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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
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Introduction

The adoption of four revised and updated contamination control standards, 1SO 11171, ISO 11943, ISO 16889, and
ISO 4406:1999, has produced significant changes in terms of how solid contamination levels and filter performance
are reported. With ISO 11171, the AC Fine Test Dust (ACFTD) particle counter calibration method used since the
early 1970s has been replaced with a new National Institute of Standards and Technology (NIST) traceable particle
counter cafibration method. As a result, contaminant sizes previously referred to as 2 pm, 5 um, 10 pm and 15 pm,
will become approximately 4,6 um(c); 6,4 um(c); 9,8 um(c) and 13,6 um(c), respectively, where-(e) fefers to
calibration|per ISO 11171. ISO 11943 is a new standard for calibrating on-line particle counters, primarilyfused to
evaluate fifter performance. With the ISO 16889 multi-pass filter test, which replaces the original [SO 4572 method,
ISO Medilim Test Dust (ISO MTD) replaces ACFTD as the test dust and the new traceable particle|counter
calibration|method is used. In 1ISO 4406:1999, the new calibration method is used and a ,new 4 um(c) sige class
has been added to the solid contamination code for particle counts made with an automatic particle countef. These
improvements in particle counting and filter testing have a significant impact on contamination control activities.
However, |it is important to note that there has been no change in the actual contamination levels ngr in the
performange of filters, or their effectiveness in protecting the reliability of compofents. This report discusdes what
the changg¢s are, why they have been made, how they will impact contamination-levels and filter ratings, @and how
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torical background

hat is ACFTD?

was originally produced in batches by the AC Spark Plug Division of General Motors Corporatid
nufactured by collecting dust from a certain~area in Arizona, then ball milling and classifyin
nt particle size distribution, including particle sizes from roughly 0 to 100 um. The average
size distribution of each batch of ACEID; as determined by either the roller analyzer or lasen
e, was supplied with purchased samples. In 1992, production of ACFTD ceased.

e of its relatively consistent particle size distribution, ACFTD has been used to calibrate APCs ir
bvaluate filter performance iniISO 4572 for hydraulic and other applications. With its irregular
5 nature, ACFTD was believed to be representative of contaminants found in typical hydraulic s
2, a number size distribution for ACFTD is given that is based on optical microscopy work done
\t that time, there was.no statistical analysis of batch-to-batch variations in ACFTD. Later, it was
brences exist between the published size distribution and actual particle size distributions of s
of ACFTD. These-differences are a significant source of variability in particle count results.

plibrating particle counters using ACFTD

often'taken for granted, particle counting is the mainstay of contamination control programs.
Counters are used to monitor contamination levels in the oil of operating equipment, to establish

utomatic optical particle counters (APCs) are used in monitoring contamination levels‘in hydraulic oil, to
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Calibration consists of establishing the relationship between APC threshold voltage setting and particle size. This
was done by comparing observed particle concentrations at known threshold settings to the published ACFTD size

distribut

ion. Calibration accuracy is dependent on the accuracy of the published size distribution.

In the absence of a more controlled contaminant, ACFTD has been used for APC calibration for fluid power and
many other applications. The ACFTD particle size distribution used for calibration in 1SO 4402 is based on the
longest chord dimension of particles as measured by optical microscopy in the late 1960s. At the time, optical
microscopy was the most common method used to obtain particle counts. The goal of the APC calibration
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procedure was to ensure that particle counts obtained with an APC agreed as closely as possible with counts
obtained by optical microscopy.

The accuracy of the published ACFTD size distribution, and the corresponding APC particle counter calibration,
has been questioned since the late 1970s. Since the original microscopy work was done on specific batches of
ACFTD, the effects of batch to batch variability on the size distribution and APC calibration were not considered.
Despite this, I1ISO 4402:1991 requires laboratories to calibrate to the original published size distribution, even
though the particular batch of ACFTD being used may differ.

2.3 The original multi-pass filter test

While the JACFTD method of particle counter calibration was being developed, the hydraulic filter mulfizpass test
method was developed to measure filter performance, primarily efficiency and dirt capacity. In 1981, the mlti-pass
test was gdopted as an International Standard, ISO 4572:1981, and is still widely used. Thecharactetlistics of
ACFTD thpt made it valuable for APC calibration also make it ideal for filter testing. In a multipass tept, oil is
recirculated through a test filter while a slurry of ACFTD is continually added to a reservoir lgcated upstream of the
filter. Partigle counts are taken, both upstream and downstream of the filter, throughout thetest. These are| used to
calculate garticle removal efficiency as a function of particle size. The results, expressetias filtration or befa ratios,
are obvioysly dependent on the APC calibration, but also on the particle size distribution of the test dlist. The
retained dirt capacity of the test filter is also reported, as the amount of ACFTD needed to cause the filter fo reach
its termingl differential pressure. The particle size distribution and morphalogy’ of the test dust also|have a
significant impact on filter efficiency and retained dirt capacity.

3 Newftest dusts

In 1992, effforts to revise particle counter calibration and filter_test standards took on new urgency when| the AC
Rochester| (formerly AC Spark Plug) Division of General Motors Corporation discontinued production of JACFTD.
ISO Techrjical Committee TC 22 responded by adopting 1SO© 12103-1, a filter test dust standard that spedifies the
physical, ghemical, and particle size distribution characteristics of four silica test dusts. The new test dusts are
manufactured using jet milling, instead of the ball milling process used for ACFTD. As a result, their partjcle size
distributior) and the shape of individual particles differ from ACFTD. Further, 1SO 12103-1 specifies ele¢trozone

4, instead of the roller analyzer or laset,diffraction methods used in the production of ACFTD, tq specify
¢ size distribution of the new dusts. As a result of ISO 12103-1, the new test dusts are better controlled

One of thg dusts described in ISO 12103-1, ISO Medium Test Dust (grade A3) , was chosen by ISO/TC 1831/SC 6
to replace |JACFTD for particle counter/calibration and multi-pass filter testing. ISO MTD is physically and chemically
identical tp ACFTD, but contains fewer particles smaller than 5 pm and is easier to disperse in oil. The high
concentratjon of fine particles\in/ACFTD can result in coincidence errors when particle counting. Thus, the use of

ISO MTD feduces this source-of error while retaining the desirable characteristics of ACFTD.

4 New |APC calibration procedure

Due to concerns about the accuracy of the ACFTD particle size dlstrlbutlon the Natlonal Fluid Power Asgociation
(USA) bega 980 i aceable
method resulted in a new method USA standard ANSI/(NFPA) T2 9 6R1 (1990) that used mono- S|zed latex
particles suspended in MIL-H-5606 mineral oil with sizes traceable to NIST. Usage of this method has been
discouraged, however, because shortly after its introduction, it was found that poor agreement was obtained
between different types of APCs calibrated with latex. APCs made by different manufacturers and APCs utilizing
different light sources (such as laser diode or white light) or different measurement principles (light scattering or
light extinction) yielded different particle count results when analyzing ACFTD or similar samples. This is due to
differences in the optical properties of latex and silica. It was concluded that the APC calibration contaminant
should be optically similar to the contaminants typically used in filter testing.

In order to develop a traceable particle counter calibration method, NIST was asked in 1993 to certify the particle
size distribution of suspensions of ISO MTD. The certified suspensions, NIST Standard Reference Material (SRM)
2806, consist of 2,8 mg/L suspensions of ISO MTD in Mil-H-5606 hydraulic fluid. Scanning electron microscopy and
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statistical analysis techniques were used to measure the projected area equivalent diameters of ISO MTD particles
and to determine the particle size distribution of the SRM. The projected area equivalent diameter is used as the
basis for determining particle size because it more closely approximates the dimension actually measured by liquid
automatic optical particle counters than the longest chord dimension used to define the ACFTD size distribution. A
particle sensor measures the change in light intensity caused by the presence of a particle in its sensing zone. In a
sense, a light extinction sensor measures the size of the shadow cast by a particle. The difference between the
longest chord dimension and projected area equivalent diameter is illustrated in Figure 1.

As shown in Figure 2 for ISO MTD, size distribution results obtained using the NIST calibration differ considerably
from those obtained using an APC calibrated with the ACFTD calibration method. The results shown in the figure
i i istributi by particle
using the ACFTD calibration. The latter results were obtained by an international round rolin [conducted
under the auspices of ISO TC 131/SC 8/WG 9. Two interesting features are apparent from the-figur¢. At sizes
below gbout 10 um, significantly more particles were observed by NIST than with the ACFTD. calibfation. The

higher particle counts are a result of the enhanced sensitivity of scanning electron microscopy_-when cqmpared to
optical nicroscopy. At sizes larger than 10 um, fewer particles were observed by NIST. This-is primarily because
NIST rgported the projected area equivalent diameter of particles, which is smaller‘than the longest chord
dimensipn used to generate the published ACFTD size distribution (refer to Figure 1),
1
L
5
2 3
6
7
Key
1 Actual size
2 As seen by ISO 4402 (ACFTD size distribution)
3 Asseen by NIST (NIST size distribution) Projected area equivalent diameter
4  Longest chord dimensiond =13 um
5 Area=78,5um?
6 Area=78,5um?2
7 Area equivalent diameter d = 10 um

Figure 1 — Particle size ( d) as defined using longest chord dimension and projected area equivalent
diameter
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Figune 2 — Comparison of ISO Medium Test Dust size distribution as measured using the ACFTD
(ISO 4402) and the new NIST traceable (ISO 11171) calibration methods.
The revisipns to 1SO 4402 (particle counter calibration), ISO 4572 (multi-pass filter test), and ISO 11943|(on-line
particle copnter calibration) all utilize ISO MTD and provide traceability to NIST SRM 2806. It is anticipated|that the
quality and reliability of ©oth particle count and filter test data will improve, as a result. In 1995, this was established
by means jof a series.af international round robins conducted to evaluate these revisions. The results of the round
robins are [discusséd-extensively in informative annexes in the respective individual ISO standards.
5 Whylchanges-are necessary

ISO and other industrial standards organizations are charged with developing technically sound, industrial
standards that permit valid comparisons to be made of data from different sources. These standards make it
possible to compare results from various suppliers or laboratories that test according to the same industrial test
standard. For this reason, ISO encourages the use of certified reference materials for calibration. In the past,
ACFTD, an uncertified reference material, has been used both for multi-pass filter testing and for calibrating APCs.
Although the ACFTD method has long been used to establish a common calibration among laboratories, it has
shortcomings that affect the accuracy of the results and agreement among laboratories. An even greater problem is
that ACFTD is no longer commercially available.

From the standpoint of APC calibration, the ACFTD calibration method has several inherent weaknesses, perhaps
the greatest of which is that the ACFTD size distribution is uncertified and lacks traceability. Calibration accuracy
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depends on the accuracy of the reference particle size distribution. For some time, it has been known that modern
electron microscopy and electrozone counting techniques yield size distributions at variance with the published
(ISO 4402) ACFTD size distribution obtained by optical microscopy, particularly for particles smaller than about
10 um. The published ACFTD size distribution is based on analyses done in the late 1960s on specific batches of
ACFTD and ignores batch-to-batch variability. Further, the ACFTD method does not require validation of the APC
or qualification of the analytical techniques used. The new calibration method corrects many of these deficiencies
through the use of certified calibration suspensions. In addition, it establishes minimum APC performance
requirements and uses statistical methods to evaluate the data and analytical techniques. One consequence of the
change in calibration method is a redefinition of particle sizes, which will be discussed later in this report.

testing @re necessitated by the lack of commercial availability of ACFTD. As has been mentioned preyiously, the
replacement of ACFTD with ISO MTD offers several advantages for filter testing. ISO MTD is morg. reprpducible in
its properties and size distribution, is better specified, and easier to disperse than ACFTD. 4SO|MTD has
significgntly fewer particles smaller than 5 um. This reduces the risk of coincidence errors in patrticle counting. This
is partiqularly important for the on-line particle counting systems used in multi-pass testing. In addition to the
change|in test dust, improvements in the multi-pass test and reporting techniques‘thave been included in
ISO 16489. Unfortunately, the differences in the size distributions and particle morphology of ACFTD and ISO
MTD, a$ well as the technique and reporting changes, will contribute to differences_in multi-pass filter {est results
when dompared to those from ISO 4572:1981. However, there should besan overall improvement in the
repeatability of multi-pass test results. The impact of this is discussed later.

6 Impact on particle sizes and contamination measurements

6.1 REdefinition of particle sizes

Both pafticle size and concentration are important in contamination control. With the change in calibratiopn method,
there will be an immediate change in reported particle Sizes and concentrations. The magnitude of the change
depends on the particle size of interest. Because of this,Change, 1SO 11171 specifies that particle sizeg should be
written {ising the symbol um(c), where (c) refers to calibration per 1ISO 11171. Table 1 compares ACFTD sizes to
the new NIST sizes. At 10 um, there is only about a 2% difference in the reported size. However, the ACFTD
15 pm Will become about 13,6 um(c), while the-old 5 um will become about 6,4 um(c) with the NIST traceable
method] The biggest change occurs at very'satall particle sizes. Particles reported as 1 yum in size with the ACFTD
method| will become about 4,2 um(c). This change in reported size can lead to confusion when reporting
contamipation levels or comparing filtehbeta ratios and efficiencies.

Table 1 — Comparing Particle Sizes Obtained by Different Calibration Methods

To convert from ACFETD size to NIST size To convert from NIST size to ACFTD size
an|ACFTD size of:_[-torresponds to a NIST size a NIST size of: corresponds to an ACFTD|size
(10 4402:1991) of: (ISO 11171) (ISO 11171) of: (ISO 4402:1991)

pm pm(c) pm(c) pm

4,2 4 <1

4,6 5 2,7

l—'\,1 6 /I,Q

6,4 7 5,9

7 7,7 8 7.4

10 9,8 9 8,9

15 13,6 10 10,2

20 17,5 15 16,9

25 21,2 20 23,4

30 24,9 25 30,1

40 31,7 30 37,3
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NOTE Table 1 should be used as a guideline. The exact relationship between ACFTD and NIST sizes may vary between
laboratories depending upon the characteristics of the APC and accuracy of the original ACFTD calibration. During the transition
from ACFTD to NIST calibration, laboratories engaged in particle counting requiring a high degree of accuracy should establish
the precise ACFTD to NIST conversion for their own conditions.

As result of the redefinition of particle sizes, many APCs in use today are unable to count at sizes smaller than
about 5 pm with the new calibration method. In general, APCs that could easily count 1 um particles using the
ACFTD calibration will be able to count 4 um(c) particles using the new method. Based on round robin results
(annex G of 1ISO 11171:1999), only newer light extinction sensors and light scattering sensors are able to achieve
smaller sizes. Some APC manufacturers produce light extinction sensors able to count particles as small as
2 um(c) to 3 um(c) in size with the new calibration method. In order to count at smaller sizes, light scattering
sensors ane most likely required.

6.2 Appgarent particle concentrations

Contamingtion levels are reported in terms of the concentration of particles of various sizes‘ihya given vglume of
fluid. With|the new calibration procedure, there will be apparent changes in the numbers of particles that gre seen
by the APC at a particular size. As a result, the apparent contamination level at each size_ will differ, depending on
ion method used. Thus, users of particle count data need to be aware of the_calibration method| used to
generate data and how to interpret results obtained using the new method. Misintefpretation may result if ihcorrect
assumptiops are made concerning the calibration method used or if a change in.calibration method is madg without
changing the reporting method. As a first approximation, historical particle ‘count data can be converted from
ACFTD sizes to the new NIST sizes using Table 1.

Figure 3 uses data from three different oil samples to illustrate the effect of calibration method on particle count
data. As ghown in the figure, if one changes from the ACFTD .10 the new NIST calibration without[ making
adjustments to the sizes being monitored, significant differencesin the observed particle concentrations will be
observed. [For particle sizes smaller than 9 um, apparent increases in particle concentration will be reported which
could prompt unnecessary action. The magnitude of the differénce increases with decreasing particle siz¢. In the
example, the observed concentrations for particles largerthan 5 um increase by a factor of two to ten with [the new
calibration| For sizes larger than 10 um, the reverse o¢curs and apparent decreases in concentration regult from
the new cplibration. In the figure, observed concentrations were decreased by as much as a factor off two for
particles larger than 15 pm with the new calibration. Failure to recognize this as the result of a change in
calibration| rather than a change in contamination level, may lead to misinterpretation of particle count data and
inapproprigte action being taken. Though not everyone need be familiar with the intricacies of the new cglibration
method, eyeryone should be aware of haw reported sizes will change and how this affects comparisons df results
and interpietation of data.

6.3 Contamination code reporting

The 1SO Solid Contamination Code (ISO 4406) is an abbreviated method of expressing particle count resu|ts. With
ISO 4406:1987, particle-ceunt results are reported as two code numbers separated by a “/", for examplg, 16/13.
The first qode number.,c€orresponds to the concentration of particles larger than 5 um, and the seconfl to the
concentrajon of pafticles larger than 15 um using the ACFTD calibration method. For APC counts, the| revised
code uses|three code numbers, corresponding to the concentrations of particles larger than 4 um(c), 6 um(c) and
14 um(c) With<the new calibration method. The new 6 um(c) and 14 um(c) sizes correspond to ACFTD |sizes of
approximagely)5 pm and 15 Hm. These sizes were chosen so that no S|gn|f|cant shift i in code number occurls due to
changes it ' ' ration is
unchanged and the two digits will remain the same as before at 5 um and 15 pm. Thus the second two d|g|ts of the
actual code will be similar regardless of the calibration or measurement technique used. The new digit
corresponding to 4 um(c) for APC counts will not be used for microscopic counts.

As shown in Figure 3, there are no great differences in code numbers for the three oil samples regardless of the
version of the ISO code is used. Indeed, differences only result when observed particle concentrations correspond
to transitions between two code numbers. As a result of the change in size classes with the revised code, the 1ISO
code designation for a particular sample will not change appreciably, regardless of whether the new or old
calibration method is used. This permits equipment users and others who specify cleanliness levels in terms of an
ISO code to maintain their historical databases and their existing cleanliness specifications without change.
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1 ISOK406:1987: ACFTD Calibration; ISO 4406:1999, NIST-Calibration
2 Sample A =9/3 (ACFTD)
3  Sample A =17/10/3 (NIST)
4 Sample B = 16/13 (ACFTD)
5 Sample B = 20/16/12 (NIST)
6 Sample C =21/15 (ACFTD)
7 Sample C = 26/21/15 (NIST)

Figure 3 — Effect of calibration’method on particle count and ISO Solid Contamination Code results

7 Impact on filter tesPresults

7.1 F(lter retained dirt capacity

To somg extent; the retained dirt capacity for a filter element will be affected by the replacement of ACFTD with
ISO MTP,in‘the revised multi-pass test (ISO 16889), since the dusts differ in terms of particle size distripution and
morphology. This is shown in Table 2 using results from ISO document TC 131/SC 8/WG 9 N 100. In nearly all
cases, the results for a particular type of filter represent an average of two or three tests. Based on the data, there
appears to be no specific trend in retained dirt capacity. Capacity may be somewhat higher or lower with ISO MTD,
depending on the specific filter being tested. Because each type of filter performs differently with ISO MTD, no
general factor can be given to convert ACFTD capacities to ISO MTD capacities and an actual multi-pass test must
be conducted.

It should be pointed out that an increase or decrease in retained dirt capacity with ISO MTD does not imply that a
filter will actually exhibit a longer or shorter service life. In fact, there will be no change in field service life as a result
of the change in multi-pass test procedure. Field service life is dependent upon many factors, including the type of
contaminant that the filter is exposed to. Retained dirt capacity, as determined by multi-pass tests, is only useful for
comparing the characteristics of different filters under controlled conditions and should not be used to predict field
service life.

© 1SO 1999 — All rights reserved 7
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Table 2 — Impact of ISO MTD Dust on Retained Dirt Capacity

Retained Dirt capacity, g
Filter | ACFTD | ISOMTD Relative Capacity
(ISO MTD/ACFTD)
1 32,2 36,7 1,14
2 19,6 17,4 0,89
3 18,5 20,9 1,13
4 31.0 394 1.27
5 30,0 25,8 0,86
6 86,5 80,4 0,93
7 52,0 52,0 1,00
8 51,7 50,7 0,98

7.2 Beta ratio and filter efficiency

Like retained dirt capacity, filter efficiencies, reported as filtration, beta or g ratios, are affected by the changes to
the multi-pass test procedure. This is due to the change in test dust and the change in APC calibration method, as
well as to the other improvements made in the multi-pass test techniqueland reporting methods. Because [of these
changes, ISO 16889 specifies that filtration ratios should be written as fyc), Where x is the particle size|and (c)
refers to APC calibration per 1SO 11171 and testing per the revised multi-pass procedure, 1SO 16889. These
effects on the average beta ratio for the eight filters reported in 1ISO*document TC 131/SC 8/WG 9 N 100 arg shown
in Table 3] In general, beta ratios tend to be higher for filters:challenged with ISO MTD than with ACFTD| but the
magnitude| of shift is unpredictable. For six filters in Table 3,\beta ratios increased when using ISO MTD, but in two
cases, slightly lower values were obtained.

Not only the beta ratio itself, but the correspondingsparticle size will change as a result of the revision to the multi-
pass test procedure. The magnitude of the calibration effect can be estimated by using Table 1 to convertf ACFTD
sizes to thle new NIST calibration sizes. In most cases, the change in calibration has a greater effect than the
change intest dust. Based on the change in-calibration alone, one would expect fine filters to appear to[ be less
efficient apd coarse filters to appear tothe: more efficient. However, the effect of the test dust on congaminant
removal is|unpredictable and the two effects may offset one another.

Table 3 — Impact of ISO MTD Dust on Beta Ratio

Beta Ratio
Particle Size Beta Ratio using
Filter using indicated indicated test dust
APC calibration
ACM':nTD L'l\'rf(’z) ACFTD | ISOMTD
1 1 4,2 33 76
2 2 4,6 16 22
3 2 4,6 42 112
4 2 4,6 10 33
5 10 9,8 13 12
6 10 9,8 7,5 7,4
7 10 9,8 2,5 4,5
8 15 13,6 5,9 9,1
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