skin oils after washing and showering.

Personnel arriving for work should report problems that might increase contamination in the cleanroom, including
the following:

a) conditions such as flaking skin, dermatitis, sunburn or bad dandruff;
b) a cold, flu or chronic coughing;
c) allergic conditions which cause sneezing, itching or scratching;

d) in a biocleanroom—high microbial bioburden on personnel.
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Depending on the seriousness of the condition with respect to the process or product being produced, it may be
necessary to reassign personnel with such conditions to work outside the cleanroom until the condition is in
abeyance.

In some cleanrooms, it may be required that personnel refrain from smoking for a defined period of time before
entering.

C.5 Cleanroom clothing changing procedures

Cleanroom personnel will change into cleanroom clothing before proceeding into a cleanroom. A method should be
adopted to put on and remove clothing to minimise contamination of the outside of the cleanroom clothing and to
ensure contamination is not spread from the changing area. Several methods are acceptable depending on the
design of the changing area and the standard of cleanliness of the cleanroom. Further information is described in
other sourcesl®l23]. A typical procedure is outlined in the following list, but many variations exist. Usually the
process begins at the head and proceeds downward to the feet:

1) Remove contamination from shoes by use of a shoe cleaner, cleanroom mat or cleanroom flooring.

2) Remove unnecessary street clothing.

3) Remove jewelry, etc. if required.

4) Remove cosmetics and put on moisturiser, if required.

5) Puton hair cover, if applicable.

6) Wash hands and put on suitable moisturiser, if applicable.

7) Puton cleanroom underclothing, if applicable.

8) Puton cleanroom-dedicated under-shoes, or shoe covers.

9) Select cleanroom clothing.

10) If required, put on gloves for handling cleanroom clothing.

11) Put on face and head covering.

12) Put on coverall or gown.

13) Put on shoe coverings or special cleanroom shoes, using a crossover bench.

14) Gloves used for putting on cleanroom clothing can now either be removed, or left on, so that process gloves
can be put on.

15) Using a full-length mirror, ensure that all items of clothing are properly adjusted.

16) Enter the cleanroom.

The way cleanroom clothing should be taken off when leaving the cleanroom will depend on whether fresh clothing
is used on each entry or whether the clothing is to be reused. Methods for removing cleanroom clothing that will be

reused is described in other sourcesl23l. Special storage methods can be used if the clothing is to be reused and

are described in other sourcesl®l21l. Cleanroom clothing should not be removed from the controlled environment
except for transfer to the laundry for cleaning.
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C.6 Discipline and conduct

Cleanroom personnel should conduct themselves in a cleanroom in such a way as to minimize the possibility of

contaminating the product. The following are minimum disciplines that should be considered (more information can

be found in other sources61[231[241125](26]-

— Doors should not be opened and closed quickly, nor left open.

— When entering an airlock, the first door should be allowed to close before the next one is opened.

— Personnel should not position themselves between clean air supplies and product or process surfaces. Doing
so will increase the risk of dispersing particles onto product or process surfaces. In general, the correct
positioning sequence should be: air supply to exposed product to personnel and then to the general cleanroom

area and the air return or exhaust.

— Methods should be devised for moving or manipulating the product. ‘No-touch’ techniques should be used
where appropriate.

— Personnel should not support material against their body, or contamination may be transferred.

— Personnel should not talk when working close to the product.

— Personnel should not allow anything to trail over the product.

— Nose blowing should be done outside the cleanroom. Gloves should always be changed afterwards.

— Personnel should also refrain from touching, scratching or wiping any skin areas while in the cleanroom.

— Glove and garment surfaces can easily become contaminated. Personnel should not touch surfaces and
transfer contamination to critical areas.

— A cleanroom wipe should be used as specified and then discarded.

— All personnel movements should be deliberate and methodical. Over-exuberant behavior should not
be allowed. Contamination generation is proportional to personnel activity.

— The room should be kept neat and tidy.

— Products stored or left standing in a cleanroom should be protected from contamination and kept in an
identifiable closed cabinet, container or unidirectional cabinet.

— Waste material should be placed into easily identifiable containers and not allowed to collect unnecessarily.

C.7 Safety

C.7.1  Personnel should be protected against hazards that may occur or may be in use in the cleanroom, such as
microbes, radioactivity and chemicals. Containment cabinets, cupboards or isolators may address these concerns
and information on such methods is discussed in ISO 14644-4 and ISO 14644-7. Suitable protective clothing such
as eye splash shields, gloves and aprons may be required. Other authorities may recommend or require additional
measures to protect the safety of personnel in cleanrooms.

C.7.2 Emergency situations may arise and emergency response personnel, trained in all aspects of potential
emergencies can minimise the effects of mishaps that may occur. All employees should be trained for an orderly
evacuation. If an evacuation is necessary, provisions should be made for the orderly return to the cleanroom once
the situation is cleared. An emergency procedure for supplying fresh cleanroom clothing should be implemented.
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C.8 Personnel initiatives

Elements for formal monitoring and corrective action programs are described in A.7. However, personnel should
understand that they could have a positive influence on the effectiveness of the cleanroom. Helpful coaching of one
to another can have a positive effect on conformance to personnel procedures. Personnel should be encouraged
and empowered to immediately report any observed deficiencies, whether personnel or facility related, to
individuals responsible for cleanroom integrity. Such action will allow otherwise unnoticed contamination sources
to be corrected before the problem becomes serious enough to place products or process at risk.
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Annex D
(informative)

Stationary equipment

D.1 General

Equipment that is large enough to be stationary or relatively immovable, once located within the cleanroom, is
discussed in this section. Usually, extensive efforts are required to remove or relocate this equipment once
installation is completed.

D.2 Clean Entry Process

When possible, equipment to be used in the cleanroom should be manufactured under clean conditions and
packaging procedures should be adapted for the requirements of the intended cleanroom.

The process of bringing equipment into the cleanroom should not add contamination to the environment.

Equipment entering a cleanroom that is "as-built" or "at-rest" should be properly unpacked and cleaned. Failure to
do so will require extensive cleanup afterwards. However, special considerations should be made before bringing
equipment into an "operational" cleanroom. Failure to do so will expose not only the cleanroom to contamination
risks but may affect products in process. This will also necessitate additional cleaning and may require the
cleanroom to be requalified under ISO 14644-2. An appropriate strategy should be developed to avoid problems.
Guidance is given in D.2.1 and in other sourcesl®l.

D.2.1 Unpacking

D.2.1.1 All equipment should be checked for damage in transport. Suspected or damaged goods should be
isolated or protected outside the cleanroom pending appropriate actions. Whenever possible, shipping crates and
packaging should be removed in the uncontrolled environment adjacent to the cleanroom. All cardboard
and heavily shedding materials should be removed before being transported into the controlled environment.
When not pre-packaged, all surfaces of the equipment should be pre-cleaned prior to entry of the equipment into a
cleanroom area. This cleaning is best carried out within the airlock used for equipment entry.

If the equipment is so large that special installation procedures are required, the area should be isolated from
surrounding cleanrooms or other controlled environments through the use of temporary walls. Unpacking of
equipment should be done in steps to control contamination entering the cleanroom. The airlock, or a temporary
room built for this purpose and attached to the cleanroom, can be used for the removal of exterior film packaging
materials and surface cleaning before cleanroom entry.

D.2.1.2 The following is an example of the steps that should be taken during unpacking:

1) The outer protective covering should be vacuumed, beginning at the top surface and then proceeding to the
sides.

2) The protective cover should be wiped, using the appropriate cleaning agent.
3) The outer layer of packaging film should be slit at the top in an "I" form and peeled from the top to the bottom

edge. The bottom edge of the packaging film should then be lifted and joined to the sides of the packaging
film.
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4) The unpacking procedures in steps 2 and 3 should be repeated for each additional layer. All exterior surfaces
of the equipment should be thoroughly cleaned.

5) All personnel should be wearing the proper cleanroom clothing prior to entering the airlock.

6) All moving and handling equipment should be cleaned, within the airlock, in accordance with procedures
described in D.2.1.1.

7) The airlock should be cleaned before opening the doors to the cleanroom for transferring the equipment
inside.

D.3 Transporting equipment

Large equipment should be dismantled (if possible) to a size that will enable safe entry, minimizing risk to
personnel and the existing cleanroom. Physical damage and contamination can result when these large units come
into contact with fixed surfaces and other tools.

Any special equipment used for lifting, hauling or positioning large equipment should be thoroughly cleaned before
being allowed into the cleanroom. Often this equipment may not be designed or maintained for cleanroom use and
should be thoroughly inspected for chipping and flaking surfaces or for materials unsuitable for transfer into the
cleanroom. These tools can often be made acceptable by means such as wrapping and sealing the tool with
cleanroom-compatible plastic films and tape. Soft rubber wheels can be coated with cleanroom tape to avoid
leaving trails of rubber or plastic particles on the flooring.

D.4 Installation Procedures

An effective way to install equipment is to isolate the equipment from the rest of the cleanroom environment.
Surrounding the equipment with a temporary isolation wall or partition can do this. An area should be left
around the equipment to complete the installation unhindered.

a) Access to the isolation area should be from a service aisle or other non-critical area, if possible. If access is not
possible, measures should be taken to minimise the effects of construction-generated contamination. Airflow
to this isolation area should be maintained at a neutral or negative pressure to reduce the possibility of
contamination being forced outside the work area.

b) A completely sealed isolation area should not be pressurised from within or the possibility of contaminating the
surrounding cleanroom exists if a penetration of the barrier should occur. The clean-air supply inside the
isolated area should be blocked to avoid pressurising the surrounding cleanroom. When entry to the isolated
area is only accessible through an adjacent cleanroom, sticky mats should be installed to remove shoe-borne
contamination. Once inside, disposable boots or shoe covers and coveralls may be required to avoid
contaminating cleanroom clothing. These disposables should be taken off before leaving the isolated area.

c) A method and frequency for monitoring the areas surrounding the isolated area should be instituted to ensure
that any contamination that may leak into the adjacent cleanroom areas is detected.

d) All facility services, such as electricity, water, gas, vacuum, compressed air, and waste piping, will then be
attached. Care should be taken to ensure fumes and debris generated by this operation are controlled and
contained as completely as possible to avoid inadvertent release to the surrounding cleanroom and facilitate
effective cleaning before removal of the isolation barriers.

e) Accepted cleaning procedures (see annex F) should then be used to decontaminate the entire isolation
area.
All surfaces should be vacuumed, wiped, and mopped; including all walls, both fixed and portable, equipment
and floors.

f)  Special care should be taken to clean areas behind equipment panels and under equipment.
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g) Some internal preparation and preliminary performance testing of the equipment is now possible, but final
acceptance may require full cleanroom conditions before final testing can be completed.

h) The isolation walls can now carefully be removed and filtered air sources returned to service if deactivated.
This step should be scheduled to minimise interruptions in the regular operation of the cleanroom. Particle
measuring or testing may also be required.

i) Equipment interiors and critical processing chambers should be cleaned and prepared for use under normal
cleanroom conditions.

j)  All appropriate inner chambers and all surfaces coming into contact with the product or involved in the handling
of the product should be wiped to achieve a desired cleanliness level. The cleaning procedure should be
carried out, by working from the top to the bottom of the equipment, as once particles are disturbed, gravity will
force larger particles to fall to the bottom of the equipment or to the floor.

k) Clean the outer surfaces of the equipment, working from the top to the bottom surfaces.

[) If necessary, surface particle checks should be performed in areas critical to product or process requirements.

D.5 Maintenance and repair

Maintenance and repair of equipment should proceed without contaminating the cleanroom[27128], Syccessful
completion of such repairs should include decontamination of external surfaces. Decontamination of
internal surfaces may also be needed, if required by the process. The equipment should not only be in working
condition, but steps should be taken to decontaminate internal and external surfaces consistent with
processing requirements.

D.5.1 The following measures can help to control contamination generated by maintenance of stationary
equipment.

a) Equipment being repaired should be removed from the area whenever possible before making repairs to
reduce the possibility of generating contamination.

b) If necessary, stationary equipment should be suitably isolated from the surrounding cleanroom operations
before proceeding with major repairs or maintenance. Alternatively, steps should be taken to ensure that all
products under manufacture have been removed to a suitable location.

c) Adjacent cleanroom areas near the equipment being repaired should be suitably monitored to insure that
contamination is being effectively controlled.

d) Maintenance personnel working in the isolated areas should not come into contact with personnel performing
manufacturing or processing procedures.

e) All personnel repairing and maintaining equipment in cleanrooms should follow the appropriate practices
defined for the area, including wearing appropriate garments, and cleaning the area and equipment after
repairs are completed.

f) A determination of conditions should be made before technicians lie or crawl under equipment to make repairs.
Conditions caused by chemicals, acids, or biohazards should be effectively neutralised before proceeding.

g) Steps should be taken to protect the cleanroom garment from undue contact with contamination from
lubricating oils or processing chemicals. Rips and tears from sharp edges should also be avoided.

h) All tools, boxes and carts used for maintenance or repair work should be thoroughly cleaned before being

exposed to the cleanroom environment. No rusted or corroded tools should be allowed. Sterilisation or
disinfection may be necessary in a biocleanroom.
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Technicians should refrain from setting tools; spare, damaged parts; or cleaning materials on adjacent or
nearby work surfaces used for product and process materials.

Care should be taken to clean as repairs proceed so that contamination does not build up.
Gloves should be changed regularly so they do not deteriorate and permit bare skin to touch clean surfaces.

When gloves other than cleanroom gloves (e.g. acid-, heat- or cut-resistant types) are required, they should be
either cleanroom compatible or covered with a pair of cleanroom gloves.

Vacuum cleaners should be used during all drilling or sawing operations. Maintenance and construction
operations often require drilling or sawing. Special shrouds can be used to contain the tool and area being
drilled or sawn.

Open spaces remaining after holes are drilled in floors, walls, the sides of equipment or other such surfaces
should be properly sealed afterwards to prevent contamination from entering the cleanroom. Methods for
sealing may include use of caulks, adhesives and specially fabricated plates.

D.5.2 With time, equipment wears out and becomes dirty or emits contamination unless it is maintained.
Preventive maintenance should be carried out to ensure equipment is not allowed to become a source of
contamination.

D.5.3 When maintenance is complete, it may be necessary to verify the surface cleanliness of the equipment that
was repaired or maintained.

D.6 Equipment removal

Removing stationary equipment from the cleanroom often stirs up or loosens contamination from internal or other
inaccessible surfaces that have not been routinely cleaned. This is especially true when the equipment must be
disassembled before removal. Steps should be taken to isolate, clean, and contain such equipment before and
during removal to avoid contaminating the surrounding cleanroom (see D.6.1).

Regulatory considerations may be involved if the contamination is of a hazardous nature.
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Annex E
(informative)

Materials and portable equipment

E.1 General

Items that can easily be transported into and out of the cleanroom can compromise the cleanliness of the
cleanroom if they are not properly selected and handled. This includes consumable and disposable supplies, and
production and cleaning materials as well as hand tools and portable equipment.

The physical attributes for materials and portable tools typically used in cleanrooms and or clean zones are
discussed in E.5. These materials and portable tools should be selected to control cleanroom contamination and
protect the process. The quantity of materials used in the cleanroom should also be limited to the minimum with

due consideration of timing of delivery. The ability to sterilise reusable materials and portable equipment should be
considered in biocleanroom applications.

E.2 Criteria for Selection

Basic criteria for selecting cleanroom-compatible materials that are allowed to enter the cleanroom are described in
E.2.1and E.2.2.

E.2.1 Characteristics

To protect a cleanroom from contamination, materials should:

— have surfaces and moving parts that shed or generate as little contamination as possible;
— have unbroken, impervious, and clean surfaces;

— have properties that minimise generation of contamination by shedding and cutting;

— be supplied in suitable cleanroom packaging;

— be evaluated for compatibility with the cleanroom environment.

E.2.2 Other criteria

The following additional criteria should be determined according to the purpose and usage within a
cleanroom:

— free from chemicals (e.g. acid, alkali, organic);
— acceptable anti-static properties;

— low outgassing properties;

— free from micro-organisms;

— compatible with sterilisation procedures in biocleanrooms.
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E.3 Preliminary testing

Preliminary testing and auditing should be performed as agreed upon between customers and suppliers. Testing
procedures performed by the supplier may be deemed sufficient for entry and use in the cleanroom.

Additional testing may be required for some materials before being used in the cleanroom. Incoming inspection
criteria and sampling methods should be fully documented. A secure storage location may be necessary to avoid
unauthorised use while materials are waiting for acceptance. Strict quarantine measures may be necessary for
biologically sensitive materials. Test equipment and methods should be fully documented. Acceptance limits and
authorised personnel should be identified for final approval or disposition of non-conforming materials. A procedure
for communicating problems to the supplier should be instituted. The supplier should be expected to react with
plans to improve its quality and avoid further shipment of non-conforming materials. The supplier should notify the
customer prior to making critical changes to approved materials or supplies used in the cleanroom.

Evaluation methods and technologies should be reviewed periodically. Some incoming inspections may be
eliminated when data show that the supplier has a proven quality record.

E.4 Entry and exit procedures

Carrying materials into the cleanroom should not contribute contamination to the cleanroom. Materials and supplies
that are carried into the cleanroom are subject to procedures similar to those described in annex D.

E.4.1 Unpacking and entry procedures

Only materials and portable equipment that are compatible with the cleanroom classification and use should be
brought into the cleanroom. Outer contamination-generating packaging, such as wood, cardboard, paper and other
materials, should be removed before entry to any part of the controlled or cleanroom environments. Inner plastic
wrappers should not be removed at this time. Any interior packaging should be wiped with appropriately
moistened cleanroom wipers to remove any gross contamination from the outer packaging before being carried
into the controlled environment or specific area used for removing cleanroom packaging. Various types of non-
wrapped portable equipment require careful cleaning before entering the cleanroom and are discussed in E.5. A
designated area, such as an airlock, should be used for final wiping procedures. The changing area should be
avoided for this purpose to avoid contaminating cleanroom clothing. A working surface and wiping materials should
be readily available in this location for the task of cleaning all outer surfaces of the object to be
transported into the cleanroom. The outer wrappers of double-wrapped packaging can now be removed and
placed in an appropriate rubbish receptacle. Final packaging should only be removed prior to use of the material or
object.

Any wheeled, portable equipment should be thoroughly cleaned before being allowed back into the cleanroom.
Cleaning efforts should not overlook the surfaces of wheels that can transfer excess contamination directly onto the
cleanroom floors. Sticky mats or flooring will help prevent this from occurring.

Cleanroom personnel, correctly dressed in cleanroom clothing, may then carry such items into the cleanroom via
the airlock. A clean cart (trolley) may be used to transport many items from the airlock into the cleanroom.

E.4.2 Entry through pipes

Materials such as bulk chemicals, compressed gasses and water generally enter the cleanroom through pipes.
Such materials are subject to the procedures that govern the introduction and intended use of those materials to
the facility.

E.4.3 Exit procedures

Many items used by personnel are routinely removed when personnel leave the cleanroom. These items may
include notebooks, pens, hand tools and other types of small portable equipment. These items should be protected
from becoming contaminated through the use of approved plastic bags or other suitable means. This procedure will
facilitate re-entry to the cleanroom at a future time.

© ISO 2001 — All rights reserved 27



ISO/DIS 14644-5

Certain waste materials and portable equipment may have a higher risk of transferring contamination to personnel
and their clothing. Steps should be taken to completely contain any such materials before transport and
arrangements made to thoroughly clean such areas before personnel or processing is allowed to continue.
Preferably, such materials should be removed through airlocks and not through changing areas.

E.5 Types of materials and portable equipment

Materials designated for use in the cleanroom should conform to desired cleanliness levels. Considerations vary
according to the desired use in the cleanroom. Many items typically used in cleanrooms are listed in E.5.1-E.5.16.

E.5.1 Cleanroom clothing materials

Cleanroom clothing materials are described in annex B.

E.5.2 Solutions and finishes used in cleaning

Cleaning solutions are used to aid in the removal of contamination from surfaces in the cleanroom. Some particles
are floated off by the cleaning solution and others are pushed off through use of a wiper. After cleaning, certain
finishes are also used to protect or preserve characteristics of surfaces in the cleanroom. These solutions and
finishes should be as clean as required to meet the particle requirements of the cleanroom. The filtration of
prepackaged solutions should be considered. The following are types of cleaning solutions and finishes:

a) Clean-filtered, distilled, or deionised water has many desirable properties but such water can corrode certain
types of surfaces and may be ineffective in cleaning without the addition of a surfactant or disinfectant.

b) Surfactants and detergents are the most reasonably priced, nontoxic, nonflammable and effective cleaning
agents. However, non-ionic surfactants are generally preferred for cleaning cleanrooms as this group is the
least reactive and does not contain metallic ions.

c) Organic solvents can also be used for removing contamination on hard surfaces. Organic films are best
removed with organic solvents or detergents (detergents tend to leave behind a film).

d) Disinfectants are used to kill micro-organisms. Care should be taken to select an appropriate material that will
not contaminate the process or become harmful to personnel or equipmentl38l.

e) Synthetic sealers that are highly resistant to wear can be used on certain cleanroom floors. Antistatic floors
require special care and sealers should not compromise the surface or electrical characteristics. Any sealing
operations should only be done when cleanroom manufacturing is stopped or during general maintenance
periods.

E.5.3 Wipers

Wipers are used to remove contamination from surfaces in the cleanroom. Unfortunately, there is no single perfect
wiper that suits every application within the cleanroom. Some wipers are absorbent but shed particles; others don't
shed but do not absorb. Information on the selection of wipers is described in other sourcesl29l. The needs of the
application should be considered and an appropriate evaluation should be performed. The following
characteristics should be considered when selecting wipers for cleanroom use:

a) wiper material;

b) solution or solvent compatibility;

c) absorption rate of liquids;

d) particle generation (both wet and dry);

e) extractable molecular contamination;
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f)  sterilisation compatibility, if necessary;
g) packaging.
E.5.4 Vacuum cleaners, hoses and handles

The selection and use of cleanroom-compatible vacuum cleaning equipment is important for an effective
contamination control program.

a) Portable vacuum cleaners are constructed of stainless steel or plastic. Exhaust must flow through a HEPA or
ULPA filter before being allowed to escape to the surrounding environment. Vacuum cleaners capable of
handling damp and liquid materials are also available for the cleanroom.

b) Built-in vacuum cleaner systems employ a large, centralised vacuum pump, usually in a service area outside
the cleanroom environment, that is connected by a system of plastic piping to wall outlets in each area of the
cleanroom.

a) Hoses, handles and tools should be matched to the application and constructed of cleanroom-compatible
materials.

b) Arrangements should be made for routine inspection and maintenance of all equipment used in the vacuum
cleaning process. The HEPA or ULPA filters of the vacuum cleaning equipment should be tested and/or
replaced on a regular basis to ensure that they do not become a source of airborne contamination in the
cleanroom.

E.5.5 Mops

Standard commercial or industrial grade mops and handles should not be used within the cleanroom environment
(including changing and other controlled areas). Mops should be carefully selected to resist the effects of
sterilization, if so required. Floor mop heads should be constructed of polyester fibres or open-celled hydrophilic
(synthetic) materials. Block or sponge mop heads should be constructed of open-celled hydrophilic (synthetic)
sponge material. Handles and fittings should be made of stainless steel, anodized aluminum, fiberglass coated with
polypropylene, or other non-shedding plastics and should be compatible with the operation of the cleanroom mops.
Roll mops (similar to paint rollers), with a slightly sticky surface, may be used when appropriate for removing
contamination from wall surfaces without applying any moisture. These are available in both renewable and
disposable forms.

NOTE When purchasing synthetic mops or handles, one should be cognisant of the intended cleaning application. Polyvinyl
acetate (or equivalent) mop heads are acceptable when used with aqueous cleaning solutions. However, the mop heads will
prematurely deteriorate when used with cleaning agents containing high levels of isopropyl alcohol. Some materials used
in handles or mop heads are not compatible with steam sterilisation. Polyester offers better resistance to autoclaving than
polyvinyl acetate.

E.5.6 Buckets and wringers

Buckets or containers with wringers that are compatible with the cleanroom operation are required for wet or damp
cleaning operations.

Buckets and containers should be constructed of plastic or stainless steel (not galvanised). Stainless steel buckets
can be repeatedly autoclaved.

The wringer system used in mopping should be compatible with the style and material of the mop head.

E.5.7 Floor scrubbers, buffing and waxing machines

Standard commercial floor scrubbers or buffers should never be used within an operating cleanroom, as the
process would contaminate the environment.
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Special machines designed for scrubbing cleanroom floors are available. These machines have special shrouds
and built-in HEPA filtered vacuum cleaners to control contamination redistribution. They also have HEPA filtered
exhaust casings for the motor chambers. Careful evaluation for compatibility should precede the use of such
equipment in the cleanroom.

Cleanrooms should never have waxes or non-permanent sealers applied to the floors since these materials flake
off from traffic, causing contamination. For specific types of flooring refer to ISO 14644-4.

E.5.8 Stepladders

Stepladders should be of anodised aluminum or reinforced fiberglass and should not leave the
cleanroom controlled area. They should be thoroughly cleaned (disinfected or sterilised if necessary) before entry.

E.5.9 Brooms or brushes

Brooms, brushes, or similar tools should not be used in an operational cleanroom, as they will cause gross particle
generation. The bristles themselves are very large fibres that are also a contaminant.

E.5.10 Receptacles for rubbish and recycling

Used materials, by-products and other waste generated inside the cleanroom should be removed as soon as
possible. A means for the collection, containment and storage of wastes should be provided to protect the
Icélie.\?(r)c.)om from these contamination sources while waiting for removal. Removal procedures are discussed in
The following criteria should be considered when selecting receptacles for collection of these materials:

a) nature of the materials to be discarded or recycled;

b) safety requirements;

c) environmental hazards;

d) lining materials and how they will be installed;

e) floor space available;

f) size required, based on frequency of collection;

g) material of construction;

h) cleanroom compatibility.

E.5.11 Cleanroom mats and sticky flooring

Cleanroom mats and sticky flooring can be used as a barrier to help control foot-borne contamination from entering
the cleanroom. The size (particularly the length) and location of the mats/flooring are the major factors governing
the effectiveness for the removal of foot-borne contamination. Two major varieties of available mats/flooring are:

1) Disposable — Multiple layers of adhesive, plastic film with the sticky surface facing up. Layers are removed
and discarded as they get dirty.

2) Reusable — Resilient polymeric mat with a naturally sticky surface, to be cleaned when it becomes dirty.
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E.5.12 Clean containers and packaging

Clean containers can be used for transporting or isolating sensitive materials and products to and from the
cleanroom, while waiting to be used or processed. Surface cleanliness and isolation characteristics should be
consistent with the intended use of the enclosed materials. Entry procedures as stated in E.4 should be followed.
Frequent cleaning may be necessary to avoid contamination build up during use. Special cleaning and verification
of cleanliness may be required before reuse.

Materials that may be used to protect or package finished products made in the cleanroom should be clean and
compatible with the cleanroom. Selection should be based on particle generation, microbial contamination,
electrostatic properties, outgassing and other concerns. Tapes that are used within the cleanroom should have
adhesives that leave minimal residues when removed.

E.5.13 Hand tools, boxes and maintenance equipment

Hand tools should be compatible with the cleanroom classification, products, stationary equipment and processes
with which they will come into contact. They should be kept clean and free from contamination of all kinds.

Boxes or cases that contain tools and other repair or diagnostic equipment are often overlooked sources of
contamination. They should be made of stainless steel or synthetic materials that resist or protect against the
generation or transfer of contamination. Any use of molded inserts or dividers that can generate contamination
such as open-cell foam, vinyl-covered wood or pressboard (wood-chip board) should be avoided. Boxes should be
thoroughly cleaned on a regular and scheduled basis (with tools and instruments removed) to ensure cleanliness.
Tools and instruments should be cleaned before being replaced inside the toolbox or case. Tool boxes and cases
should remain inside the cleanroom whenever possible. If removed from the environment, toolboxes and cases
should never be opened outside the cleanroom. Thorough external cleaning should be required before being
allowed back inside the cleanroom.

Carts and trolleys routinely used for transferring maintenance and other supplies into and out of the cleanroom
must be thoroughly cleaned before re-entry.

Initial and routine sterilization or disinfection of the above items may be required when used in the biocleanroom.

E.5.14 Safety equipment

Safety goods and equipment used in the cleanroom such as chemical gloves, aprons, face and arm shields, self-
contained breathing apparatus, chemical absorbing pads and fire extinguishers should be selected for their
intended safety requirements as well as compatibility with the intended cleanroom.

E.5.15 Documentation

Contamination from documents, within the cleanroom, should be controlled. Methods for documentation will
depend largely on the use and classification of the cleanroom.

E.5.15.1 Electronic methods

The use of computers for work in progress will eliminate the need for many sources of contamination such as, log
books, log sheets, process documentation and others. Installation and use of computers and peripherals should be
compatible with the classification of and intended location inside the cleanroom.

Computers often employ internal cooling fans. Consideration should be given to how the exhaust air may affect the
cleanroom and critical surfaces surrounding the computer. Methods may need to be devised to duct such exhaust
directly to air returns or through portable filtration units, depending on cleanliness requirements. Keyboards have
recesses around the pushbuttons that may trap and release particles. Use of flexible continuous films or covers
placed over the keyboard will facilitate cleaning and reduce contamination. Printers interfaced with such computers
should be appropriately contained or isolated and exhausted in a similar manner. Printer maintenance should be
performed carefully to avoid dispersal of residual contamination generated by the printing operation.
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E.5.15.2 Paper documents

Paper and paper products will contaminate the cleanroom. All documents should be printed on lint-free,
cleanroom- compatible media or thermally laminated between plastic films. Information on the selection of such
substrates is given in other sourcesl30l. Use of such media in the form of labels, log sheets, equipment repair
manuals, reports and notebooks should be controlled and kept to a minimum. Label adhesives should leave
minimal residues when removed from surfaces.

E.5.15.3 Writing instruments
Writing instruments can become sources of contamination to the cleanroom, products or processes.

Pencils and felt-tipped pens should be avoided. Pens should be of the non-retractable, ballpoint style with inks that
are permanent and compatible.

E.5.15.4 Other materials

Many other materials, including those directly used in the production process, are taken into the cleanroom. They
should exhibit the lowest possible contamination properties for the application intended and the classification of the
cleanroom. They should enter and be controlled in an appropriate manner as described above and be compatible
with products and processes.

E.6 Storage

Materials can become contaminated or ineffective if improperly stored while waiting to be used. Proper storage and
controlled storage methods are critical to preserve their effectiveness. They should be stored in an
environment that protects them from degradation and contamination. If not properly stored the accumulation of
unused materials in the cleanroom presents a risk of contamination.

Certain classes and types of waste materials are stored in the cleanroom until specified limitations are reached.

Often these limits are regulated by agencies or by recycling programs set up for the cleanroom. The use of
specialised containers may also be required.
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Annex F
(informative)

Cleanroom cleaning

F.1 Overview

Cleanrooms are designed to be as free from contamination as possible. Facility and maintenance operations,
manufacturing processes, the presence and activity of personnel and other factors may cause contamination to be
generated and dispersed on surfaces in the cleanroom. Therefore, all surfaces should be cleaned frequently
enough to prevent this from becoming a risk to the manufacturing process. Procedures should be specified to
ensure that thorough and complete cleaning operations are performed in a manner that is consistent with
recommended cleanroom practices for the facility. When feasible, cleaning should be avoided during
manufacturing operations. If this is not possible, special cleaning procedures should be devised to minimise risks.

NOTE Some processes generate contamination as a by-product. It is better to identify and attempt to contain contamination
from such operations than to rely on cleaning to control the contamination.

Information is available in a number of documents that will assist in effective cleaning of a cleanroom[2°1(301[311[32],

F.2 Surface classification

The cleanliness of areas and surfaces should be classified and designated based upon how they may affect the
products and processes performed in the cleanroom. Effective application of this classification will be useful in
developing the proper cleaning strategy for the cleanroom.

F.2.1 Critical surfaces

Surfaces classified as critical are located at and around the point of manufacture or production where
contamination can gain direct access to the product or process. Unidirectional airflow equipment, clean benches or
workstations usually help control the cleanliness of these surfaces. These surfaces are the most critical and should
be kept the cleanest.

F.2.2 General cleanroom surfaces
All surfaces within the cleanroom that are not at the point of production or localised by unidirectional airflow are

considered “general.” They should be cleaned on a regular basis to prevent transfer of contamination onto critical
surfaces.

F.2.3 Surfaces of changing rooms and airlocks
Surfaces of changing rooms and airlocks can become highly contaminated due to the high level of activity.

Frequent cleaning is necessary to minimise the level of contamination and to reduce the transfer of contamination
into the cleanroom.

F.3 Basic cleaning
Maintaining the cleanliness of a cleanroom is a meticulous set of tasks. Cleaning levels should be defined and

basic methods for attaining those levels should be developed. Approved methods can then be applied to every
surface within the cleanroom to achieve the desired resultl10[311(32][33](34]
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F.3.1 Basic cleaning categories

The act of cleaning can be divided into three different categories depending on the current state and desired
cleanliness of the surface once cleaning is completed. These are gross, intermediate and precision.

Gross cleaning involves the removal of large particles of contamination usually greater than 50 um in diameter.
Contamination of this size is usually found on floors and is typical of the type carried into changing areas and
airlocks. Broken or spilled materials resulting from the production operation or process are additional sources of
contamination that end up on work surfaces and floors. Construction and equipment maintenance activities also
can often generate gross particle contamination.

Intermediate cleaning involves the removal of smaller particles of contamination, typically ranging from 10 pym to
50 um in diameter. Performed on general cleanroom surfaces, intermediate cleaning is usually associated with
walls, benches and clean hallways. This size of contamination remains after gross cleaning methods are used.
Intermediate cleaning provides the next level of cleanliness.

Precision cleaning is needed to remove remaining particulate contamination that is generally less than 10 pym in
diameter. Precision cleaning is generally employed on or near critical surfaces where product is stored and
processed.

F.3.2 Vacuum cleaning

Vacuum cleaning can be used in gross and intermediate cleaning operations as a basic first step to cleaning both
general and critical areas. Vacuum cleaning is a prerequisite, not an alternative, to mopping or wet wiping. Vacuum
cleaning is effective in removing larger particles and other debris such as glass fragments. Vacuum cleaning
should be performed in deliberate, unidirectional strokes to minimize air turbulence at the floor level and at operator
height.

The use of HEPA/ULPA vacuum cleaners or in-house central vacuum systems is employed in vacuum cleaning.
Systems that can accommodate wet materials are helpful for removing excess water and suspended particles
during and after the mopping process. Vacuum cleaning can also be useful in helping to speed the drying process
once mopping is completed.

F.3.3 Wet cleaning
Wet cleaning methods can be employed in all stages of cleaning.

Scrubbing is a gross cleaning method that employs machine or manual methods to remove stains or heavily soiled
areas. Scrubbing is followed by mopping or wet vacuuming procedures. Care should be taken to control any
contamination that may be generated by the equipment or materials used in scrubbing.

Mopping is an effective method in gross or intermediate cleaning for removing particulate contamination. Mopping
can also be used for removing residues from spilled liquids left after wet vacuuming is completed. Wet wipers may
be used in small or localised areas. Mops are used for floors and other large areas. The mop bucket should be
filled with clean-filtered de-ionised or distilled water and changed frequently to avoid recontamination. The more
critical the surface, the more frequently the water should be changed. Water discoloration indicates the bucket
should be cleaned and refilled in the gross cleaning mode. Intermediate and critical areas should show little or no
discoloration, so cleaning procedures for these areas should define the allowable surface area to be cleaned
before changing the water. Two (or multiple) bucket systems can be used to reduce the frequency of rinse water
changes. Non-ionic detergents or surfactants can be added if necessary. Mops should be well squeezed to avoid
puddles. A damp mop will produce a damp surface that will dry more quickly. A systematic method, using
overlapping strokes should be employed to ensure complete cleaning of floor surfaces. Frequent rinsing and
turning of mop surfaces help to avoid recontamination of previously cleaned sections of the floor. Mop heads
should be rinsed frequently to avoid recontamination of the mop head. Specialty mops are also available for
removing intermediate-sized contamination from walls, and floors (see E.5.5).
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F.3.4 Damp cleaning

Wiping techniques are used in most phases of cleaning. Wiping produces results that support intermediate and
precision cleanliness for general and critical surfaces. The chosen wiper should be dampened with the appropriate
cleaning solution. The solution is dependent upon the type of contaminant being removed. Wiping should
always be done in unidirectional, overlapping strokes, proceeding from most critical to least critical areas, following
the direction of unidirectional airflow. As wiping proceeds, wipers should be folded to provide an unused surface
area. The wiper should be replaced as frequently as needed to avoid transferring contaminants to other parts of
the cleanroom surface.

F.4 Cleaning specific surfaces

All surfaces within the cleanroom that become contaminated should be cleaned. It is important that all surfaces be
identified according to criticality to the product or process performed in the cleanroom. Cleaning techniques can
then be developed and specified to ensure that the required level of cleanliness is attained.

F.4.1 Floors and subfloors

Gross contamination can be removed first by vacuum cleaning e.g. glass or product fragments. Areas with
stubborn stains should then be identified and addressed with predetermined scrubbing procedures. The floor
should be wet mopped according to predetermined procedures. Water or cleaning solutions should be changed
frequently enough to minimise the spread of dissolved or suspended contamination as the cleaning process
continues. Larger floor areas should be divided into manageable segments so that work can proceed in an orderly
manner. Cleaning should begin in critical areas and proceed through general areas, but certain cleanroom
applications may require a different routine. Repeating the mopping procedure will produce cleaner surfaces if
greater cleanliness levels are required.

During operational hours, it may be necessary to cordon off the area and redirect traffic flow to avoid dangerous
falls by unwary personnel. Damp mopping or wet vacuuming after mopping will speed the drying process.

Wet washer/scrubber systems, followed by wet vacuum cleaning, can be used to remove stubborn stains and floor
stains. These systems are described in E.5.7 and should be thoroughly cleaned before and after each use.

F.4.2 Walls, doors, return grilles, windows and vertical surfaces
Surfaces, upstream from product exposure, should never be cleaned in the operational state. Upstream surfaces
should only be cleaned in the at-rest state or after products have been removed from the area or covered.

Contamination should be removed using wiping methods or special purpose or roll mops. Choice of method should
be determined based on state of cleanliness desired and configuration of the area being cleaned.

F.4.3 Ceilings, diffusers and lamp fixtures
Ceilings and other fixtures upstream of work areas should not be cleaned in the operational state but should wait
for at-rest conditions. Diffuser and ceiling grids should be carefully wiped using damp cleaning techniques. Some

diffusers may require removal for washing or replacement. Lamp fixtures should be thoroughly wiped whenever
bulbs are changed.

F.4.4 Tables and other critical horizontal surfaces
These critical surfaces should be cleaned using appropriate wiping techniques described above. Acceptable

cleaning solutions may be used to aid in contamination removal. Damp wipers can be used to remove
contamination, working in unidirectional strokes from most to least critical areas.

F.4.5 Cleanroom chairs, furniture and ladders

Wipe these surfaces from top to bottom. Include cushions, supports, and wheels if appropriate.
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F.4.6 Stationary equipment

See annex D.

F.4.7 Carts and trolleys

Carts and trolleys should be restricted to the cleanroom area only and should not be cleaned in any critical areas or
in the airlock. Carts and trolleys should be vacuumed or wiped down, or both, using wipers and starting from the
top and working down using acceptable cleaning solutions.

F.4.8 Hazardous processing surfaces

Procedures should be developed to neutralise existing hazards before beginning normal cleanroom cleaning
procedures. Use the appropriate cleaning technique for the surface involved and described in F.4.1 to F. 4.11.

F.4.9 Cross-over benches, garment and supply cabinets, lockers, and other compartmented
surfaces

Compartments should be periodically emptied so that the interiors can be cleaned. Vacuum cleaning followed by
wiping will effectively remove contamination from exposed surfaces.

F.4.10 Rubbish bins and containers

Rubbish bins and containers can be lined with plastic bags to facilitate removal of refuse and protect container
surfaces. Rubbish should be removed before it collects in excess. Plastic bags or liners should never be removed
from bins in the vicinity of critical areas. All bins should be removed to general, non-critical areas before any
rubbish is removed. This can be done as required or at the end of each shift. They should be emptied, cleaned and
re-lined, if required, before being returned to service.

F.4.11 Cleanroom mats and sticky flooring

Cleanroom mats and sticky flooring should be cleaned or maintained on a regular basis during the normal workday.
Cleanroom mats and sticky flooring should be serviced according to the manufacturer’s instructions as
frequently as needed. Mats with renewable surfaces should be cleaned frequently. After wet mopping, a rubber
squeegee is used to pull contamination and water to the edge to be mopped dry. A wet vacuum with a squeegee
head can also be used for this purpose.

Mats with removable, sticky surfaces are cleaned by slowly peeling each of the four corners and rolling the film
towards the middle of the mat until the layer is removed.

F.5 Surface treatment

Specific cleanroom applications require that certain surface treatments or finishes are applied to
cleanroom surfaces, to provide characteristics that normally would not exist. These treatments may protect the
products being produced in the cleanroom, but should be carefully considered. The use of surface treatments and
finishes, after cleaning, should be avoided if at all possible. These treatments deteriorate with time and will
compromise the cleanliness of the cleanroom. In addition, these treatments can pose the risk of process or product
contamination if not used or maintained properly. Surfaces that receive these treatments should be inspected
or tested on a periodic basis to ensure they do not compromise the cleanroom. Steps can then be taken to
remedy the situation.

F.5.1 Anti-static treatment

Anti-static materials can be applied to surfaces to minimise static charge build up. Treating surfaces with anti-static
agents should be done carefully. Improper use will result in non-uniform, anti-static characteristics and
residues that can become a source of contamination. The coating should be thick enough to be effective but thin
enough to
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avoid flaking and generation of contamination. Anti-static surface characteristics can often be achieved, simply,
by changing the humidity of the air supplied to the cleanroom.

F.5.2 Disinfection

Thorough cleaning programs help to control microbiological contamination. However, certain industries and
regulatory agencies require disinfection procedures in addition to normal cleaning procedures. Additional
disinfection procedures help ensure products are not exposed to or contaminated by microbes. The effectiveness
of the disinfectants and the methods used for disinfection should be determined in each cleanroom. In general,
disinfectant efficacy is a function of the type of disinfectant, its concentration and its contact time on the surface
being disinfected. Some disinfectants can damage cleanroom surfaces (e.g. chlorine-based compounds
on stainless steel) if they are not properly removed and may be toxic if they are deposited on products.

Therefore, it may be appropriate to remove such residues by rinsing the surfaces with sterile water.
Disinfectants can have harmful effects on personnel if used improperly.

F.6 Cleaning personnel
A specific training program should be provided for any personnel performing the cleaning operation. Specific
personnel should be designated for each part of the cleaning program. It is quite common to assign cleanroom

cleaning to specialised cleaning personnel. Operators, with proper training, are often assigned to clean the work
surfaces they use.

F.7 Cleaning program

The classification of different kinds of cleanroom surfaces and the rate at which they become contaminated should
be understood when setting up a cleaning program. Schedules should be specified to ensure cleaning is
performed frequently enough to maintain the required cleanliness of the cleanroom. Testing and evaluation of the

surface contamination will assist in drawing up schedules. The process and product within the cleanroom should
determine which tasks need to be accomplished on a daily, weekly, or other periodic basis.

F.7.1 Preparing a cleaning program

The following steps should be followed in preparing a cleaning program.

a) Classify all surfaces into critical, general or other surfaces.

b) Determine the best cleaning and surface treatment method for achieving the desired cleanliness level.

c) Determine the cleaning frequency required to maintain the desired cleanliness levels for each surface type.
d) Determine which cleaning operations can be accomplished during normal operating hours.

e) Prepare the cleaning schedules.

f)  Decide which part of the cleaning schedule operators will execute and which part cleaning staff will execute.
g) Choose the correct materials, machines, cleaning solutions and surface treatments for the specified methods.
h) Train all personnel for the expected level of involvement in the cleaning program.

i) Provide adequate storage facilities for the required cleaning materials.

j) Decide how to monitor the cleaning results and react to discrepancies.

k) Organize all documents and schedules so that they can be reviewed and managed effectively.
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F.7.2 Schedule considerations

Most cleaning operations should be performed on a regularly scheduled and frequent basis. Other cleaning
operations are performed on a scheduled basis but infrequently. Some cleaning operations must be done in
reaction to events that create contamination and are not subject to normal scheduling. The frequencies in F.7.2.1
and F.7.2.2 can be used as guidelines but should be adjusted to the needs of the cleanroom as based on a risk
assessment and cleaning evaluation.

F.7.2.1 Daily cleaning

If specified, daily cleaning is done in general areas at least once in a 24-hour period. Many tasks may be allowed
during working hours, such as trash removal, vacuuming, mopping floors, and wiping surfaces in changing areas,
passthroughs and common halls. Each room within the cleanroom may need a special written cleaning program
depending on criticality of cleanliness to product or process concerns.

Air locks and changing areas should be cleaned at least daily. These areas can harbour high contamination levels,
due to the high level of personnel activity. Therefore, cleaning is required more frequently than in manufacturing
cleanrooms to control the cleanliness level and reduce the opportunity for contamination transfer. Daily cleaning
will enhance the level of cleanliness within the general cleanroom areas. Thorough vacuum cleaning and mopping
procedures described in F.3.2 and F.3.3 should be implemented. Cleanroom mats and sticky flooring should be
serviced as described in F.4.11 but with greater frequency to prevent the migration of contamination into the
cleanroom.

F.7.2.2 Periodic cleaning

Surfaces not cleaned on a daily basis should be cleaned periodically. Special precautions may need to be taken to
ensure product integrity during cleaning procedures.

Many surfaces should be cleaned on a weekly basis (i.e. at least once during a seven-day period). Product may
need to be covered or removed from areas where weekly service is performed.

Surfaces that present less of a risk can be scheduled for less frequent cleaning. This type of less frequent cleaning
should be performed on a monthly or longer time interval. Schedules should reflect these less frequent intervals.

Arrangements should also be made to thoroughly clean the entire cleanroom facility, from top-to-bottom, on a
scheduled basis. Thorough cleaning should include storage areas, service areas, pipes and fittings. Thorough
cleaning is often best accomplished during extended facility shutdowns or during weekends, holidays or other
planned facility shutdowns. Continuously operating cleanrooms only shut down sporadically and may only have
certain times when thorough cleaning can be accomplished. Intensive cleaning efforts should be taken at these
times to accomplish the task.

F.7.3 Cleaning during and after construction or maintenance

Effective cleaning during cleanroom construction is essential to control and eliminate contamination sources.
Effective cleaning is as important in operational cleanrooms as it is in new construction. See annex D for
maintenance-related procedures. The sample 10-step cleaning schedule in F.9 can be used to aid in planning,
executing, and documenting efforts. Annex D provides guidance for maintenance activities.

F.7.4 Cleaning during emergency situations

Procedures should be instituted to ensure that work in progress, the process and the cleanroom environment are
not compromised in the case of a gross contamination event. Special tools and materials should be readily
available to neutralise or control any hazardous situations that may arise. Events that may trigger special cleaning
include:

a) environmental incident (e.g. utility failure, spill, major equipment failure, broken product, biological hazard,
etc.);
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b) failure of routine cleaning procedures resulting in contamination rising to unacceptable levels;
c) monitoring that reveals the occurrence of unacceptable contamination of the facility.

Work should be suspended in the area deemed at risk until acceptable levels of cleanliness are attained.

F.8 Monitoring cleaning effectiveness and testing

F.8.1 Cleanroom equipment, apparatus or surfaces may require cleanliness testing after cleaning. Users are
responsible for selecting appropriate cleanliness verification methods. An acceptable degree of cleanliness should
be determined for each element or characteristic that will affect the products or processes in the cleanroom. The
user should specify limits for tests performed. It is recommended that, when possible, limits be determined from
actual measurements, using the test methods. Routine surface contamination checks should be defined and
carried out to ensure that the specified levels are being maintained.

Visual inspection techniques can be used to determine surface cleanliness. Visual-clean surfaces demonstrate an
absence of soiling that can be seen without magnification. Visual inspection may be accomplished with or without
the aid of high-intensity white light or ultraviolet light sources. Wiper-clean surfaces can be demonstrated by
passing a clean wiper over a clean surface. This inspection aid detects visual contamination that may adhere to the

wiper surface indicating further cleaning is needed. Coloured wipers are available from some suppliers and may be
helpful in detecting some forms of contamination. Other methods that may be considered include:

a) tape lift methodI39];
b) surface particle detector method[311.
Additional methods for measuring surface cleanliness in critical areas are discussed in other sourcesl10I311[33](36],

NOTE

F.8.2 A variety of methods and sampling schemes exist for detecting microbiological contamination in the
cleanroom. These are described in other sources[38l. The following methods are most common:

a) Contact plates (for flat surfaces);

b) Surface swabbing (for uneven surfaces).

F.9 Construction-related cleaning program
Depending on the user requirements, the following 10-stage program can be used effectively to schedule, assign,

and document cleaning procedures that are needed during different phases of construction operations (see also
ISO 14644-4, annex E).

Table A.1 — Stages of construction-related cleaning program

Stage Purpose Responsibility Method Standard
Stage 1 — Prevent unnecessary | Contractor. If the Vacuum clean upon Visual-clean.
Clean during dust concentration in | contractor has no completion.
demolition/ places that will be | relevant experience
framing. difficult to reach |in cleanroom

during later | cleaning, it is

construction. advisable to hire a

professional cleaning
contractor
specialising in
cleanroom cleaning.
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Stage Purpose Responsibility Method Standard
Stage 2 — Removing local | Installation engineer. [ Vacuum clean; wipe- | Visual-clean.
Clean during contaminants caused down piping and
utility by installing fixtures with
installation. electricity, gas, water, moistened wipers
etc. upon completion. The
use of vacuum
cleaning and/or other
cleaning materials is
necessary.
Stage 3 — All visible | Cleaning contractor. Vacuum clean; wipe- | Visual-clean.
Early contamination should down piping and
construction be cleaned from fixtures with
cleaning. ceilings, walls, floors, moistened wipers. If
(filter mountings), etc. necessary a
after completion of protective sealing
construction and could be put on the
installation activities. floor.
Stage 4 — | Clean any dust from | Installation engineer | Vacuum clean; wipe | Wiper-clean.
Preparation for | ductwork sections | and cleaning | down with moistened
air before installing using | contractor. wipers.
conditioning a vacuum cleaner
ductwork and wipers.
installation. Meanwhile, a positive
pressure should be
introduced to the
cleanroom.
Stage 5 — Remove deposited or | Cleaning contractor. Wipe down with Wiper-clean.
Clean before settled dust, or both, moistened wipers.
mounting all from ceilings, walls,
air filters into | and floors.
the system.
Stage 6 — | Removing possible Cleanroom HVAC Clean all surface Wiper-clean.
Mount the | contamination filter engineer/ edges on all sides.
(HEPA/ULPA) | caused by the | technician.
filters into the | mounting operation.
air systems
Stage 7 — | Remove suspended | Cleanroom HVAC Air conditioning air Wiper-clean.
Adjust the air [ dust from the airflow | filter engineer/ flushing operation.
conditioning and create over- | technician.
equipment. pressure installation,
including the filters.
Stage 8 — | Remove all deposited | A professional Wipe down with Wiper-clean.
Upgrade the | and clinging dust cleanroom cleaning moistened wipers.
room into | from every surface (in | by personnel
prescribed order: ceilings, walls, | specially instructed
classification. | equipment, floors). on regulations,
routing and behavior.
Stage 9 — To verify the Installation engineer | Monitor airborne and | Wiper-clean. Results
Validation. cleanroom to the and certification | surface particles, air | should conform to
prescribed design engineer. velocities, agreed design criteria.

specifications.
Customer
acceptance.

temperature, and

humidity.
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Stage Purpose Responsibility Method Standard

Stage 10 — Maintaining the | Cleanroom Listed in annex F.1— [ A tailor-made cleaning

Daily and cleanroom in long- | manager/cleaning F.8. program for the

periodic term compliance with | contractor. cleanroom, accounting

cleaning designed for the specific
classification. demands of the
Microbiological production process
cleaning and testing and the customer.
begins in Routine testing of
biocleanrooms. critical operation

parameters.
NOTE 1  During Stages 4-10, all high efficiency and ultra-high purity components, such as filters, ducts, etc. should arrive

on site protected by a plastic or foil covers on both ends. Covers should only to be removed when ready for use.

NOTE 2

During Stages 6—10, all activities should be done wearing prescribed cleanroom clothing.
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E2.

Calipers

Dimensional Measurements (Guide from Mitutoyo, manufacturer of measurement equipment)

m Nomenclature

r |

Vernier-Calipe

Inside measuring fach

=L |
Stop, slider
f Depth bar

Depth measuring faces

Outside jaws ! ‘ Thumbwheel Main scale
e Depth groove Reference surface
Outside measuring faces Vernier scale
Absolute Digimatic
Caliper
Inside measuring fach Slider Output connector

Step measuring faces

Locking screV

Depth bar

B

Inside jaws

Outside jaws

m How to Read the Scale
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(2) Vernier 0.15 mm (2) Dial 0.13
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m Special Purpose Caliper Applications

Point jaw caliper Offset jaw caliper

m Types of Vernier Scale
The Vernier scale is attached to the caliper’s slider and each division
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For uneven surface measurement For stepped feature measurement
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Fordepth measurenient Fordiameter of narrow groove measurement



@ Standard Vernier scale (resolution 0.05mm)

Reading 1.45mm

® Long Vernier scale (resolution 0.05mm)

Reading 30.35mm

m Sources of Error

Main sources of error include scale misreading (parallax effect),
excessive measuring force causing jaw tilt, thermal expansion caused by
a temperature difference between the caliper and workpiece, and
small- hole diameter error caused by inside jaw offset. There are other
minor error sources such as graduation accuracy, reference edge
straightness, main scale flatness and squareness of the jaws. These
sources are allowed for within the specified accuracy of a new caliper
and only

cause significant error in case of wear or damage.

The IS standard emphasizes that care must be used to ensure that
measurement is performed with an appropriate and constant measuring
force, since a caliper has no constant-force device, and that the user
must be aware of the increased possibility of error due to measuring a
workpiece using the tips of the jaws (Abbe’s Principle).

CM-type caliper CN-type caliper (with knife-edge)

—e |

f—
For outside For outside measurement
measurement For stepped feature measurement

For measurement of inside bore

m Moving Jaw Tilt Error

If the moving jaw becomes tilted out of parallel with the fixed jaw,
either through excessive force being used on the slider or lack of
straightness in the reference edge of the beam, a measurement
error will occur as shown in the figure. This error may be substantial
due to the fact that a caliper does not conform to Abbe’s Principle.

h A=

f=h6=h-a/t

A
: i f

7 2 ¢

Example: Assume that the error slope of the jaws due to tilt of the slider is 0.0lmm in 50mm and
the outside measuring jaws are 40mm deep, then the error (at the jaw tip) is calculated
as (40/50)x0.0lmm = 0.008mm.

If the guide face is worn then an error may be present even using the correct
measuring force.

m About Long Calipers

Steel rules are commonly used to roughly measure large workpieces

but if a little more accuracy is needed then a long caliper is suitable for

the job. A long caliper is very convenient for its user friendliness but

does require some care in use. In the first place it is important to realize

there is no relationship between resolution and accuracy. Resolution is

constant whereas the accuracy obtainable varies dramatically

according to how the caliperis used.

The measuring method with this instrument is a concern since distortion
of the main beam causes a large amount of the measurement error,

so accuracy will vary greatly depending on the method used for
supporting the caliper at the time. Also, be careful not to use too much
measuring force when using the outside measuring faces as they are
furthest away from the main beam so errors will be at a maximum here.
This precaution is also necessary when using the tips of the outside
measuring faces of a long-jaw caliper.

m Inside Measurement with a CM-type
Caliper

Because the inside measuring faces of a CM-type caliper are at the
tips of the jaws the measuring face parallelism is heavily affected by
measuring force, and this becomes a large factor in the measurement
accuracy attainable.

In contrast to an M-type caliper, a CM-type caliper cannot measure a
very small hole diameter because it is limited to the size of the stepped
jaws, although normally this is no inconvenience as it would be unusual
to have to measure a very small hole with this type of caliper. Of course,
the radius of curvature on the inside measuring faces is always small
enough to allow correct hole diameter measurements right down to the
lowest limit (jaw closure).

Mitutoyo CM-type calipers are provided with an extra scale on the slider
for inside measurements so they can be read directly without the need
for calculation, just as for an outside measurement. This useful feature
eliminates the possibility of error that occurs when having to add the
inside-jaw-thickness ~ correction ~ on a  single-scale  caliper
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INTERNATIONAL

Standard Test Methods for

Pore Size Characteristics of Membrane Filters by Bubble

Point and Mean Flow Pore Test’

This standard is issued under the fixed designation F316; the number immediately following the designation indicates the year of original
adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A superscript
epsilon () indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 These test methods cover the determination of two of
the pore size properties of membrane filters with maximum
pore sizes from 0.1 to 15.0 pm.

1.2 Test Method A presents a test method for measuring the
maximum limiting pore diameter of nonfibrous membranes.
The limiting diameter is the diameter of a circle having the
same area as the smallest section of a given pore (Fig. 1).

1.3 Test Method B measures the relative abundance of a
specified pore size in a membrane, defined in terms of the
limiting diameter.

1.4 The analyst should be aware that adequate collaborative
data for bias statements as required by Practice D2777 is not
provided. See the precision and bias section for details.

1.5 This standard may involve hazardous materials, opera-
tions, and equipment. This standard does not purport to
address all of the safety concerns, if any, associated with its
use. It is the responsibility of the user of this standard to
establish appropriate safety and health practices and deter-
mine the applicability of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:>

D1129 Terminology Relating to Water

D1193 Specification for Reagent Water

D2777 Practice for Determination of Precision and Bias of
Applicable Test Methods of Committee D19 on Water

E128 Test Method for Maximum Pore Diameter and Per-
meability of Rigid Porous Filters for Laboratory Use

3. Terminology

3.1 Definitions—For definitions of other terms used in these
test methods, refer to Terminology D1129.
3.2 Definitions of Terms Specific to This Standard.:

! These test methods are under the jurisdiction of ASTM Committee D19
on Water and are the direct responsibility of Subcommittee D19.08 on Membranes
and lon Exchange Materials.

Current edition approved Jan. 10, 2003. Published April 2003. Originally
published as F316 — 70. Last previous edition F316 — 86. DOI: 10.1520/F0316-03.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org,

or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.
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Cross-section of filter channels

Non e
-
= [*Dmiting Limiting
Non
-» ¢ Limiting

FIG. 1 Examples of Limiting Diameters

3.2.1 pore size—capillary equivalent pore diameter.
3.2.2 limiting pore diameter—diameter of a circle having
the same area as the smallest section of a given pore.

TEST METHOD A—MAXIMUM PORE SIZE

4. Summary of Test Method

4.1 The bubble point test for maximum pore size is per-
formed by prewetting the filter, increasing the pressure of gas
upstream of the filter at a predetermined rate and watching for
gas bubbles downstream to indicate the passage of gas through
the maximum diameter filter pores.

4.2 The pressure required to blow the first continuous
bubbles detectable by their rise through a layer of liquid
covering the filter is called the 9bubble pointy, and is used to
calculate maximum pore size.

5. Significance and Use

5.1 This test method may be used to:

5.1.1 Determine the maximum pore size of a filter,

5.1.2 Compare the maximum pore sizes of several filters,
and

5.1.3 Determine the effect of various processes such as
filtration, coating, or autoclaving on the maximum pore size of
a membrane.

5.2 Membrane filters have discrete pores from one side to
the other of the membrane, similar to capillary, tubes. The
bubble point test is based on the principle that a wetting liquid
is held in these capillary pores by capillary attraction and
surface tension, and the minimum pressure required to force
liquid from these pores is a function of pore diameter. The

David Dikken (MTL) pursuant to License Agreement. No further reproductions authorized.
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pressure at which a steady stream of bubbles appears in this test
is the bubble point pressure. The bubble point test is significant
not only for indicating maximum pore size, but may also
indicate a damaged membrane, ineffective seals, or a system
leak.

5.3 The results of this test method should not be used as the
sole factor to describe the limiting size for retention of
particulate contaminants from fluids. The effective pore size
calculated from this test method is based on the premise of
capillary pores having circular cross sections, and does not
refer to actual particle size retention. See Test Method E128 for
additional information.

6. Apparatus

6.1 Filter Holder, as shown in Fig. 2, consisting of a base A,
a locking ring B, O-ring seal C, support disk D, and gas inlet
E. The support disk shall be 2-ply construction, consisting of a
100 by 100 mesh or finer screen and a perforated metal plate
for rigidity. The diameter of the test filter may be either 25 or
47 mm, as appropriate to the holder being used for the test.

6.2 Manifold, as shown in Fig. 3, a micrometric flow control
valve capable of providing a linear rise in pressure and a gas
ballast of at least 16 000-cm® capacity.

NotE I—For less accurate determinations, the
apparatus shown in Fig. 4 may be used.

simplified

6.3 Pressure Gages (and mercury manometer if required),
covering the range of pressures needed for the pore sizes under
investigation (see Table 1).

6.4 Metal Punch, used to cut a suitable size filter from the
test sheet to fit the test filter holder.

7. Reagents

7.1 Purity of Reagents—Reagent grade chemicals shall be
used in all tests. Unless otherwise indicated, it is intended that
all reagents shall conform to the specifications of the Commit-
tee on Analytical Reagents of the American Chemical Society

Fluid Reservoir p
/ I'(Support Disc)

L =

o]
O-Ring Seal

F
2” Disc Filter

FIG. 2 Filter Holder

Copyright by ASTM Int'l (all rights reserved); Mon Jul 12 08:32:48 EDT 20103
Downloaded/printed by

where such specifications are available.> Other grades may be
used provided it is first ascertained that the reagent is of
sufficient high purity to permit its use without lessening the
accuracy of the determination.

7.2 Water, conforming to Specification D1193, Type IV or
higher purity.

7.3 Denatured Alcohol.

7.4 Petroleum Distillate, with surface tension of 30
dynes/cm at 25°C.

7.5 Mineral Oil, such as USP liquid petrolatum heavy, with
surface tension of 34.7 dynes/cm at 25°C.

7.6 1,1.2-trichloro-1,2,2-trifluoroethane (Freon TFt), avail-
able from commercial chemical supply houses.

7.7 Clean Gas Pressure Source, with regulation (filtered air
or nitrogen).

Nore 2—Table 1 lists the nominal surface tension of these liquids at
25°C. Table 2 lists the simplified maximum pore size formulas based on
these values, where the liquid completely wets the membrane.

8. Procedure

8.1 Wet the test membrane completely by floating it on a
pool of the liquid. Use a vacuum chamber to assist in wetting
the filter, if needed.

8.2 Place the wet membrane in the filter holder.

8.3 Close the filter holder and apply slight gas pressure to
eliminate possible liquid back flow.

8.4 Cover the perforated metal plate with 2 to 3 mm of test
liquid.

8.5 Increase the gas pressure slowly. Record the lowest
pressure at which a steady stream of bubbles rises from the
central area of the liquid reservoir.

Note 3—Faulty sealing may cause erronecous bubbling from the
sealing edge of the liquid reservoir. Be sure to record the bubble point
pressure with bubbles from the central area of the reservoir (see Fig. 5).

9. Calculation

9.1 If the test liquid is known to wet the membrane
completely, calculate the maximum pore size from the follow-
ing equation:

d s Cglp o)

where:

d = limiting diameter, um,

= surface tension, mN/m, (dynes/cm),

p = pressure, Pa or cm Hg, and

C = constant, 2860 when p is in Pa, 2.15 when p is in cm
Hg, and 0.415 when p is in psi units.

(O]

* Reagent Chemicals, American Chemical Society ~Specifications, American
Chemical Society, Washington, DC. For Suggestions on the testing of reagents not
listed by the American Chemical Society, see Annual Standards for Laboratory
Chemicals, BDH Ltd.,, Poole, Dorset, UK., and the United States
Pharmacopeia and National Formulary, U.S. Pharmacopeial Convention, Inc.
(USPC), Rockville, MD.
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LINE
110V
Key Quantity Component
1 1 Filter
2 1 Pressure regulator
3 1 Pressure gage
4 1 Valve shutoff, manual
5 1 Valve, flow control, manual
6 4 Valve, solenoid, nc
7 1 Air ballast
8 1 Quick disconnect fitting
9 2 Open filter holder, 47 mm
10 1 Valve, 3-way, manual
1" 1 Test gage, 0-0.3 kPa (0-30 psig)
12 1 Test gage, 0-0.8 kPa (0-100 psig)
13 1 Exhaust silencer
14 2 Pilot light, red, elec.

-
(9]
N

Switch, spdt, elec.

FIG. 3 Manifold for Bubble Point Testing

/—~ Pressure Gauge

Air
Pressure
Source

Reguiator
FIG. 4 Test Setup (Simplified)

Note  4—The fluid must completely wet the membrane filter with
the contact angle being zero. If the contact angle is greater than zero,
the calculated effective pore size will be larger than the actual effective
pore size rating.

10. Reporting Results

10.1 Record the minimum pressure for gas passage as
indicated by continuous bubbles. Record the maximum pore

Copyright by ASTM Int'l (all rights reserved); Mon Jul 12 08:32:48 EDT 20104
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size calculated, along with identification of the membrane
tested and the liquid used.

TEST METHOD B—DETERMINATION OF PORE
SIZE DISTRIBUTION

11. Summary of Test Method

11.1 A fluid-wet filter will pass air when the applied air
pressure exceeds the capillary attraction of the fluid in the
pores. Smaller pores will exhibit similar behavior at higher
pressures. The relationship between pore size and pressure has
been established, as indicated in Table 2.

11.2 By comparing the gas flow rates of both a wet and dry
filter at the same pressures, the percentage of the flow passing
through the filter pores larger than or equal to the specified size
may be calculated from the pressure-size relationship. By
increasing pressure in small steps, it is possible to determine
the flow contribution of very small pore size increments by
difference.

11.3 To determine the mean flow pore size, a pressure is
sought at which the wet filter flow is one half of the dry filter
flow.

12. Significance and Use
12.1 This test method may be used to:

David Dikken (MTL) pursuant to License Agreement. No further reproductions authorized.
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TABLE 1 Pressure Ranges Required

Pore Size Range to be Investigated (Alternative psi)

Fluid Used .
Surface Tension,
$1 pm $0.5 ym $0.1 um $0.05 ym dynesiomat 25°C
Water 0 to 155 cm Hg 0 to 310 cm Hg 0 to 775 cm Hg 0 to 3100 cm Hg 72.0
(0 to 30 psi) (0 to 60 psi) (0 to 150 psi) (0 to 600 psi)
Petroleum distillate 0 to 65 cm Hg 0 to 130 cm Hg 0 to 325 cm Hg 0 to 1300 cm Hg 30.0
(0 to 15 psi) (0 to 25 psi) (0 to 65 psi) (0 to 250 psi)
Denatured alcohol 0 to 50 cm Hg 0 to 100 cm Hg 0 to 250 cm Hg 0 to 1000 cm Hg 22.3
(0 to 10 psi) (0 to 20 psi) (0 to 50 psi) (0 to 200 psi)
Mineral oil 0 to 75 cm Hg 0 to 150 cm Hg 0 to 305 cm Hg 0 to 1500 cm Hg 34.7
(0 to 15 psi) (0 to 30 psi) (0 to 75 psi) (0 to 300 psi)
Freon TFT 0 to 40 cm Hg 0 to 80 cm Hg 0 to 200 cm Hg 0 to 800 cm Hg 17.3
(0 to 8 psi) (0 to 16 psi) (0 to 40 psi) (0 to 100 psi)

TABLE 2 Calculation of Maximum Pore Size from Bubble Point Pressure, d = C1/P

Nore—Refer to Appendix X1 for derivation of maximum pore size formula.

Fluid Used

Pressure Units of Bubble Point

cm Hg

psi Pa

Water 155/Bubble Point
Petroleum distillate 64.6/Bubble Point
Denatured alcohol 47.75/Bubble Point
Mineral oil 74.5/Bubble Point
Freon TFT 37.2/Bubble Point

30.0/Bubble Point 2.06 3 10%Bubble Point
12.5/Bubble Point 8.58 3 10%Bubble Point
9.25/Bubble Point 6.38 3 10%Bubble Point
14.4/Bubble Point 9.92 3 10%Bubble Point
7.2/Bubble Point 4.95 3 10*/Bubble Point

A Example—A certain filter was observed to have a bubble point of 41.0 psi with petroleum distillate:

Size (um) = 12.5/41.0 psi
Therefore, maximum pore size = 0.305 ym.

Normal Fluid
Reservoir

False Bubble

Bubble Point with
faulty sealing

FIG. 5 Examples of Erroneous Bubble Points

12.1.1 Determine the pore size distribution of a membrane
filter,

12.1.2 Determine the mean flow pore size of a membrane
filter,

12.1.3 Determine the effect of processes such as steriliza-
tion, upon the pore size distribution,

12.1.4 Measure the maximum pore size of a membrane
filter, and

12.1.5 Determine the gas flow rate of a filter, and thereby its
gas flow capability.

13. Apparatus

13.1 Clean Gas Pressure Source, with regulation (filtered
air or nitrogen).

13.2 Pressure Gage (or set of gages), covering the neces-
sary pressure range for the pore sizes under study. (See Table

1.)
13.3 Closed Filter Holder, (see Fig. 6).

Note 5—Two l-in. (25-mm) filter holders, instead of one
holder, eliminate the task of cleaning the filter holder after a fluid-wet
air flow

Copyright by ASTM Int'l (all rights reserved); Mon Jul 12 08:32:48 EDT 20105
Downloaded/printed by

determination. A two-position gas valve to switch the gas pressure from
dry to wet holders may be used (see Fig. 7).

13.4 Set of Rotameters, covering the range from 0 to 100
L/min.

13.5 Test Tube and Capillary Tube, to serve for detection of
the bubble point.

13.6 In-Line Fluid Trap, to protect the rotameters from the
fluid.

13.7 Appropriate Fittings, Hose, Connectors, Piping, to
assemble apparatus as shown in Figs. 6 and 7.

13.8 x-y Recorder, to assist in graphing results of mean flow
pore test.

14. Reagents
14.1 Mineral Oil, such as USP liquid petrolatum heavy.

15. Procedure for One Holder ( Fig. 6)

15.1 Place a dry filter sample disk in the filter holder.
15.2 Close the holder and apply gas pressure in increments.

David Dikken (MTL) pursuant to License Agreement. No further reproductions authorized.
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FIG. 6 Setup for One Holder
Rotameter

Pressure Wet Holder

Gauge

)
»! ,
I { 2 Position
i Y Valve
Pressure
Source ) Oil Trap
Regulator F—
TWO HOLDERS Bubble Point
Dry Holder Detector

FIG. 7 Setup for Two Holders

15.3 Plot gas flow versus gas pressure over the intended
range of use. (Estimate from pore size-pressure formula, see
Table 1.)

15.4 Reduce gas pressure and remove the filter from the
holder.

15.5 Completely wet the filter in mineral oil, replace the wet
filter in the holder, and apply a slight pressure, checking to see
that a tight seal exists.

15.6 Increase pressure gradually and record the pressure of
the first gas flow detected by the capillary tube tip immersed in
the test tube half-filled with mineral oil.

15.7 Change to rotameters and plot the fluid-wet filter gas
flow versus pressure on the same coordinates as for the plot
made in accordance with 15.3.

15.8 Reduce the pressure, remove the filter, and clean the
holder for the next test.

16. Procedure for Two Holders ( Fig. 7)
16.1 Place a dry filter in the holder to be used exclusively
for dry filters.

Copyright by ASTM Int'l (all rights reserved); Mon Jul 12 08:32:48 EDT 20106
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16.2 Wet a filter of the same type and lot as the filter used
in 16.1, in mineral oil and place it in a holder to be used
exclusively for wet filters.

16.3 Apply gas pressure to the dry filter and plot gas flow
Versus gas pressure.

16.4 Change the two position valve to apply gas pressure to
the wet filter holder and record the first gas flow as detected by
the capillary tube as the bubble point. Switch to rotameters and
plot fluid-wet gas flow versus gas pressure.

17. Calculation of Mean Flow Pore Size

17.1 Record the minimum pressure for gas passage (bubble
point pressure). Calculate the maximum pore size from the
formula in 9.1 and correlation data in Table 2.

17.2 Using the graph from 16.3, draw the line (or curve)
corresponding to one half the dry gas-flow rate of the tested
filter. Find the intersection of this (one-half dry-flow) line and
the wet flow line (or curve), as shown in Fig. 8. Determine the
pressure coordinate of the intersection and substitute into the
pressure-pore size formula. (See Table 2 for mineral oil.)
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Flow Rate LPM

Intersection

t i

1]

¥ 4 1 1

Pressure PSI

Bubble Point
Pressure

Mean Flow
Pore Pressure

FIG. 8 Example of Mean Flow Pore Determination

18. Calculation of Pore Size Frequency

18.1 Select the limits of the pore size range being evaluated.
Substitute the limits individually into the pore-size versus

pressure formula and obtain their respective pressures. From
the test graph, determine the wet and dry flows at the pressure
limits (pore size limits of the range) as shown in Fig. 9.

18.2 Substitute the values found in the following equation:

t flow,
Qwet flow, We !
= Fudry flow, D “dry flow, DG 3 100 @
where:
O = filter flow, %,
! = lower pressure limit, and
h = higher pressure limit.

18.3 Report Q as the percentage of the falter flow passing
through pores within the range specified.

Note
passing

6—Example—Determine the percentage of the filter flow
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through a pore size range from 0.8 to 0.2 pm of the filter described in Fig.

9.
05 FS 7 Limin_

21 L/minD 273 L/minG 3 100

50.333 2 0.133¢ 3 100
520% 3)

2 L/min

Twenty percent of the gas passing through the filter de-
scribed in Fig. 9 moves through pores between 0.8 and 0.2 um.

19. Precision and Bias

19.1 Results should not differ from the mean by more than
the following amounts:
Repeatability, %

Same Operator
and Apparatus

Reproducibility, %
Different Operator
and Apparatus

Pore Size Range

Greater than 1 ym 2 4
1 to 0.5 pm 1 2.5
Less than 0.5 ym 0.5 1
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F316-03

i’
=
o
-l
El rmer 4
. _ 5
% This Pressure = .21 oé
= | This Pressure = .8p
S
21
S / 7
Q@
15 = <

VA

FIG. 9 Example of Pore Size Frequency Determination

N
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FIG. 9 Example of Pore Size Frequency Determination
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19.2 Since the change in pore size per unit change in applied
pressure is greatest at large pore sizes and diminishes hyper-
bolically, repeatability and reproducibility increase accordingly
with applied pressure.

APPENDIX
(Nonmandatory Information)

X1. PORE SIZE FORMULA DERIVATION

X1.1 The pore size formula is derived as follows: g = gravitational constant,
Surface tension formula: r = radius of tube,
1 = contact angle,
~ ! .
& 5 hpgri-2 cos 1B (XL.T) B = capillary constant, and
Rearranging for diameter (2r): g = surface tension.
d 5 ~4 cos £Bg!/hpg (X1.2) Substituting pressure conversion factors and the capillary
constant:

At bubble point pressure P = hgp: E ) -
or centimetres of Hg:

d 5 ~4 cos fBg!/P (X1.3)
When a fluid wets a filter cos £= 1: d 5(2.145 g ~dynes/cm!#/iP ~cm Hg!# (X1.5)
d 5 4Bg/P (X1.4) For psi:
where: d 5100.415 g ~dynes/cm#/iP ~psi# (X1.6)
h = height of rise, For Pa:
p = density of fluid, d 5 12860 g ~dynes/cm!4/iP -Palt (X1.7)
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E4. Filter Weighing Procedures

E4.1 NIST Handbook145 SOP2

SOP 2

Recommended Standard Operations Procedure
for

Applying Air Buoyancy Corrections

1. Introduction

I1.1.

1.2.

Purpose

If uncorrected, the effect of air buoyancy on the objects being compared is frequently the largest
source of error in mass measurement. This SOP provides the equations to be used to correct for
the buoyant effect of air. The significance of the air buoyancy correction depends upon the
accuracy required for the measurement, the magnitude of the air buoyancy correction relative to
other sources of error in the overall measurement process, and the precision of the mass
measurement. An air buoyancy correction should be made in all high accuracy mass
determinations. The gravimetric volume procedure uses a high accuracy mass determination
with the corresponding buoyancy corrections. The Appendix to this SOP provides a brief
theoretical discussion of this subject.

Prerequisites

1.2.1. Verify that (true) mass values or corrections are available for the standards used in the
measurement process. The calibration values for the mass standards must be traceable to
NIST.

1.2.2. Verify that the thermometer, barometer, and hygrometer used have been calibrated and are
in good operating condition as verified by periodic tests or cross-checks with other
standards.

2. Methodology

2.1. Scope, Precision, Accuracy

This procedure is applicable to all weighings using a comparison of mass standards. The
precision will depend upon the accuracy of the thermometer, barometer, and hygrometer used to
determine the air density. When the calculations for the air density and air buoyancy corrections
are made, a sufficient number of decimal places must be carried so the error due to the rounding
of numbers is negligible relative to the error in the measurement process. Typically, carrying six
to eight decimal places is sufficient, but depends upon the precision of the measurement.
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2.2. Apparatus/Equipment Required’
2.2.1.Barometer accurate to + 66.5 Pa (0.5 mm Hg) to determine air pressure.
2.2.2. Thermometer accurate to £+ 0.10 °C to determine air temperature.
2.2.3.Hygrometer accurate to = 10 % to determine relative humidity.

2.3. Estimating the Magnitude of the Air Buoyancy Correction

2.3.1. Estimate the magnitude of the air buoyancy correct, MABC, using the following formula:
MABC = (p, = p,) (V. = V)

2.3.2. The equation may also be represented as follows:

MABC = m, (p, - m(i —ij
PP

Table 1. Variables for MABC equation

Variable Description of Variable

Pa air density at the time of the
measurement in mg/cm®

Dn density of "normal" air; i.e., 1.2 mg/cm®

mo nominal mass (in grams)

Vy volume of the unknown weight, X'in cm®

Vs volume of the referegce standard, Sin

cm
Ds density of reference standard, S in g/cm®
Ox density of unknown weight, X in g/cm®

The relative magnitude of the correction can be compared to the expanded measurement
uncertainty to determine the importance of the air buoyancy correction and the
uncertainty components for a particular measurement.

The barometer, thermometer, and hygrometer are used to determine the air density at the time of the
measurement. The air density is used to make an air buoyancy correction. The accuracies specified
are recommended for high precision calibration. Less accurate equipment can be used with only a
small degradation in the overall accuracy of the measurement.
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2.4. Procedure

2.4.1.Record the temperature, pressure, and relative humidity at the start and at the end of the
measurement process as near the location of the measurement as necessary and practical. If
these parameters change significantly during the measurement process, it may be necessary
to wait for more stable operating conditions or to use average values to compute the air
density. Use of the average environmental values may influence the uncertainty of the
measurement result and must be evaluated for significance.

2.4.2.Determine the air density using the equation given in Section 8 of the Appendix to this SOP.

3. Calculations

3.1. Calculate the mass, M,, of the unknown weight, X, using the following equation, where d
represents the “difference” obtained with buoyancy corrections applied to the sensitivity weight.

Ms(l—p”]+d
v P,

Px

If tare weights were carried with X and/or S, use the following equation:
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Table 2. Variables not previously defined

Variable Description of Variable
d measured difference between X and the reference standard, S, using
one of the weighing designs given in other SOPs
M [true] mass of the reference standard
M, [true] mass of the tare weights carried with S
M, [true] mass of the tare weights carried with X
Ds density of the reference standard, S
DOx density of the unknown standard, X
P, density of the tare weights carried with S

density of the tare weights carried with X

3.2. If reporting the conventional mass®, CM,, compute it using the following.

M ( . 0.0012}

M, = P
( ;_ 0.0012 j
8.0
3.3. If reporting the apparent mass, AM,, versus brass, compute it using the following.

M ( . 0.0012}

AM xvsbrass px

I 0.0012

8.3909

3.4. The conventional and apparent mass values are related by the following:

AMxvsbmss [ ] - gggézj
CM. = :
" ( e 0.0012)
8.0

% Conventional Mass: “The conventional value of the result of weighing a body in air is equal to the mass of a standard,
of conventionally chosen density, at a conventionally chosen temperature, which balances this body at this reference
temperature in air of conventionally chosen density.” The conventions are: reference density 8.0 g/cm3; reference
temperature 20 °C; normal air density 0.0012 g/cm3. Conventional mass was formerly called “Apparent Mass versus
8.0 g/cm® in the United States. See OIML IR 33 (1973, 1979), under revision.
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The uncertainty in determining the air buoyancy correction is usually negligible relative to the

precision of the measurement process itself.
measurement is based upon the uncertainty for the measurement process used.

Consequently, the uncertainty for the

The

uncertainty in the air density equation as given in numerous periodicals is 0.0012 mg/cm3 (or
about 0.1 % of normal air density.)

Table 3. Tolerances for measurements related to air density estimation

Uncertainty of air density values in % of air density
Variable £ 0.1 % of air £ 1.0 % of air Recommended
density density (Section 2.2)
Air pressure (Pa) + 101 + 1010 *+66.5
Air pressure (mm Hg) +0.76 +7.6 +0.5
Air temperature ( °C) +0.29 +2.9 +0.1
Relative Humidity (%) +113 | +10

Measurement Technology Laboratories, LLC
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Appendix A
Based on “The Basic Theory of Air Buoyancy Corrections”

by Richard S. Davis®

1. Introduction

In performing measurements of mass, the balance or scale used acts as a
force transducer. The force produced by an object to be weighed in air has two
components: one proportional to the mass of the object, and the other
proportional to its volume. The latter component, or buoyant force, may under
some circumstances be large enough to require correction. The following shows
under what circumstances buoyancy corrections are required as well as how they
are made.

2. Scope

The method for applying buoyancy corrections presented below applies to
mass measurements made in air. The density of air is computed from auxiliary
measurements of temperature, pressure and relative humidity after which the
buoyancy corrections are calculated directly from the Principle of Archimedes.
The following weighing situations are considered.

2.1. Two-Pan Balance
2.2. Single-Pan Balance

2.2.1. With Built-In Weights

2.2.2. With Electronic Control

3. Summary of Method
In general, buoyancy corrections are applied to mass measurements by

calculating the difference in volume between the unknown weight and the
standard, multiplying this volume difference by the density of air at the balance or
scale, and adding the product to the mass of the standard. The density of air is
computed from an equation of state using measured values for the temperature,

pressure and relative humidity of the air.

4.  Significance and Use

®Richard S. Davis, formerly of the National Institute of Standards and Technology, Mass Group.

Appendix SOP 2 Page 20116 of 178



Contract: EP-D-10-009 Project: PM2.5 Teflon Filters Project
No.:PR-NC-09-10333

Buoyancy corrections generally must be applied when determining the mass of

an unknown object to high accuracy. The corrections may become important even
at modest accuracies if the unknown object whose mass is to be determined has a
density that differs widely from that of the standards (weighing of water, for
example). Many mass standards are calibrated in terms of a so-called "apparent
mass" [conventional mass] scale (See Chapter 7.3, Handbook 145). Use of this
scale does not indiscriminately eliminate the need for buoyancy corrections as is
sometimes assumed.

5. Terminology

5.1.

5.2

5.3.

Weighing by Substitution

Substitution weighing is the procedure by which one determines the assembly of
standard weights that will produce nearly the same reading on a one-pan balance as
does the unknown object. The balance thus serves as a comparator. A two-pan
balance may be used in this mode if one of the pans contains a counterpoise and
the standards and unknown are substituted on the second pan. (See SOP No. 3.)

Mass

The term "mass" is always used in the strict Newtonian sense as a property intrinsic
to matter. Mass is the proportionality constant between a force on a material object
and its resulting acceleration. This property is sometimes referred to as "true mass”,
"vacuum mass", or "mass in vacuum" to distinguish it from conventional [apparent]
mass.

Conventional [Apparent] Mass®

The mass of material of a specified density that would exactly balance the
unknown object if the weighing were carried out at a temperature of 20 °C in
air of density 0.0012 g/cm®. The mass, My, of an object, N, is related to its
apparent mass My 4 by the equation:

M, (1 ~0.0012 J
Py

(1 ~0.0012 J
Ps

M, =

“Pontius, P. E., Mass and Mass Values, NBS Monograph 122, 1974, pp 12-23, 26-33 described
the concept of apparent mass. The term conventional mass is described by OIML R 33, the
Conventional Value of Mass in Air.
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Table A-1. Variables for conventional (apparent) mass equation

Variable Description
ON density of the object N at 20 °C in g/cm®
density of the conventional (apparent) mass
PB scale at 20 °C in g/cm?®

There are at present two apparent mass scales in wide use. The older is

based

on

ps = 8.4000 g/cm® at 0 °C with a coefficient of volumetric expansion of
0.000054/ °C and the more recent (Conventional Mass) specifies pg = 8.0000
g/cm3 at 20 °C. The quantity My 4 is a function of the particular conventional
or apparent mass scale, which has been used in its calculation. OIML IR 33
only recognizes Conventional Mass.

5.4. Sensitivity

The response of a balance under load to an additional small weight:

sensitivity =

MSW 1 - &
MSW - pa VSW — pSW

AR AR

Table A-2. Variables for sensitivity equation

Variable Description

sensitivity balance sensitivity (mass per division)

My, mass of the small, additional weight
Da density of the air
Psw density of the small, additional weight
Vew volume of the small, additional weight
AR change in balance reading due to the addition of the small weight,
balance deflection

6.  Apparatus

In order to ascertain the density of air at the balance, the following measuring instruments
are necessary. thermometer, barometer, and hygrometer. Ideally, these instruments
should be placed in or next to the balance case (as near the measurement location as is
practical). It may only be practical for the thermometer or temperature sensor to actually
be placed inside the balance chamber. A calculator or computer will be extremely useful

for this procedure.
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7. Procedure

Weigh the unknown object as directed by the balance manufacturer or in accordance with accepted procedure. Record the
temperature, pressure and relative humidity of the air in the balance at the time of weighing. Do not correct the barometric
pressure to sea level.

8.  Calculation
8.1 Air density, Option A (Option B is preferred)

The density of air, in g/cm®, can be approximated for lesser accuracy from
the following formula:®

N :{0.46460[P—(O.003796OUes)]}xlo3 ()

(273.15 + ¢)

Table A-3. Variables for air density equation

Variable Description
Da density of air, g/cm®
P barometric pressure, mm Hg
U % relative humidity, entered as a whole
number
t temperature, °C
es 1314 6 X 109 X e[-5 315.56/(t + 273.15)]

Note: es can be written as follows in a spreadsheet and in some calculators:
1.3146E9*@EXP(-5315.56/(1+273.15))

Small errors (of order 0.01 %) in this equation occur for locations well above sea
level or under conditions in which the concentration of carbon dioxide differs
greatly from the global average. See the references for a more general
formulation of the equation.

°Jones, F.E., "The Air Density Equation and the Transfer of the Mass Unit," Journal of
Research, National Institute of Standards and Technology, Vol. 83, 1978, p. 419.
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8.2.  Air density, Option B — Preferred

The density of air should be calculated with the following formula.®

pM
=4—2 (1 - 0.3780
p= ( x, )

x, = (h/100) f %

2

Z =1- %[ao +at + ait’ + (b, + bt )x, + (¢, + clt)xvz]+ % (d + exf)

Table A-4. Variables for CIPM air density equation

Variable Description
M, molar mass of the air within laboratory 28.963 5 x 10™ kg/mol
p ambient barometric pressure in Pascal
T ambient temperature in Kelvin
R universal gas constant: 8.314 510 J mol”" K
h relative humidity in %
f 1.000 62 + (3.14 x 10®%) p + (5.6 x 10"\t
t ambient temperature in degrees Celsius
Dsv 1 Pascal x exp (AT? + BT + C + D/T)
A 1.237 884 7 x 10° K*
B -1.912 1316 x 10* K™’
C 33.937 110 47
D -6.343 164 5 x 10° K
ao 1.581 23 x 10° K Pa™
ar -2.9331x 10° Pa”’
as 1.1043x10"° K" Pa™
bo 5.707 x 10° K Pa
by -2.051 x 10° Pa™
Co 1.989 8 x 10* K Pa”
C -2.376 x 10° Pa™
d 1.83x 10" K* Pa™®
e -0.765 x 10° K Pa™

Calculate the density of air at the balance during the weighing. Then
determine the mass of the unknown, M,, as follows:

® CIPM References: Giacomo, P. Metrologia 18: 33-40 (1982), Davis, R.S., Metrologia 29: 67-70 (1992).
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8.3 If a two-pan balance is used:

Project

M, =M, +p,(V, =V, )+ sensitivity AM ,, (3a)
or
P, I
M ( I j + sensitivity AM
M, = P (3b)
Px
or
M_ - p V. + sensitivity AM
Mx — N pa s lj} opt (30)
( 1 B pa j
Px
Table A-5. Variables not previously defined

Variable Description

M mass of the unknown object

M mass of the standard weights

Ds density of the standard weights, %

S
AM ot off-balance indication read on the optical scale

Vi volume of the unknown object

Vs volume of the standard weights

Dx density of the unknown object, —=*

X

Volumes and densities are, in general, a function of temperature. The
thermal coefficients of volumetric expansion of the unknown object and the
standard may be significant in very accurate work.” The coefficient of
volumetric expansion is usually estimated as three times the linear coefficient

of expansion of the weight material.

"In general, V(t) = Vy [1 + R(t - 20 °C)] where t is the temperature of the weight, V is the

volume at 20 °C, and B is the coefficient of volumetric expansion.
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The error in My incurred by ignoring the buoyancy correction is p, (Vx - Vs).
To estimate quickly whether such an error is of consequence in a particular
measurement, (assume p, = 1.2 x 10°g/cm®).

If the mass and volumes of the standards have been adjusted to a
conventional mass scale, then

CM [1 - 'O“j + sensitivity AM
M~ Ps

] (4)
-2)
P

Table A-6. Variables not previously defined

Variable Description

CM; conventional mass of the standard
The symbol ~ signifies an approximation

8.4 If a single-pan balance with built-in weights is used, it is probable that the built-in
weights have been adjusted on an apparent mass or conventional mass scale®.

Determine which apparent mass scale has been used and calculate the mass of the
unknown from the equation

M, ( s ] + sensitivity M,
M ~ Ps

; )
-
Py

Table A-7. Variables not previously defined

Variable Description
Mp mass indicated by dial or digital readings
Moot mass indicated on the optical scale when present

If the balance has been used only as a comparator, that is, to compare the mass of
the unknown object with that of some external standard, then:

#Schoonover, R. M. and Jones, F. E., "Air Buoyancy in High-Accuracy Weighing on Analytical
Balances," Anal. Chem., 53, 1981, p. 900.
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M =M + pa(V -V )+ sensitivity AM’, ,

X N

Table A-8. Variable not previously defined

Variable Description

AM’opt

difference in optical scale reading between observations of the
standard and the unknown

8.5

For some balances, operation requires that the user restore the balance to null by
means of a manually controlled dial. The portion of the mass reading controlled by
this dial should be treated, for purposes of buoyancy corrections, as an optical
scale.

If a single-pan balance with full-range electronic control is used, the following
should be noted. As part of its calibration, the electronic gain has been adjusted by
means of a weight of known mass. For example, if the range of electronic control is
100 g, the electronics have been adjusted so that a 100-g standard weight produces an
indication of precisely 100 g. This procedure effectively builds an apparent mass
calibration into the balance. The reference density of the apparent mass scale is the
density of the standard mass used for the calibration and the reference air density is
the air density at the time of calibration.

The mass of an unknown object weighed on the balance is then

(-t
v - p. 6)

P

Table A-9. Variables not previously defined

Variable Description
Mg readout displayed on the balance
Pa density of air at the time of balance calibration

o apparent [conventional] mass of the standard was used instead

density of the standard used to calibrate the balance (or pz if the

of the true mass

If the balance includes both an electronic control system and built-in weights,
the buoyancy considerations for the built-in weights are as described in
section 8.2 and the considerations for the electronically determined mass are
those given directly above.
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8.6 Top-loading balances may be considered a form of single-pan balance and the
appropriate procedure for buoyancy correction followed.

9. Precision

The contribution of the random error of the evaluation of air density to the precision
of mass measurement may be estimated as follows:

For mechanical balances, or electronic balances used in weighing by
substitution, the contribution is:

sp, (V, =V, )

X

Table A-10. Variables for above equation

Variable Description
OpPa random error of evaluation of p;,
V volume of standards, if weighing by substitution
s Vs = Mp / Dg, if using the built-in weights on a single pan balance.
Vy volume of object weighed

The quantity, dp, will have contributions from the measurements of temperature,
pressure and relative humidity which are required for the calculation of pa.
Equation (1) may be used to estimate the effects of imprecision in measurements
of P, t, and U. It is unrealistic to expect dp,/p, ever to be less than 0.05 % even
using the best techniques available.

10. Accuracy

Inattention to problems of buoyancy most often results in systematic errors. For a
substitution weighing, for example, the buoyancy correction is of the order of p,(Vx
- Vs). While this quantity may be significant to a measurement, day-to-day
variation in p, (usually no more than 3 %) may not be noticeable and hence need
not be measured. For the most accurate work, not only must p, be accurately
determined, but the volumes of the unknown and standard may have to be
measured to better than 0.05 % - the minimum systematic uncertainty attainable in
the calculation of p,.

If the standards have been calibrated in terms of conventional mass, complete
neglect of buoyancy corrections will produce an error in the measured result My of
order:

CM{(szlO” - p. )(L—ij%uj(&ﬂ (7)
Ps Ps Ps Py
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This error is often unacceptably large.

Use of equation (4), on the other hand, introduces only an error of approximately

cM, (12x10° - p, )[L - Lj (8)
Py Ps

It is a requirement for manufacture that the actual density of standard weights be
near enough to the assumed density of the apparent mass scale to which they are
adjusted that the magnitude of (8) will always be small under normal conditions in
laboratories near sea level.

The fact that there are two apparent mass scales widely used - one based on
density 8.0 g/cm® and an older one based on 8.4 g/cm® - means that some caution
is required on the part of the user. Conventional mass is generally preferred and
reported for all calibrations where mass standards will be used to calibrate
weighing instruments. For the most accurate work, the apparent mass scale
should be abandoned in favor of substitution weighing with standards of known
mass and volume.

The user must decide the accuracy required of the particular mass
measurement and choose a buoyancy correction technique commensurate with
that accuracy.

The same considerations, which apply to the accuracy of buoyancy corrections
in weighing by substitution, are easily extended to the other types of weighing
indicated above.

There are many factors, which affect the accuracy of a mass measurement.
The above has dealt only with those arising from problems of buoyancy.
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Appendix B
Examples

Example 1:
The weight set of Table B-1 is used with an equal-arm balance to find the mass of a
piece of single-crystal silicon. The following weights were used to balance the silicon:
10 g, 3 g. The balance pointer showed the silicon side to be light by 3.5 divisions. The
10 mg weight of Table 1 was used to find the sensitivity of the balance. When the
weight was added, the pointer moved 10.3 divisions. At the time of the weighing, the
following measurements were taken:
P =748.1 mm Hg
t=223 C
U = 37 % relative humidity
What is the mass of the silicon?

Answer:

From Eq. 1, or Table B-2, calculate

-5315.56

e, =13146x10° x e[(zz‘“zms)j = 20.194 mm Hg

_ [ 0.46460[748.1 — (0.0037960 )(37 )(20.2)] .-
‘ (273.15 + 22.3)

p2=1.17194 x 10° g/cm®

The density of silicon at 20 °C is 2.329 1 g/cm® and its coefficient of linear expansion is
0.000 002 6 /°C.

Make use of Eq. 3c and Table B-1.

M, =10.0001264 + 3.0000459 =13.000172 g

V., = (1.267 + 0.380 ) = 1.647 cm’
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Calculate the sensitivity:

0.010003 g — (0.00370 )(1.172x10° )

sensitivity = 103

(0.009999 )

10.3 = 0.000971 g/division = 0.971 mg/division

sensitivity =
13000172 - (1.647)(1.172x10° )] + [(0.971x107 )(- 3.5)]
T | _ L172x107
23291

M, =13.001385¢g

M

Note that the thermal expansion is insignificant in this example.

Example 2:

Let us again consider the weighing performed in Example 1. This time, all we know
about our weight set is that it has been adjusted to the 8.4 apparent mass scale at the

best available commercial tolerance.

Using Eq. (4),
-3 3 B
300l 1 - B72x107 ) 1o 1172410 ( 3.5)
_ 8.3909 8.3909 10.3
23291

M, = 13.001 329 g

For routine weighing, it is sometimes satisfactory to assume that the temperature is 20
°C and the density of air is 1.2 x 10 g/cm®. Had this been done, the computed value
for the silicon would be

13.00) 1 - 22207 g o10] 1 - 12210 ( 35)
83909 83909 |\ 10.3
M, =
[ 12s10”
23291

M, =13.001 442 g
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which is within 100 pg of the answer found in Example 1.

Example 3:

Another piece of silicon is measured on a single-pan microbalance. The balance
weights were adjusted by the manufacturer to the conventional mass scale. The
sensitivity of the balance has been determined to be exactly 1.000. This particular
laboratory is well above sea level. At the time of the weighing, the following
measurements were recorded:

P =612.3 mm Hg

t=23.4°C

U = 23 % relative humidity

The balance reading was 15.00 g on the built-in weights and 0.000 358 g on the optical
screen. What is the mass of the silicon?

Answer:

First, calculate es and p:
es =21.59 mm Hg

P2 =0.956 x 10° g/cm?

Then, use Eq. 5:

-3
(15.00 + 0.000358 )(1 _ 0956’6“’}

M - 8.0

' | _ 0.956x107
2.3291

M, =15.004 724 g

Example 4:

The built-in weights in Example 3 are actually stainless steel of density 7.78 g/cm?® at 20
°C. What is the approximate error caused by using the apparent mass scale?
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Answer:

Using (7), the error is approximately

1 1
7.78g/em’  8.0g/cm’

15g(02x107 g/cm’ )[ J — [l ug

This discrepancy, though larger than the precision of the best analytical balances, is
actually well within the tolerance of Class 1 weights.
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Example of

Mass Uncertainty Vol at 20 °C Coefficient of
(9) (9) (cm®) Expansion
100.00094070 0.00002535 12.67439 0.000045
50.00046277 0.00001550 6.33719 0.000045
30.00029259 0.00001361 3.80232 0.000045
20.00015779 0.00001113 2.53487 0.000045
10.00012644 0.00001330 1.26744 0.000045
5.00004198 0.00000688 0.63372 0.000045
3.00004588 0.00000459 0.38023 0.000045
2.00000627 0.00000333 0.25349 0.000045
1.00001438 0.00000300 0.12674 0.000045
0.49995376 0.00000160 0.03012 0.000020
0.29996145 0.00000115 0.01807 0.000020
0.19994984 0.00000087 0.01205 0.000020
0.09996378 0.00000091 0.00602 0.000020
0.04998659 0.00000072 0.00301 0.000020
0.02999100 0.00000077 0.00181 0.000020
0.02000570 0.00000066 0.00741 0.000069
0.01000277 0.00000086 0.00370 0.000069
0.00499706 0.00000070 0.00185 0.000069
0.00300299 0.00000076 0.00111 0.000069
0.00200197 0.00000066 0.00074 0.000069
0.00100083 0.00000086 0.00037 0.000069
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Table B-2. es approximation in terms of temperature

Temperature (°C) es (mm Hg)
18 15.48
18.5 15.97
19 16.48
19.5 17
20 17.54
20.5 18.09
21 18.65
21.5 19.23
22 19.83
22.5 20.44
23 21.07
23.5 21.72
24 22.38
24.5 23.07
25 23.77
25.5 24.49
26 25.23
26.5 25.99
27 26.77
27.5 27.57
28 28.39
28.5 29.23
29 30.09
29.5 30.98
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E.4.2 NIST Handbook 145 SOP 4

1.0

SOP No. 4

Recommended Standard Operations Procedure
for

Weighing by Double Substitution Using a Single-Pan Mechanical

Balance, a Full Electronic Balance, or a Balance with Digital
Indications and Built-In Weights

Introduction

Purpose

The double substitution procedure is one in which a standard and an unknown
weight are intercompared twice to determine the average difference between the two
weights. Errors in any built-in weights or in the balance indications are eliminated by
using the balance only as a comparator and by calibrating the balance indications over
the range of use for the measurement with a sensitivity weight. Accordingly, the
procedure is especially useful for high accuracy calibrations. The procedure does not
incorporate measurement control steps to ensure the validity of the standards and the
measurement process; additional precautions must be taken.

SOP 4

1.2.1.

1.2.2.

1.2.3.

1.2.4.

1.2.5.

Prerequisites

Verify that valid calibration certificates are available for the standards
used in the test.

Verify that the standards to be used have sufficiently small standard
uncertainties for the intended level of calibration. Primary standards
should not be used at this level.

Verify that the balance is in good operating condition with sufficiently
small process standard deviation as verified by a valid control chart or
preliminary experiments to ascertain the performance quality when a new
balance is put into service.

Verify that the operator is experienced in precision weighing techniques
and has had specific training in SOP 2, SOP 4, SOP 29, GMP 4, and GMP
10.

Verify that the laboratory facilities comply with the following minimum
conditions to meet the expected uncertainty possible with this procedure.
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Environmental conditions
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Echelon

Temperature

Relative Humidity
(percent)

20 °C to 23 °C, a set point £ 2 °C, maximum change
1.0 °C/h

40t0o 60+ 10/4h

18 °C to 27 °C, maximum change 2.0 °C/h

40t0 60+20/4h

2. Methodology

2.1.

2.2.

2.3.

SOP 4

Scope, Precision, Accuracy

This method is applicable to all weighings utilizihg a mass comparator, a
single-pan mechanical balance, a full electronic balance, or a balance that
combines digital indications with the use of built-in weights (combination
balance). The precision will depend upon the sensitivity of the balance and the
care exercised to make the required weighings. The accuracy achievable with
this procedure depends on the accuracy of the calibration of the working
standards and the precision of the intercomparison.

Summary

The balance is adjusted if necessary, to obtain balance indications for all
measurements that will be within the range of the optical scale or digital
indications of the balance without changing the dial settings for the built-in
weights, if present. The standard and the test weight are each weighed. A small,
calibrated weight, called a sensitivity weight, is added to the test weight and these
are weighed. The standard and the same sensitivity weight are then weighed. The
latter two weighings provide both second weighings of the standard and the test
weight as well as a determination of the sensitivity of the balance under the load
conditions at the time of the intercomparison. All weighings are made at regularly
spaced time intervals to average out any effects due to instrument drift.

The double substitution procedure is the same for all of the balances mentioned
above, but the adjustment of the balance to prepare for the intercomparison and
the selection of the sensitivity weight differs slightly depending upon the balance
used. When steps specific to a particular balance are required, they are given in
subsections of the procedure identified by a, b, and ¢ along with the balance type.

Apparatus/Equipment Required

2.3.1. Precision balance with sufficient capacity and sensitivity for the
calibrations planned.

2.3.2. Calibrated working standard and sensitivity weights with recent
calibration values that are traceable to NIST.
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2.3.3. Calibrated small standard weights with recent calibration certificates and
values traceable to NIST to be used as tare weights.

2.3.4. Uncalibrated weights to be used to adjust the balance to the desired
reading range.

2.3.5. Forceps to handle the weights, or gloves to be worn if the weights are
moved by hand.

2.3.6. Stop watch or other timing device to observe the time of each
measurement.

2.3.7. Calibrated barometer accurate to + 66.5 Pa (0.5 mm Hg) with recent
calibration values traceable to NIST to determine air pressure.

2.3.8. Calibrated thermometer accurate to £ 0.10 °C with recent calibration
values traceable to NIST to determine air temperature.

2.3.9. Calibrated hygrometer accurate to = 10 percent with recent calibration
values traceable to NIST to determine relative humidity.®

2.4.  Symbols
Table 2. Symbols used in this procedure
Symbol Description
S standard reference weight

X weight to be calibrated

small calibrated tare weight, A subscript s or x is used to indicate the larger
weight with which it is associated

SW small calibrated weight used to evaluate the sensitivity of the balance
the mass (true mass) of a specific weight. Subscripts s, x, ¢, sw are used to
identify the weight (equals Nominal plus Correction)
N the nominal value of a specific weight. Subscripts s, x, are used to identify the
weight.
C the correction for a specific weight. Subscripts s, x, are used to identify the
weight.
M the conventional mass of a specific weight. Subscripts s, x, ¢, sw are used to
identify the weight.
o2 density of air at time of calibration

’The barometer, thermometer, and hygrometer are used to determine the air density at the time of the measurement.
The air density is used to make an air buoyancy correction. The accuracies specified are recommended for high
precision calibration. Less accurate equipment can be used with only a small degradation in the overall accuracy of
the measurement.
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Symbol

Description

Pn

density of normal air (1.2 kg/m?)

P

density of masses; subscripts s, x, £, t, sw are used to identify the weight.

2.5.

SOP 4

Procedure

2.5.1.

Preliminary Procedure

2.5.1.1.

2.5.1.2.

Place the test weight and standards in the balance chamber or
near the balance overnight to permit the weights and the balance
to attain thermal equilibrium.

Conduct preliminary measurements to obtain an approximate
value for the difference between the standard and the unknown,
to determine where the readings occur on the balance, to
determine if tare weights are required, to determine the
sensitivity weight that must be used, and to determine the time
interval required for the balance indication to stabilize.

Tare weights are rarely needed for high precision mass
standards. If tare weights are required, carry tare weights, £ and
t,, with the standard and the unknown, S and X, respectively.
The tare weights must be calibrated standards with valid
uncertainties that are evaluated in the process of determining
calibration uncertainties. The standard and its tare weight, S + ¢,
should be "nearly the same mass" as the unknown with its tare
weight, X + #. "Nearly the same mass" depends upon the
balance used (See GMP 14, Table 1). Select ¢, and ¢, such that
the difference in mass between S + ¢, and X + ¢, is:

a. Single-pan mechanical balance - less than % the range

of the optical scale.

b. Full electronic balance - less than 0.05 percent of the
balance capacity.

c. Combination balance - less than % the range of the

digital indications.

d. Mass comparator — less than % digital range

A sensitivity weight must be used on equal-arm balances, and is
normally used on single-pan mechanical and electronic balances,
to ensure that the measured differences determined through the
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2.5.13.

2.5.1.4.
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use of the optical scale or electronic range have valid accuracy
and traceability (See GMP 14, Table 2). (e.g., The optical scale
is calibrated each time the procedure is performed through the
use of a sensitivity weight). The uncertainty of the sensitivity
weight does not generally need to be included in calculations of
uncertainty since the uncertainty value is distributed across its
range of use.

If a sensitivity weight will be used, select one that is:

a. Single-pan balance - between % and 'z the range of the
optical scale, and at least 4 times the mass difference
between X and S.

b. Full electronic balance - at least 4 times the mass difference
between X and S, but not exceeding 1 percent of the
balance capacity.

c. Combination balance - between % and 'z the range of the
digital indications, and at least 4 times the mass difference
between X and S.

d. Mass comparator — at least 4 times the mass difference
between X and S, but not exceeding 2 of the digital range.

A sensitivity weight is not required if the electronic mass
comparator that is used has been tested (with supporting
data available) to determine that the balance has sufficient
accuracy, resolution, repeatability, and stability so that no
advantage is gained through the use of a sensitivity weight.
For example, any possible errors must be less than what
contributes to the uncertainty. When a mass comparator is
used without a sensitivity weight, the sensitivity must be
periodically verified and documented.

Determine which optional sequence will be used, A or B.
Optional sequence A uses the standard on the balance for the
first and fourth observations and the unknown on the balance for
the second and third observations; this is often called the
“SXXS” sequence. Optional sequence B starts with the unknown
on the balance first and last with the standard on the balance for
the second and third observations; this is often called the
“XSSX” sequence. The primary advantage of sequence B is less
handling of the mass standards. The advantage of sequence A is
in the case where the unknown is a summation of weights that
require careful arrangement on the balance pan only once.

Adjust the single pan balance or the combination balance so the
first two readings of the double substitution fall in the first
quarter of the optical scale or digital indications. The zero
adjustment and tare adjustment may be used. Small weights
may be placed on the balance pan to reach the desired reading
range. These weights remain on the pan throughout the double
substitution. Once the balance has been adjusted to the desired
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position, neither the balance dials, the zero and tare adjustments,
nor the small weights placed on the balance pan, are to be
changed during the measurement.

If the balance is equipped with a pan arrestment mechanism,
arrest the pan between each observation.

2.5.2. Measurement Procedure, Optional Sequence A (SXXS)

Table 3. Optional Sequence A
Measurement No. Weights on Pan Observation
1 S+ 1 0,
2 X+t 0,
3 X+t +sw O;
4 S+t +sw O,

All observations should be recorded on suitable data sheets, such as those in the
appendix. Record the laboratory ambient temperature, barometric pressure, and
relative humidity.

2.5.2.1.

2.5.2.2.

2.5.2.3.

2.5.2.4.

2.5.2.5.

Observation 1. Place the standard weight(s), S, along with ¢
on the balance pan. If equipped with a pan arrestment
mechanism, release the balance pan. When the pan is
released, start the stop-watch and record observation O;
once the balance indication has stabilized.

Observation 2. Remove weight(s) S and # and replace with
test weight X and its tare weight, #.. Release the pan, time
the interval, and record observation O,.

Observation 3. Add the sensitivity weight, sw, to the weights
of observation 2. Release the pan, time the interval, and
record observation O;.

Observation 4. Remove weights X and #, and replace with §
and ¢,. The sensitivity weight, sw, remains on the balance
pan. Release the pan, time the interval, and record
observation O,.

Compare the two differences (0O, — O;) and (03 — O,); they
should not differ from one another by more than 2 standard
deviations of the balance for this process and load. If this
difference is exceeded, reject the data and redo the
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Investigate possible causes of excess

variability if measurements do not agree within these limits.

2.5.2.6. If repeated double substitutions are performed, the values
between successive trials should not differ from one another
by more than £ 2 standard deviations of the balance for this
process and load. If this difference is exceeded, reject the

data and take a new series of measurements that do so agree.

2.5.3. Measurement Procedure, Optional Sequence B (XSSX)

Table 4. Optional Sequence B
Measurement No. Weights on Pan Observation
1 X+t O,
2 S+t 0;
3 S+t +sw O3
4 X+t +sw 0y

Measurements for Option B are made as described in Option A except that X, S,
ty, and ¢, are interchanged.

Calculations

3.1.

No air buoyancy correction. Calculate the conventional mass correction, C,, for

the test weight as follows, according to the optional sequence used. In each case,

the conventional mass corrections for the standard weight(s), C;, the conventional
mass of the tare weights,CM, and CM

sensitivity weight, CM,,,, are included. The symbols N; and N, refer to the
nominal values of S and X, respectively. If no tare weights, and equal nominal

tX

2

values are used, those terms may all be deleted from the equations.

3.1.1. Optional Sequence A (SXXS)

C,=C,+CM, - CM, +{

CM_,
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3.1.2. Optional Sequence B (XS5X)

C,=C,+CM, - CM, {(01'02 )+(O4'O3)H CM.. }NS-NX
: x 2 0,- 0,

Air Buoyancy Correction

3.2.1. Calculate the air density, po,, as described in the Appendix to SOP No. 2.

3.2.2. Calculate the mass M, of the test weight, and its mass correction Cy using
the mass of the standard weight(s), the tare weights and the sensitivity

weights according to the optional sequence used.

3.2.2.1. Optional Sequence A (SXXS)

3.2.2.2. Optional Sequence B (XSSX)

3.2.3. Calculate the mass correction C,, as follows:

Ci= M, - N,

where N, is the nominal value for X.
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3.2.4. Calculate the conventional mass' of X, CM,. It is recommended that the
conventional mass be reported.

3.2.4.1. Conventional mass

M. (1-/’"]
o P,

( ;P
8.0
3.2.5. If requested, the apparent mass versus the reference density of brass may be

calculated. This value should only be used when calibrating mechanical balances that have
been adjusted to this reference density.

3.2.5.1. Apparent mass versus brass

M. [J-MJ
i - P,

x vs brass . pn
8.3909

4. Measurement Assurance

4.1.  Duplicate the process with a suitable check standard (See GLP 1, SOP 9, SOP 30,
and Sec. 7.4)

4.2.  Plot the check standard value and verify that it is within established limits; a t-test
may be incorporated to check observed value against accepted value.

4.3, The mean of the check standard is used to evaluate bias and drift over time.

4.4. Check standard observations are used to calculate the standard deviation of the
measurement process, Sp.

5. Assignment of Uncertainty

The limits of expanded uncertainty, U, include estimates of the standard uncertainty of
the mass standards used, u,, estimates of the standard deviation of the measurement
process, s,, and estimates of the effect of other components associated with this
procedure, u, These estimates should be combined using the root-sum-squared method

'% Conventional Mass: “The conventional value of the result of weighing a body in air is equal to the mass
of a standard, of conventionally chosen density, at a conventionally chosen temperature, which balances
this body at this reference temperature in air of conventionally chosen density.” The conventions are:
reference density 8.0 g/cm3; reference temperature 20 °C; normal air density 0.0012 g/cm3.
Conventional mass was formerly called “Apparent Mass versus 8.0 g/cm3" in the United States. See
OIML IR 33 (1973, 1979), under revision.
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(RSS), and the expanded uncertainty, U, reported with a coverage factor of two (k=2), to
give us an approximate 95 percent level of confidence. See SOP 29 for the complete
standard operating procedure for calculating the uncertainty.

5.1.  The expanded uncertainty for the standard, U, is obtained from the calibration
report. The combined standard uncertainty, u., is used and not the expanded
uncertainty, U, therefore the reported uncertainty for the standard will usually
need to be divided by the coverage factor k.

5.2.  The value for s, is obtained from the control chart data for check standards using
double substitution measurements. (See SOP No. 9.)

5.3.  Other standard uncertainties usually included at this calibration level include
uncertainties associated with calculation of air density and standard uncertainties
associated with the density of the standards used.

5.4. The expanded uncertainty, U, must be < 1/3 of the tolerance applicable as per
ASTM E617-97 and OIML R111 to classify mass standards.

Report

Report results as described in SOP No. 1, Preparation of Calibration/Test Reports.
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Appendix
Double Substitution Data Sheet
(Optional Sequence A)

SXXS
Laboratory data and conditions:
Operator
Date Temperature
Balance Pressure
Nominal Load Relative Humidity
Standard deviation of the process, from control chart, s,

Mass standard(s) data:

ID Nominal Mass Correction® Ert;ﬁli?.drg;;r:t kaJanc(:;;r Dg(igrsr:tsy
S

X

sw

ts

tx

*Mass Correction = True Mass if using buoyancy correction. Mass Correction = Conventional
Mass if NOT using buoyancy correction. Density is used only with buoyancy corrections.

Observations:

Observation No. Weights Balance Observations, Units
Time:
1 (0, S+
2 (0y) X+t
3 (03) X+t +sw
4 (Oy) S + t,+ sw
Time:

Measurement Assurance (Duplication of the Process):

Observation No. Weights Balance Observations, Units
Time:
1(0,) S + ¢
2 (02) Sc + tSc
3 (03) Sc + tSc + sw
4 (Oy) S + t,+ sw
Time:
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Note: dotted line represents decimal point

Appendix

Double Substitution Data Sheet
(Optional Sequence B)

XSSX
Laboratory data and conditions:
Operator
Date Temperature
Balance Pressure
Load Relative Humidity

Process standard deviation from control chart, s,

Mass standard(s) data:

ID Nominal Mass Correction* FEr )c()ré?rgael.drgggr:t klfJanc(:E:or %‘jgﬂﬁy
X

S

sw

tx

ts

*Mass Correction = True Mass if using buoyancy correction. Mass Correction = Conventional Mass if

NOT using buoyancy correction. Density is used only with buoyancy corrections.

Observations:

Observation No. Weights Balance Observations, Units
Time:
1(0,) X +t,
2 (0y) S+i
3 (03) S + t+ sw
4 (0O, X+t +sw

Time:

Measurement Assurance (Duplication of the Process):

Observation No. Weights Balance Observations, Units
Time:
1(0) Se + tse
2 (0y) S+t
3 (03) S + ts+ sw
4 (04) SC + t5. + SW

SOP 4
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[ Time: |

Note: dotted line represents decimal point.

Example: With Buoyancy Corrections
Double Substitution Data Sheet
(Optional Sequence A)

SXXS
Laboratory data and conditions:
Operator HO
Date 8/24/86 Temperature 22.3°C
Balance M5SA Pressure 753.5 mm Hg
Nominal Load 1049 Relative Humidity 45 %
Standard deviation of the process, from control chart, s, 0.002 9 mg
Mass standard(s) data:
. _ Expanded Unc: Unc: Density
ID Nominal Mass Correction From Cal. Rpt. k factor glem?®
(mg)
S 1049 -0.679 mg 0.014 mg 3 8.00
X 1049 TBD TBD 2 7.84
sw 5mg -0.0227 mg 0.000 28 2 8.5
S: 1049 0.321 mg 0.025 mg 2 8.0

*Mass Correction = True Mass if using buoyancy correction. Mass Correction = Conventional
Mass if NOT using buoyancy correction. Density is used only with buoyancy corrections.

Observations:

Observation No. Weights Balance Observations, Units mg
Time: 8:35 AM
1(0,) S+ 1 268
2 (0y) X +t, 1821
3 (05) X+t +sw 6 | 798
4 (O,) S +t+ sw 6! 245
Time: 8:47 AM

Measurement Assurance (Duplication

of the Process):

Observation No. Weights Balance Observations, Units
Time: 9:00 AM
1(0,)) S+t 1270
2 (0, S, + tse 21271
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3 (03) S; + s + sSw 7 1248
4 (Oy) S + t,+ sw 61248
Time: 9:10 AM

Note: dotted line represents decimal point

Calculate the air density (SOP 2):
P, =1.179 5 mg/cm?® = 0.001 179 5 g/cm?

Use equation 3.2.2.1 for optional sequence A (SXXS) with buoyancy corrections'":

2

e o foe ) (rn). ] @-aeta-a] )

00011795 (1.821- 1.268) + (6.798- 6.245 0004977 (1' 0'02151795j
9.999321(1-' j+0-0+[ 821-1.268) + (6.798- 6. )} '
80 2 6.798-1.821
M, =
( L 0.0011795j
7.84
M, = (9.9978461+0.000 552957 ) £9.9999041 g
0.99984949

Calculate the mass (true mass) correction:
C,= M, - N,
C,=99999041¢g — 10g = -0.0000959¢g = -0.095 9 mg

Calculate the conventional mass value:

Keep in mind that these equations may be truncated for the purpose of this example and minor differences
may be seen in the ending decimal places due to the use of calculators or spreadsheets.
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9.9999041 | 1 - 0.0012
7.84

e T 0.999 850

o = 29999041 (0.9998469 ) = 9.99987351¢g

* 0.999 850

C, = CM,—- N,

N
I

9.99987351g — 10g
Cy, =-0.00012649g = -0.126 49 mg
Calculate the uncertainty for the calibration:

U=u.*2

c

2 2 2
u :\/us +5, +u,

The uncertainty for the standard, U, must be divided by the k factor to determine the ;.

u, = \/( 0.004 667 ) +(0.0029)* +(0.000 000 032 )

uc. = 0.005 494 623 6 mg

U = 0.005494 6236 *2 = 0.010 989 247 3 mg

Uncertainty Statement

The uncertainty reported is the root sum square of the standard uncertainty of the standard, the
standard deviation of the process, and an uncorrected systematic error for lack of buoyancy
corrections, multiplied by a coverage factor of 2 (k=2) for an approximate 95 percent confidence
interval. Factors not considered in the evaluation: magnetism (weights are considered to meet
magnetism specifications unless measurement aberrations are noted), balance eccentricity and
linearity (these factors are considered as a part of the measurement process when obtaining the
standard deviation of the process).
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Compliance Evaluation

We have to evaluate the correction with its expanded uncertainty to determine if the weight is in
tolerance or not. The magnitude of the expanded uncertainty has to be less than 1/3 of the
tolerance to be able to perform that evaluation, according to ASTM E617-97 and OIML R111.

Load=10g
ASTM E617 OIML R111
Class Tolerance (mg) Class Tolerance (mg)
0 0.025 E| 0.020
1 0.050 E, 0.060
2 0.054 F, 0.20

If we look at three times the uncertainty: 0.011 mg x 3 = 0.033 mg, we realize that the
uncertainty complies with the 1/3 rule for ASTM classes 1, 2, and OIML classes E,, F;.

Next, we look at the correction with the uncertainty: - 0./26 mg #0.011 mg.
We can see that the absolute value of the correction is within: 0.7115 <C, <0.137, therefore, it
only complies with OIML class F;.

Reporting
The conventional mass correction and uncertainty would be reported as follows:

Cy = -0.126 mg + 0.01] mg
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XSSX
Laboratory data and conditions:
Operator HO
Date 8/24/86 Temperature 22.3°C
Balance CB 100 Pressure 753.5 mm Hg
Load 30 g & 1 troy oz Relative Humidity 45 %
Process standard deviation from control chart, s, 0.018 mg
Mass standard(s) data:
ID Nominal Mass Correction* Eéﬁli?.drg;c?r:t klfJanc(:E:or %‘jgfn'ﬁ,y
S 30g 0.407 mg 0.022 mg 3 8
X 1toz TBD TBD 2 7.84
sw 50 mg -0.084 00 mg 0.000 65 mg 2 8.5
ts 1149 0.359 6 mg 0.006 3 mg 3 8.04
t None - - - -
S. 30g 0.907 mg 0.030 mg 2 8

*Mass Correction = True Mass if using buoyancy correction. Mass Correction = Conventional
Mass if NOT using buoyancy correction. Density is used only with buoyancy corrections.

Observations:

Observation No. Weights Balance Observations, Units mg
Time: 9:00 AM
1 (0,) X + t, 20 1 93
2 (0,) S +t, 17 | 21
3 (03) S+ to+ sw 67 i 08
4 (O,) X+t +sw 70 : 81
Time: 9:05 AM

Measurement Assurance (Duplication of the Process):

Observation No. Weights Balance Observations, Units
Time: 9:15 AM
1(9) S +1 20 | 95
2 (0,) S. + ts, 21 45
3 (05) S + ts + sw 7132
4 (0,) S + t+ sw 70 : 83
Time: 9:20 AM
SOP 4 Page 20148 of 210



December 2003

Note: dotted line represents decimal point

Use equation 3.1.2 for optional sequence B (XSSX) with NO buoyancy corrections':

C. = C +CM, -CM, + [(01'02)+ (04’03)H M. }+NY-N
| ‘- : 2 0,- 0, |

Note: be careful to combine like units only!

x

C. —0407mg + 11003596g- 0 + [ (20.93-17.21) + (70.81-67.08)} [ 49.916 mg

+30g -1toz
2 67.08 - 17.21

C, =0.407mg + 1.1003596¢g - 0 + 3.7284359mg + 30g - 31.1034768 ¢

Cy= 1104495036 mg — 1.1034768 g
Cy = 1.018 236 mg
Calculate the uncertainty for the calibration:

U=u,*2

u, = \/ u' +s,” +u)’
The uncertainty for the standard, U, must be divided by the k factor for the standard and the tare

weight to determine each u;. The additional uncertainty for not performing the air buoyancy
correction can be determined using the magnitude of the air buoyancy correction from SOP 2.

u, :\/( 0.00733)% +(0.0021)* +(0.018)* +(0.0016)
u.=0.019617 15 mg

U =0.01961715 * 2 = 0.039 234 mg
The conventional mass correction and uncertainty would be reported as follows:
Cy = 1.018 mg + 0.039 mg
OR

C, = 0.0000327toz £ 0.000001 3toz

12 Keep in mind that these equations may be truncated for the purpose of this example and minor differences

may be seen in the ending decimal places due to the use of calculators or spreadsheets.
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E.4.3 NIST Handbook 145 SOP 29

SOP No. 29

Standard Operating Procedure
for the
Assignment of Uncertainty

1. Introduction

1.1. Purpose
Laboratories performing calibrations that meet ISO/IEC Guide 25, ISO/IEC
17025, or ANSI/NCSL Z 540-1-1994 must report uncertainties in conformance
with the 1993 ISO Guide to the Expression of Uncertainty in Measurement
(hereafter called the GUM). This SOP provides instruction for the laboratory to
meet this requirement.

1.2. Prerequisites

1.2.1. Calibration certificates with valid uncertainties must be available for all
standards.

1.2.2. Statistical data regarding the calibration measurement process must be
available; preferably from measurement control programs within the
laboratory.

1.2.3. Knowledge of the technical basis for the measurement is critical for
completeness in uncertainty evaluation. This can be obtained through
brainstorming, experimentation, interlaboratory comparisons, cause and
effect diagrams and the like. Flow charts at the end of this SOP show a
number of common factors affecting measurements in the areas of mass,
length, and volume.

2. Methodology

2.1. Scope, Precision, Accuracy

Each measurement made in a laboratory has a corresponding uncertainty
assigned to the calibration value. The uncertainty is directly related to the
measurement parameter (scope), range of the measurement, the equipment
or measurement process being used (affecting precision), and the standards
available with associated uncertainties.

SOP 29 Page 20150 of 212



2.2.

March 2003

Summary

This uncertainty analysis process follows the following steps:
1) the measurement process is clearly specified;

)
) uncertainty sources are quantified;

) uncertainty sources are converted to standard uncertainties;

) the combined uncertainty is calculated,;

) the expanded uncertainty is calculated;

) the expanded uncertainty is evaluated against appropriate tolerance or
calibration limits; and

8) measurement results are reported.

Special methods for handling bias/errors are addressed as well.

3.  The Process of Measurement Uncertainty Estimation

3.1.

3.2.

SOP 29

Step 1. Specify the process.

Clearly specify the measurement process in question, including the item being
measured and the input quantities upon which it depends. This will usually require a
quantitative expression related to the process. Where possible, you may reference
an SOP or other method description along with the specific standards and
measurement assurance process that is used to adequately complete this step.

Step 2. ldentify and characterize uncertainty sources.

Identify all possible sources of uncertainty in a comprehensive list, characterizing
them based on the evaluation method that will be used to quantify them (Type A,
statistical methods or Type B, scientific judgement) and to categorize them based on
their relatedness with something such as a flow chart (shown as Appendices), a
cause and effect diagram, or an uncertainty budget table. Using the expression
identified in 3.1 provides a good starting point. All of the parameters in this
expression may have an uncertainty associated with them. When there are discrete
steps in the measurement process, additional uncertainties may be associated with
each.

What follows are the most common uncertainties associated with metrological
measurements. Keep in mind that this list is exhaustive. Each item listed below is
identified as a standard uncertainty u, when determined using Type B methods of
evaluation and a standard uncertainty s, when determined with Type A methods of
evaluation (statistical methods). Each standard uncertainty is further defined by an
arbitrary subscript related to the source for ease in remembering that source.

3.2.1.Standard uncertainty from the measurement process, s,, (Type A evaluation).

3.2.1.1. Standard deviation from a measurement assurance chart or control
chart.
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The value for s, is obtained from the control chart limits and the
current knowledge that the measurements are in a state of statistical
control. This will have to be ascertained by measuring at least one
check standard during the course of the current measurements.

Standard deviation from a series of measurements.

Measure a stable test object at least seven times, no two
measurements of which may be made on the same day. Calculate
the standard deviation in the conventional manner. The latter is the
value of s,, keeping in mind that it does not fully represent the
measurement process under all typically encountered conditions.

Note: Repetitive measurements made on the same day estimate
only the short-term standard deviation of the process.

3.2.2.Standard uncertainty for the standards, us (Type B evaluation).

3.2.2.1.

3.2.2.2.

3.2.2.3.

When using standards calibrated by another laboratory.

The information for the standards comes from the calibration report,
generally reported as an expanded uncertainty with its coverage
factor (k). The expanded uncertainty is simply divided by k to obtain
the combined uncertainty for the standard, u., which represents the us
when used in your laboratory.

When using a standard calibrated in your laboratory (Type B
evaluation).

If the standard was calibrated in your own laboratory, calculate the
combined standard uncertainty, u., at k=1 and use that as the
standard uncertainty for the standard, us.

When using more than one standard (Type B evaluation).

When more than one standard is used in a calibration, the standard
uncertainty for each, us,, Us,, Uss, €tc., is included in the RSS equation
if the standards have had independent -calibrations. When
calibrations are performed at the same time, the standards may be
dependent, so the standard uncertainties may be added (us1 + us) to
determine a value to represent us. (This will be the case with two 1 kg
standards that were calibrated at the same time using a weighing
design and subsequently used together as standards (restraints) in a
weighing design.)

3.2.3.Standard uncertainty due to other factors, u, (Type B evaluation.)
These are factors related to the measurement equation, but distinct from the
standard uncertainties associated with the process and the standards. These
items are often much smaller in a well-controlled process than the standard
uncertainties associated with the process and the standards. Examples are
given in the flow charts.
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The laboratory must carefully consider any other components of uncertainty
that might contribute to the uncertainty of the measurement. In mass
measurements, these might include effects from the magnitude of air
buoyancy corrections as discussed in SOP 2, when these corrections are not
made, or the uncertainty from the calculation of air density when buoyancy
corrections are made (also discussed in SOP 2).

Additionally, the laboratory should include any other components that are not
negligible, such as the uncertainty associated with the density of the
standards, the density of the unknown test items, effects due to lack of thermal
equilibrium during the test, or known and quantified effects due to magnetized
mass standards. Each component that is considered should be included as an
additional standard uncertainty u,1, Uy, Uos, €tc., and included in the RSS
equation when data shows these factors to be significant. Note that
components of uncertainty are not limited to those mentioned. Documentation
of each component evaluated should be maintained to complete the
documentation required by ISO/IEC 17025.

3.2.4.Standard uncertainty due to factors unrelated to the measurement process, u,,.

These are factors that may be related to characteristics of the items being
testing or of the standard and are usually minimized in well-known and
controlled measurement processes.

3.2.5.Special uncertainties from other sources (Type B evaluations). Includes bias

or unidentified errors.

It is a general requirement of the GUM that corrections be applied for all
recognized and significant systematic effects. Where a correction is applied
based on a bias, an estimate of the associated uncertainty must then be
included in the uncertainty analysis. Due to the various approaches present in
the metrology system, several examples and possible approaches are
presented in the section on calculating the combined or expanded
uncertainties. At this stage, a determination must be made with regard to 1)
identifying cause and 2) level of significance.
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Identifying cause.

If the cause can be identified, it is usually corrected or applied to the
measurement equation. In some cases, it is not possible to
unarguably define the cause without exhaustive studies that provide
little benefit. In those cases, the significance level must be evaluated.

Significance level.

When there is little to be gained from exhaustive studies on the
measurement process to identify bias or potential errors, a test of
significance may be conducted to determine alternative approaches
for incorporating the bias into the uncertainty calculations.

In deciding whether a known bias can reasonably be included in the
uncertainty, the following approach may be followed:

3.2.5.2.1. Estimate the combined uncertainty without considering
the relevant bias.

3.2.5.2.2. Evaluate whether or not the bias is less than two times

the combined uncertainty (i.e., bias <2/u; +s)+u; ).

3.2.5.2.3. If the bias is less than twice the combined uncertainty, it
may be included in the uncertainty using one of several
approaches that must clearly be communicated in the
report.

3.2.5.2.4. If the bias is larger than twice the combined uncertainty,
the error must be investigated further prior to providing
calibration data.

If the deviations show that a standard is out of control, it
should not be used for calibration until corrective action
has been taken and the value for the standard is verified
as being within criteria limits.

criteria limit :‘ X~ X | <2u,

ref

If these differences are smaller than the criteria limits,
investigation and corrective action may be unrealistic. If
the deviations are less than the surveillance limits shown
above, and corrective action is not taken, the deviations
may be included in the uncertainty statement following
one of several options given in the following section. In
ALL cases, the method used to incorporate bias must be
clearly reported.
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3.2.5.3. Adding the bias to the expanded uncertainty (e.g., used in PMAP
software). In this case, the bias is simply added to the expanded

U +bias = (u, *k )+ bias

uncertainty and is reported as such.

3.2.5.4. Example when uncertainties for the laboratory data and the reference
data are considered equivalent (e.g., laboratory data is compared to
another laboratory’s data).

In this case, a rectangular distribution is considered where the value
might possibly be anywhere within the range shown for each
laboratory data point. This method is referenced in section 4.6 of
NIST Technical Note 1297. This approach may also be used in the
case where a standard is predictably drifting with use over time. In
this case, a mid-range value is chosen and u4 (uncertainty for
differences) is calculated as follows:

_ @L or more simply : 0.29 d, where d is the bias

u, > 5

3.2.5.5. Example when uncertainties for the laboratory data are considered
secondary to a reference value (e.g., the difference between the
laboratory data and NIST data). This method was originally published
in 1994.

In this case, a reference value is given precedence over the
laboratory data and a mid-range value is not chosen. The extreme
value is more probable. In this case, the following equation may be
used:

_ bias or more simply : 0.577 d, where d is the bias

ud = \/g
Step 3. Quantify uncertainty estimates

All uncertainty estimates identified in the previous step must be quantified in units
that represent the measured values. Type A methods of evaluation usually provide
quantified estimates in the units of interest.

Type B methods of evaluation may be conducted with spreadsheets using the basic
expression identified in the SOP or identified when the process was specified.
Scenario testing can be done to determine the impact and quantify specific variables
on the final measured quantity. The knowledge gained in this step often proves
useful in identifying potential areas of improvement.

Step 4. Convert all factors to standard uncertainties
In those cases where the uncertainty factors were determined statistically (Type A

methods), the standard deviation is used to represent the standard uncertainty. In
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other cases, estimates must be made to ensure that the quantified uncertainties
represent “one-standard-deviation” values or a k=1 coverage level. The appropriate
distribution factor must be used when converting values.

Step 5. Calculate the combined uncertainty

The combined standard uncertainty, u., includes the standard uncertainty reported
for the standards used, us, the standard uncertainty of the measurement process, s,
the standard uncertainty from other sources, u,, which includes all other factors the
laboratory considers significant, the standard uncertainty due to factors related to
the measured item but unrelated to the measurement process, u,, and finally, the
standard uncertainty due to bias or differences, ug when u4 is included. The
standard uncertainties are combined using the root-sum-of-the-squares (RSS)
method as follows:

|22 ,2, 2 2
uc—\/sp+us +u; +u, +u,

Table 1. Symbol descriptions

Symbo Description

U Expanded uncertainty

Uc combined standard uncertainty
Sp standard uncertainty (standard deviation) of the “process”
Us standard uncertainty of the “standard”
Uo standard uncertainty of “other factors”
u standard uncertainty of factors “unrelated” to the measurement
! process
standard uncertainty of “differences” (may be treated in different
Uqg
ways)
k coverage factor

SOP 29
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Step 6. Calculate the expanded uncertainty

The combined standard uncertainty is then multiplied by a coverage factor, k, equal
to 2 or 3, as chosen by the laboratory, to provide a level of confidence of
approximately 95 % or 99 %, respectively. This procedure is based on the Central
Limit Theorem and in most cases allows the use of 2 or 3 to provide an approximate
95 % or 99 % level of confidence. The equation used to determine the expanded
uncertainty is as follows:

U=u *k
where k=2 or k= 3.

Step 7. Evaluate the expanded uncertainty

The expanded uncertainty may be evaluated against established criteria such as
tolerance limits. For mass standards, the specifications clearly state that the
expanded uncertainty must be less than 1/3 of the tolerance.

Step 8. Report the uncertainty

Once the uncertainty has been calculated, a statement such as the following is
reported:

The combined standard uncertainty includes the standard uncertainty reported for
the s