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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 wi:f ISO, also take part in the work. ISO collaborates closely with the International Electrotechnical
Commissipn (IEC) on all matters of electrotechnical standardization.

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

The main {ask of technical committees is to prepare International Standards. Draft International Standards pdopted
by the teg¢hnical committees are circulated to the member bodies for voting. Publiecation as an Intefnational
Standard requires approval by at least 75 % of the member bodies casting a vote.

In exceptignal circumstances, when a technical committee has collected data of @-different kind from that which is
normally published as an International Standard (“state of the art”, for examplé), it may decide by a simple [majority
vote of its participating members to publish a Technical Report. A Technical Report is entirely informative ip nature
and does Mot have to be reviewed until the data it provides are consideredte be no longer valid or useful.

Attention i$ drawn to the possibility that some of the elements of thisiFechnical Report may be the subject of patent
rights. 1ISQ shall not be held responsible for identifying any or all such patent rights.

ISO/TR 18144 was prepared by Technical Committee ISQ/TC 131, Fluid power systems, Subcommittge SC 6,
Contaminagtion control.
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Introduction

Solid particulates are a major contributor to wear in hydraulic systems. The fluid power industry, the aerospace
industry and the military sector utilize optical automatic particle counter (APC) technologies to assess the level of
hydraulic oil contamination by suspended particulate. The amount of contamination is often related to the integrity
of the system and the usage of the fluid. APCs are also employed in various oil filter testing operations by the
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Cancelled in 1999 and replaced by ISO 11171:1999.
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Hydraulic fluid power — Calibration of liquid automatic particle
counters — Procedures used to certify the standard reference
material SRM 2806

1 Sc

This Te
Techno
of liquid

SRM 28
electron

2 Eq
21 T

211

The pa
classifyi
properti

The po
number

2.1.2

Referen
4390C

standar
was dri
optical f

22 T

ppe
chnical Report describes the procedures used by the United States National Institute of Starn
ogy (NIST) for the certification of the calibration material SRM 2806, which is used.in the primary
automatic particle counters.

06 is a suspension of ISO MTD in hydraulic fluid with a number size distribution certified using
microscope (SEM) and image analysis techniques.

uipment and material
bst powder

Btandard reference material SRM 2806

ticulate material used is a silica powder made from Arizona desert sand by jet milling an
hg to a consistent particle size distribution.-Several grades with different size ranges are availabl
bs are specified in 1ISO 12103-1[81.

wvder used to prepare SRM 2806 ‘is an I1ISO 12103-A3 grade, also called ISO MTD, with sup
4390C.

Reference materials RM'8631 and RM 8632

ce materials RM 8631 and RM 8632 are composed of ISO MTD and ISO ultra fine test dust Iq
same lot as the~xSRM 2806) and 4476 J, respectively. These RMs provide materials to make
Is used in support of ISO 11171[°1 and SRM 2806191, The RM was received in 3,6 kg bottles
bd and spinsriffled into 147 aliquots, each of 20 mg. The material was examined for homoge
article counters after suspension in clean oil.
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Test fluid in which ISO MTD is suspended is a hydraulic fluid widely used worldwide for filter testing. This oil is
defined in American national standards as MIL-H 5606 and in French national standards as AIR 3520, and in the
NATO specification H 515.

Its physical-chemical properties are defined in annex A of ISO 16889:1999[11],

To ease particle dispersion, a small quantity (50 ug/g) of an antistatic agent is added to the oil so that its

conduct

ivity is 1 500 pS/m + 100 pS/m.
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2.3 Sample preparation loop

In view of supplying worldwide demand for several years with the SRM 2806 (supplied in bottles of 400 ml), it was
necessary to prepare and store a great number of bottles for further sales.

Because of the settling velocity of the larger silica grains, a special mixing loop was built with mechanical and
hydraulic components which were used to eliminate grinding the powder in suspension. It was designed according
to the recommendations of ISO 11943[12],

To guarantee bottle sample homogeneity, a supplementary volume of oil was necessary to allow sampling of

1 L =i =i ibhad i 219
control botHestsed-as-deseribedir3-4+2-

The schenpatic of the sample preparation loop is given in Figure 1.

®
%i

Key

1 Fluid rgservoir (200 I)
2  Circulafing pump

3 Clean-yp filter

4  Sampling tap

Figure 1 — Schematic of calibration suspension preparation loop

2.4 Membrane preparation equipment

Particles dre-filtered on 25 mm diameter polycarbonate membranes, 0,2 ym pore diameter using the equipment
commonly used for determining hydraulic fluid particulate contamination by gravimetry according to ISO 4405[13] or
by microscopic counting according to 1ISO 4407[14].

2.5 Scanning electron microscope and image analyser
The scanning electron microscope used to examine particles is a JEOL 840. The images were produced by

electron backscattering and collected on a MicroVax and analysed using LISPIX, a public domain image
processing software developed at NIST. LISPIX currently runs on any computer.

2 © 1SO 2002 — Al rights reserved
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3 Equipment validation

3.1 Sample preparation validation

3.1.1 General

Quality assurance for both production and testing was developed by a task force composed of North American
members from two filter manufacturers, a particle counter manufacturer, an independent laboratory and NIST. APC
measurements were made by both the independent laboratory and NIST, with NIST performing the data analysis.

3.1.2 omogeneity testing/batch screening

An expgrimental sampling design was developed and implemented at NIST to measure, the bot
homoggneity and, at the same time, to identify possible systematic errors in the instrumental measurem
production process, four bottles (a, b, c, d) were filled at any one time. There were 320'bottles per
bottles were numerically labelled sequentially from 1 (a, b, ¢, d), 2 (a, b, ¢, d), ..., to 80(a, b, c, d) as
producgd. Selected bottles from each batch were tested for homogeneity at both thé€lindependent labg
NIST using APCs with extinction sensors calibrated according to 1SO 4402:1994\Four bottles (a, b,
sampled and analysed from approximately the following four points in the production cycle: 5 %, 30 %,
95 %. Another set of four bottles that were produced directly adjacent to theZfirst four were then ang
example, the first 16 bottles 5a,5b, 5¢,5d, 25 (a, b, ¢, d), 50 (a, b, ¢, d) and 75 (a, b, ¢, d) were analy
order. Tlhen bottles 6 (a, b, ¢, d), 26 (a, b, ¢, d), 51 (a, b, ¢, d), and 76(a, b, c, d) were analysed all by
calibrat
subjectd
coefficie
4%, 49
particle
measur

d to this procedure or a modified version of this test. A batch of material was deemed homogen
nt of variation for the number of particles larger than 5 ymy7 pm, 10 um, 20 um and 30 ym did

0, 4 %, 5% and 7 % respectively and there were no_systematic variations in the batch. The

size distribution was determined for the nominal(siZze range of 1 ym to 80 um particle dia
pments were compared for the same batch of materials.

3.1.3 Homogeneity

To provjde high precision measurement capability for a user community, a standard reference material
as homggeneous as possible. Special efforis:.were made to assure that this material was made with a lo
bottle variation within the batch. Within bateh variability for the SRM is presented in Table 1 expressed
standar@l deviation for within batch measurements. Figure 2 shows the batch-to-batch comparison in
form. The histogram is composed af the mean values of the cumulative particle counts for the same volu
analysef.

Table 1 — Variability found within a batch of material
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Figure 2 — Particle counts in four batches of ISO MTD to verify bottle-to-bottle homogeneity|

3.2 Micfoscope calibration validation

3.2.1 Migroscope calibration

SRM 484d, a NIST scanning electronmicroscope magnification standard, is mounted in the x and y direction
(orthogongl) on the SEM sample.stage and used in conjunction with each sample to calibrate the x-y Igngth for
particle sizing. SRM 1960, 1 ym\polystyrene spheres, were examined by the same procedures used for the dust
particles, ip order to verify the\procedure. Elemental analysis is conducted for a subset of dust particles in the filter
sample us|ng energy dispersive X-ray spectroscopy to assure, within the limits of the experiment, that onlyl mineral
dust is anglysed and that’ether contaminating particulate material is not present.

3.2.2 Tre

Particle sizeis traceable to a primary measurement, optical interferometry, through the NIST SRM 484dlf!5]. This
SRM standafe-was-imaged e eachmagnification—rom-the—eertifiedHengths and
the measured number of pixels, a pixel-to-length relation was derived and was used to convert the particle images
represented in pixels to area in square micrometres. Uncertainties were determined for these conversions (reported
as length uncertainty). They are composed of a combination of uncertainty in the pixel determination and the
reported uncertainty in the SRMI[10], [15],

3.3 Membrane preparation validation

3.3.1  Sampling from the filter

One component of the total measurement uncertainty results from sampling. Analysis of a large number of fields
indicated a non-uniform particle coverage on the filter. Non-uniform particle deposition was observed on many of

4 © 1SO 2002 — Al rights reserved
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the filters after particle separation from the hydraulic oil. Presumably, this was the result of vigorous rinsing with the
clean solvent that caused particles to be preferentially relocated toward the centre of the filter. To overcome this
sampling problem, the SEM was made to select randomly fields-of-view of particles on the filter surface. Figure 3
shows a schematic of a filter with the regions from which micrograph field of view images were sampled and their
respective particle counts represented in grey-level format. The darkest fields contain the largest counts and are
generally located in the interior region of the filter, while the low-count fields are found closer to the edge of the
filter. In this case, a non-random sampling of only interior fields would give an elevated particle concentration. Note
that the edge fields of view that overlap the particle-free boundary are included in the sample population. These
edge regions have their area corrected by extracting the particle-free area observed in the micrographs.

NOTE The darker squares correspond to fields- with the highest number of particles counted and the lighter squares
indicate low particle coverage.

Figure 3 — Schematic of a filter'surface showing the location from which fields were sampled¢ and
micrographs obtained

3.3.2 Image analysis

The imgge analysis was/carried out on the original images; none of the features of the particles was| altered or
enhanced. Threshalding was accomplished visually for each image to maximize the particle thresholded area
without | introducifg* background pixels or false particles into the analysis. Once thresholded, th¢ software
determined thesnumber of pixels comprising the particles, i.e. the areas. Each magnification that spans a portion of
the part|clesize distribution is analysed separately. The particles have brighter edge regions when compgred to the
particle |interiors as illustrated by Figure 4. The pixel scan across the horizontal line is shown as an insert in the
figure. ThisT ' i ' ily escape
from the particle edges and be detected whereas electrons penetrating the central part of the particle have less
probability of detection[6l. Since the edges are bright, they are almost always above threshold and included in the
particle. The software “fills” all hollow particles, i.e. particles having pixels below threshold in their central region.
Thus, the critical step in determining accurate particle area is to identify the particle boundary or edge. There is a
complication in that the true particle edge can never be known to be better than a pixel width. Edge determinations
for linear microstructures by electron microscopy for metrology are discussed at lengthl'7]l. To minimize the area
uncertainty, particles need to be represented by a large number of pixels. For example, a 1 um sphere is
represented by approximately 270 pixels at 3 300 x magnification. One would not want to analyse the same particle
at 300 x where the particle would be represented by only 2 or 3 pixels. The lowest number of pixels used in the
design analysis is, in most cases, between 13 and 50 pixels.

© 1SO 2002 — Al rights reserved 5
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Pixels

NOTE The background filter has a grey level of 251 and the edges have a grey level of 60 to 70 while the cenjre of the
particle is approximately 150 to 180. This image was obtained with,NIH Image, a public domain software package, anld has an
inverted grgy level assignment with respect to Lispix.

Figure 4 — SEM image of ISO medium'test dust showing the particle edge brightening

3.3.3 Progjected area diameter of stable oriented particles

The polycgrbonate filter material used;in this analysis has a planar surface. Consequently, microscopic images are
collected for particles laying flat on\a planar surface. Particles should settle in their most stable configuratioh on the
filter and thus should exhibit on”average their largest projected area. In the APC application, the material is hormally
measured with the particles suspended in random orientation or oriented with respect to the fluid flow. The values for
the particlgs characterizedtare in terms of their projected area diameter found from their most stable orientatio.

3.4 Membrane.and SRM 2806 stability testing

SRM 2804 will\be tested at 6-month intervals to ensure that the particle size distribution is not changing wiith time.
APCs calibrated to standard polystyrene spheres will be used for this stability monitoring. A historical recofd of the
size distribufion will be made from the time a batch of material arrives at NIST until it is sold. Spot microscopy
checks will be performed on selected bottles as necessary if the APC measurements indicate any changes in the
material.

4 Test procedure

4.1 Calibration suspension preparation SRM 2806

The SRM material was produced from ISO 12103-A3 medium test dust suspended in hydraulic oil at known
concentrations. The ISO MTD, lot number 4390C, specified in ISO 12103 was suspended at a concentration of

6 © 1SO 2002 — Al rights reserved
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2,8 mg of dust per litre of MIL-H-5606 hydraulic fluid. The material was produced in 320-bottle batches, each bottle
containing approximately 400 ml of the suspension.

4.2 Membrane preparation

Before microscopy on the individual particles could be performed, particles had to be separated from the hydraulic
fluid by filtration. All the apparatus associated with the procedure was carefully cleaned with demineralized particle
free water (determined by APC measurements) and rinsed with heptane solvent that was prefiltered by 0,2 um pore
membrane filter. Filtered heptane was used as the clean solvent to remove the hydraulic oil from the filter and to
wash the filtering apparatus. The filtrations were performed in a class 100 cleanroom to minimize possible
contamifrationm by ambient airborne particles. Potycarbonate fitters (25 drameter with— 0,2 T pore Jsize) were
used toffilter the particles from the oil. These filters have high collection efficiency for particles greater than 0,2 ym
and provide a smooth, planar surface for electron microscopyl!8l [19],

The prdcedure, adapted from an existing Society of Automotive Engineers (SAE) Method(20) entailed| producing
three filfers per sample for analysis:

1) | the filter, solvent and apparatus blank were obtained by flushing severalihundred millilitres| of filtered
solvent through a clean filter while at the same time washing the walls of the*filter funnel,

2) | filtering a known volume (at standard temperature) of SRM 2806“hydraulic oil suspension|through a
second filter followed by funnel wall washing;

3) | extensively washing the funnel down with filtered solvent onto\a' third clean filter.

The firsf procedure provided assessment of the cleanliness of theyblank filter material, of the filtering apparatus, of
the filtefed solvent and of the overall sample processing. Then, in the second procedure, particles irl individual
bottles pf SRM 2806 were resuspended by sonication, sthechanical shaking and then resonication.| Following
resuspension and mixing, 10 ml or 30 ml volumes were carefully pipetted from the bottle and flushed through the
filter usihg the prefiltered solvent. The walls of the fundel and pipette were extensively flushed with solvgnt. Finally,
for the third procedure a new clean filter was installed*and the same funnel was washed down again to ¢nsure that
all particles had been removed from the walls.*Al three filters were examined by electron microscopy and the
measurgment results obtained from them are ysed in the data analysis.

4.3 Membrane examination and particle counting

4.3.1 $ampling microscopic fields of view

Sampliflg is one of the mostiimportant elements of the procedure to properly characterize the particulate material.
Collecting an accurate representative sample is critical. If sampling is incorrectly done, size distributign analysis
can be piased due to a.number of problems that are a function of filtering the material. An example of this is large
or small particle segrégation and nonuniform particle coverage. The sampling process is constrained |in that the
entire filter cannotbe sampled due to time and image storing limitations. Thus a subset of the filter area has to be
carefully chosen-10" provide a representative sample. One way to accomplish this task is random sampling from all
possiblg regions on the sample-containing filter where there are filtered particles. Practically, this means the
cluding the

4.3.2 Scanning electron microscopy

The scanning electron microscope (SEM) is used in this work to collect images of the particles that are in turn used
to attain the primary particle size/count metrology necessary for this SRM. The SEM is used because it is well
suited for imaging particles in the range of particle size of concern, 1 um to 100 um. Backscatter electron imaging
provides the maximum grey level contrast for subsequent processing of the digital images. The technique is well
established(21], [22], [23], [24], 25] The entire 25 mm diameter polycarbonate filter containing the particle sample is
gold-coated using a low temperature plasma source and subsequently mounted onto the sample stage in the SEM.
The SEM is computer controlled for automated sample stage movement and image collection.

© 1SO 2002 — Al rights reserved 7
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The software selects a true set of random fields-of-view to be collected and computes the most efficient route to
scan across the sample surface. The stage then steps through the sequence, the sample is brought to optical
focus, and backscatter electron 12-bit images are collected and stored for each field. This is illustrated in Figure 5
where a random field selection from a circular filter surface is simulated and one of the associated electron images
is “grabbed” by the interfaced computer. The gain of the SEM was adjusted for each filter and each magnification to
assure the particles have as high a possible contrast over the filter substrate with a dynamic range of 256 without
saturation. Gain settings were adjusted to include all features of the filter and particles. The grey level value for the
filter (background peak in the histogram) was a nominal 20 to 30 with particle grey levels ranging from greater than
40 to 50 out of 256. All images are archived on two CD-ROMs so that a permanent record of the data is available.
Magnifications of 100 x, 300 x, 500 x, 1 500 x and 3 300 x are used to interrogate and span the particle size range
of interest_These magnifir‘afinnq carrespond to fields of view with areas of appmximatply 08 mm2 009 mm2,
0,03 mm2,|0,004 mm2 and 0,0008 mm2. Figure 6 presents four typical micrograph images of the ISO medium test
dust on afpolycarbonate filter at the four magnifications, Figure 6 a): 3 300 x, Figure 6 b): 1 500 x,»Figlre 6 c):
500 x and|Figure 6 d): 100 x. These micrographs show the number of particles and relative size ahd shapge of the
dust matetial.

NOTE Software-randomly selects fields of view and collects micrograph images. Shown here is a 3 300 x image [of a dust
particle. Th¢ analysis path is independent of the random field selection.

Figure 5 — Automated SEM image collection (3 300 x)

8 © 1SO 2002 — Al rights reserved
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§ “
< 25 nm

Figur¢ 6 — Typical.SEM micrographs of ISO medium dust obtained at the four magnifications: a) 3 300 x,
b) 1 500 %, c) 500 x, and d) 100 x

4.3.3 Image‘'analysis for particle size and number determination

All the particle information is contained in electron micrograph images taken of particles residing on the filter
surface. The SEM micrograph images are composed of digitized 12-bit grey level squares commonly referred to as
pixels. These images are reduced to 8-bit images by dropping the lowest bit information. Each image contains
512 x 512 pixels. For each magnification, the pixel dimension is determined by SRM 484d. The dust, being
composed of mineral particles, has high image contrast due both to the particle topography and to the fact that the
average elemental atomic number is larger than the substrate filter material that is composed of carbon and
hydrogen. The particles appear as “light” objects because of an increase in electron backscatter yield compared to
the filter. The pixels that define the particles' size and shape are identified by grey-level thresholdingl26l.
Thresholding is done by the analyst for each image, and normally a minimum pixel area object limit is set. For
example, one setting would allow particles to be counted if they are composed of more than 5 pixels. After the
image is thresholded, the total pixel area for each particle is computed as well as the longest chord length
(maximum particle diameter) and particle perimeter. By summing the number of thresholded objects, the particle
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number for that field of view at the specified magnification is determined from the image. An example of a SEM raw
image (A) and thresholded regions (B) is shown in Figure 7. In Figure 7 c), certain particles are accepted for the
data set (shown numbered) because their total pixel area exceeds a discrimination level set by the analyst and
those that fall below are not counted.

Public domain computer software, MacLispix, developed at NIST, and NIH Image, is used to carry out the image
analysis[27]: [28]. The relevant information derived from the images is the following: particle area, longest diameter
(chord), particle perimeter, number of detected objects, location of the field of view on the filter and location of each
particle thresholded. Since the micrograph images are archived, additional analyses can be carried out if required.

NOTE (A) is the original image, (B) is the grey-level thresholded image and (C) shows particles collected and rejected.
The small particles were not accepted because of low pixel count discrimination and one large particle was rejected because it
touches the image boundary.

Figure 7 — Steps involved in image processing a 3 300 x SEM image of ISO medium dust
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5 Data processing

The data were analysed by two independent methods (design and model). The design approach is a
straightforward engineering calculation that assumes uniform area distribution derived from correct experimental
design and procedure. The model method, as the name suggests, uses the data to develop a model that
represents the particle coverage of the filter and assumes a form for the particle distribution[29]. The basis of the
analysis in both cases is the raw individual particle area data extracted by image analysis from the image fields and
represented in terms of pixels for each SEM magnification. Particle-pixel values can range from six to 1 000 for the
largest particles present. For each SEM magnification, the particle area data is put into histogram form to give
frequency of occurrence, np, for each part|cle area pOSS|b|I|ty If a part|cle touches the field edge it |s not analysed.
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from one magnification to another as a result of very slight mismatches in the size scale from magnification to
magnification. Mismatch in the concentration scale is less likely because the same filter is sampled albeit in
different filter locations, but randomly in both cases and with a sufficient number of fields and particles to represent
the filter. The evidence for this size-shift model is that good matches for cumulative data can be obtained by slight
shifts in one or the other size scale. The reason for these mismatches is not entirely known, but there are some
strong indications that problems arise from both the SEM image collection and the image analysis. For a given filter
sample, each magnification constitutes a data set of SEM images, obtained at optimized microscope conditions for
the sample and magnification. The next magnification on the same sample will have slightly different gain settings
and a slightly different grey level image histogram. Each set of images has slightly different characteristics, such as
the location of the background grey level peak that is adjusted during the microscopy to obtain the optimal particle-
to-filter contrast required for the analysis. Empirically, the image grey level histograms across magnifications shows
some variation. The grey level for the filter substrate is not exactly the same and there is often “speckling” of the
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substrate that affects the thresholding. The uncertainty across magnifications is further complicated by the image
analysis thresholding process. Thresholding is most relevant with respect to obtaining accurate particle areas!30l.
The image analysis was standardized as much as possible, but full automation of the process was not possible;
there were human judgements made for each image to determine the threshold value.

Thresholds were consistently set to maximize the particle area without incorporating the substrate, i.e. filter domain
pixels. The fact that each magnification had slightly different characteristics possibly translated to slight size shifts
in the different segments of the size distribution. Evidence is presented for a duplicate analysis on the same filter
sample that naturally contains an identical particle population. The same fields were not selected, but all other
sampling and image analysis protocols were followed exactly. The data is presented in Figure 8. The size

distributioruu@bwsmww;h&mw&wwgﬁmar but
not identigal, and there were significant differences in the grey level values of the substrate backgrotng pixels.

This, once|again, is most likely due to gain setting differences in the microscopy.
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Figure 8 — Size distribution derived from two SEM samplings of the same filter at a single
magnification, 500 x

The cumulative size distribution is obtained by summing the number of particles found in each size across all sizes.
For the design approach, the cumulative sums of each segment of the distribution obtained at the separate
magnifications are spliced together to form the cumulative distribution over the entire size range of 1 ym to 50 ym.
In each case, the splicing is done by taking the higher magnification segment as reference and shifting the lower
magnification segment. The test for an optimal fit is by differencing the number of counts in the higher magnification
to that of the data derived from the lower magnification for 20 to 30 size classes and minimizing the remainders.
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This guarantees segment overlap not at just one size, but an optimized melding of the data. The model approach
optimized the integral of the particles from the size region of interest to infinity for both magnifications. In both
design and model approaches, the size shift was less than 1 ym between segments.

A summary of the cumulative size distribution obtained by both model and design approaches and the associated
measurement uncertainties are presented in Table 2. The design results for five filters and the model values are
also shown in Figure 9, where the error bars correspond to twice the total uncertainty.
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Figyre 9 — Plot summarizing the cumulative number size distribution obtained for five separate filter
analyses (9535, 9543, ...) compared to the certified values
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