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Standard Reference Material (SRM) 2806: Medium Test Dust in Hydraulic Fluid represents a series of reference materials certified by
the National Institute of Standards and Technology (NIST) used to calibrate liquid-borne optical (or automatic) particle counters
applied in a wide range of industrial, aerospace, and military applications. The series, including SRM 2806b, and SRM 2806d, was
manufactured for NIST by IFTS, Institut de la Filtration et des Techniques Séparatives International Filter Testing Services, in France.
An important factor for the acceptance of the material for certification was the degree of bottle-to-bottle homogeneity, which was
evaluated by both IFTS and NIST. A statistical graphics methodology was developed that provided immediate visual as well as
quantitative statistical metrics with which to characterize the SRM. This NIST-developed approach was used in four studies to assess
the homogeneity of the material during both its production stage and its finished bottled-product stage. IFTS performed measurements
using an optical particle counter for on-line quality assurance and sampled 40 bottles of the finished 400 bottle series to determine
homogeneity from the particle size distribution. NIST also determined the particle size distribution of the finished material and
performed microscopy to look for possible contaminant material in the suspension. An accelerated aging experiment was conducted
on both materials (2806b and 2806d) to verify their stability.
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1. Introduction

Standard Reference Material (SRM) 2806: Medium Test Dust in Hydraulic Fluid is intended for use as
a reference material for calibrating liquid-borne particle sizing instruments, specifically, optical particle
counters. This reference material is widely used for the important reason that it is estimated that about 80 %
of all hydraulic failures are due to particulate contamination in the hydraulic fluid [1]. Therefore,
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contamination control is critical. Equipment failure is costly in terms of repairs, lost productivity, safety,
and waste generation. Particle counters are routinely used to monitor fluid cleanliness in operating systems,
to assess filter performance, and to evaluate the cleanliness of equipment coming off production lines as
well as of individual components. This SRM supports the hydraulic contamination control delineated by
International Organization for Standardization (ISO) Technical Committee 131/SC6 WG1: the document
ISO 11171:2020 [2] and other associated documents under the committee’s purview. SRM 2806 is a
particle counter calibrant for liquid suspensions and a required reference material for ISO 11171:2016 and
11171:2020—Hydraulic fluid power—Calibration of automatic particle counters for liquids [2]. Industries
impacted by SRM 2806 include the hydraulics, aerospace, automotive, shipping, petroleum, lubricant and
gas industries, power generation, filter manufacturers, and the military.

For most materials to become certified by the National Institute of Standards and Technology (NIST),
they must qualify based on a set of measurement and statistical criteria. Two such criteria for a NIST-
certified reference material are that the material be (1) homogeneous and (2) stable with respect to
composition or physical characteristics. The homogeneity, in this case, is established by comparing the
particle size distribution over a select number of sample bottles. The stability can be verified by subjecting
the candidate reference material to an accelerated aging procedure and assessing whether there are physical
changes in the material relative to the unaged materials. Possible contaminates are investigated using
scanning electron microscopy (SEM) and optical particle counter measurements. The two-step procedure
described here represents the first phase of the certification process. Without establishing homogeneity and
stability, the material would not be further characterized.

With the objective of making a new candidate material, a collaboration was formed between NIST and
the Institut de la Filtration et des Techniques Séparatives (IFTS), International Filter Testing Services,
Foulayronnes, France, to determine the quality and suitability of any new candidate materials for use as
SRM 2806 and to document the acceptance procedure of any new material. In this report, we describe how
material quality was defined and quantified by NIST-provided performance metrics, and how this led to a
structured sequential improvement process for the candidate material. Without the quality metrics, it is
unlikely that this SRM could have been produced.

The prospective material for SRM 2806 was composed of MIL-PRF-5606 hydraulic fluid augmented
with a trace amount of an SAE 5-80 medium test dust (a quartz mineral dust) [3].! The polydisperse
medium test dust came from the same batch of dry dust, 4390C, that has been used to make both past SRM
2806 and reference material (RM) 8631. The candidate material for SRM 2806: Medium Test Dust in
Hydraulic Fluid was manufactured by IFTS. IFTS performed measurements using optical particle counters
for on-line quality assurance (described below) and sampled 40 bottles of the finished product to determine
the homogeneity by measuring the particle size distributions from these samples.

NIST received (from IFTS) approximately 32 bottles of the prospective SRM 2806 material that was
selectively sampled from the 400-bottle global set to provide representative bottles from each quartile of
the production phase (1 to 100, 101 to 200, 201 to 300, and 301 to 400). One sampling criterion was that
bottle pairs were selected to be adjacent (i.e., consecutive) in the production process. This adjacency would
assist in discriminating between instrument performance issues and material inhomogeneity issues.

NIST determined the particle size distribution of the finished material and performed electron
microscopy to look for possible contaminate material in the suspension. Measurements from IFTS and
NIST were in sufficiently good agreement (as per the specification document in the Appendix) to consider
the candidate material as acceptable for the certification process. The present paper gives an overview of
the general method used to qualify a new batch of candidate 2806 reference material and presents specific
statistical tests, characterization procedures, and results for both SRM 2806b (June 2014) and SRM 2806d
(March 2021).

! Certain commercial equipment, instruments, or materials are identified in this report to specify adequately the experimental
procedure. Such identification does not imply recommendation or endorsement by the NIST, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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2. Material Production

The medium test dust RM 8631b and the MIL-PRF-5606 hydraulic fluid were blended together by
IFTS using a test stand that first filtered the hydraulic fluid to provide a near-particle-free base material.
Then, medium test dust was added, and the dust was mixed with the fluid by recirculation. A schematic of
the process (but not the actual test stand) is shown in Fig. 1. The bottle-fill process took a nominal 2 h
duration. It is well known that mechanical mixing is a challenging process, especially when the goal is to
achieve homogeneity.

Test Stand for Blending MTD and Hydraulic Fluid 1. Bottles are cleaned and
made particle free
2. Hydraulic fluid is filtered
A 3. Bottles of filtered fluid
valve ">/ are collected
4. Hydraulic fluid is mixed
with ISO Medium Test

Sensor Clean-up
Filter

C) Dust
Pump On—Line-K E; Suspension is bottled

Suspension

Filtered Fluid

- PR

|
Reservoir J ) ll ll SRM 2806

Bottle Fill Ports

Fig. 1. Schematic of the IFTS process for manufacturing SRM 2806. The test stand system is equipped with an on-line particle sensor
and ports to fill indivdual bottles with the hydraulic fluid medium-test dust (MTD) suspension. The purpose is to provide bottle-to-
bottle homogeneity with regard to the cumulative particle concentration.

IFTS performed on-line particle counting to ensure mixing was taking place and a high degree of
homogeneity was attained in the test stand during the mixing process. These on-line readings were
conducted and recorded before the bottle-filling process commenced. NIST provided a statistical diagnostic
tool (discussed in further detail in this document) that helped IFTS uncover possible problems in
prospective batches of material; this tool was applied dynamically to on-line measurements during the IFTS
material mixing process and before the laborious and expensive bottling process. After arriving at a suitable
IFTS mixture, 400 filled bottles of the material were produced, with select bottles tested by the
manufacturer and requested bottles shipped to NIST, where subsequent bottle-to-bottle homogeneity testing
was carried out. The bottle-to-bottle measurements were the most important indicator because they
provided a representation of the variation found in the finished material.

Analysis at NIST was conducted using two techniques: (1) automatic optical particle counting using an
HRLD 600 sensor equipped with an auto-sampler operating in the volumetric mode and (2) microscopy
using an automated SEM commercially known as the TESCAN (TESCAN MIRA3, TESCAN, Brno,
Czech Republic) automated with the SEMantics extension to NIST DTSA-II [4]. Image analysis was
conducted using the NIST-developed Lispix [5].
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The following steps were taken to assure the quality of the SRM:

(1) Homogeneity testing was conducted to intercompare the manufacturer’s and NIST’s measurements
from optical particle sensors. Experiments indicated that the manufacturer’s results and NIST’s
results agreed, and (based on homogeneity) the new material was of high quality and was acceptable.

(2) SEM survey analysis was conducted to test for contaminate particles and to perform image analysis
to determine cumulative particle size concentrations. These measurements indicated that there was
no obvious contaminate particle material in the candidate SRM.

(3) NIST conducted accelerated aging testing to verify the stability of the new candidate material as a
function of time for SRM 2806, and results showed that the material did not change due to heating
or cooling over 90 d.

(4) NIST applied a five-step statistical analysis to verify the quality of the material based on the optical
particle count data.

3.  Physical Tests of Hydraulic Fluid Suspension

Each batch of hydraulic fluid medium—test dust suspension submitted to NIST was tested using four
methods: (1) NIST-designed statistical bottle sampling to facilitate optical particle counting; (2) automatic
optical particle counting to verify the particle concentration; (3) accelerated aging test to verify the stability
of the hydraulic fluid; and (4) SEM analysis using an automated TESCAN instrument to look for particle
contaminates.

3.1 Bottle Sampling

The bottles analyzed by IFTS and by NIST were chosen using “design of experiments” statistical
procedures provided by NIST. Bottles were taken from the global collection of 400 bottles as specified in
the Appendix of this document, and the sampling procedure was designed to sample the material over the
complete production sequence, but randomized for possible systematic problems like filling nozzle
anomalies or circulation flow rate variation. From specifications given in the Appendix: The manufacturer
analyzed one, randomly-chosen bottle out of each 10 bottles produced for within-batch homogeneity as
described in ISO 11171 clauses F.3 through F.5, except that only 40 bottle samples were analyzed (by
IFTS) in total. For example, one randomly chosen bottle was chosen from the first 10 produced bottles
(bottles 1-10), one from the second group of 10 bottles (bottles 11-20), one from the third group of 10
bottles (bottles 21-30), etc.

NIST tested eight bottles for within-batch homogeneity using an extinction automatic optical particle
counter calibrated to the previously certified SRM 2806. The eight bottles consisted of two bottles taken
from each quartile of the production labeled assignment. The data were compared to analogous data from
IFTS. The eight bottles were selected such that each pair was composed according to the Appendix
sampling procedure from the 400 bottles. In the case of candidate reference material 2806b, the sample
bottles analyzed by NIST were the following (not in this order): 27, 28, then 171, 172, then 249, 250, and
finally 361, 362. The NIST bottles were always analyzed in a randomized sequence to decouple possible
manufacturing bias from optical particle counter influences.

3.2 Automatic Optical Particle Count Data

Each bottle of candidate SRM 2806x analyzed was thoroughly mixed (according to recommended
practice of ISO 11171:2020) to suspend and disperse the particles to form a uniform particle suspension in
the hydraulic fluid. Each closed bottle of SRM 2806x was shaken by hand or laboratory shaker for
approximately 1 min. The contents of the bottle were dispersed using an ultrasonic bath with minimum
intensity of 3 000 W/m? for 1 min. Then, the bottle was mechanically shaken for a minimum of 3 min on a
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commercial paint or laboratory shaker. The bottle was briefly treated to ultrasonication or evacuated to
remove air bubbles from the suspension and then was introduced immediately into the liquid automatic
particle counter. Both IFTS and NIST analyzed three 80 mL aliquots of each bottle of material using an
instrument with a light blockage or extinction sensor covering the particle size range of 4 um to 100 pum.
The sensors were calibrated using NIST SRM 2806 (the previously certified SRM) to provide a common
calibration for both particle sensors and serve as a basis for determining the particle number distribution of
candidate SRM 2806x. This single calibration was used throughout by both laboratories to standardize the
measurements. In subsequent studies to be more in tune with the typical analysis procedure, five 10 mL
samples will be analyzed instead of three 80 mL aliquots, and a sensor that detects 4 um (c) and greater
will be used.

3.3 Accelerated Aging Test

Two bottles of candidate SRM 2806b and SRM 2806d materials were sealed and placed in a 75 °C
oven, and two bottles from each batch were placed in a refrigerator at approximately 4 °C. The materials
were monitored for 90 d to see if this hydraulic fluid with its additives degraded. All four bottles were
previously unopened, and all contained ISO Medium Test Dust. For SRM 2806b, both the candidate
reference material and the clean filtered hydraulic fluid were subjected to the aging tests. For candidate
SRM 2806d, only the standard material was used, and the pure oil was not subjected to either thermal
challenge.

During the thermal tests, the bottles were periodically examined visually while at their respective
temperatures either (75 °C and 4 °C), i.e., not cooled/warmed to laboratory temperatures. Visually, they
always appeared clear. After terminating the thermal exposure at 90 d, the bottles were then allowed to
come to room temperature of ~22 °C. About 50 mL of oil from each sample was filtered using a clean
separate 0.4 um pore polycarbonate filter (track etched filter, 10 um thick). The filtered sample was washed
using filtered reagent-grade heptane, evacuated for 48 h, gold coated with an Ar plasma sputter coater, and
examined by SEM. SEM and optical particle analysis indicated no evidence of fluid degradation. No
extraneous particles were observed, and only the medium test dust particles that were added to make the
reference material were detected.

All bottles were analyzed with the optical particle counter calibrated to the same scale used to qualify
the material. The results indicated no additional particles were formed in the hydraulic fluid during the
accelerated aging process. The particle size distributions were found to be within the measurement
uncertainty of the bottles not subjected to the temperature challenges.

34 SEM

All bottles of candidate SRM 2806 subjected to microscopy analysis were hand shaken, sonicated for
1 min, and shaken again by a mechanical shaker for 3 min before immediately sampling. Approximately
50 mL aliquots of the hydraulic fluid test dust suspension were filtered using 37 mm diameter, 0.4 um pore
size polycarbonate filters. The filtered samples were washed three to four times each with a clean,
prefiltered heptane solvent to remove the oil residue. The filters were evacuated over 48 h to remove any
volatile organic vapors. Filters were gold coated with 9 nm to 18 nm thick gold delivered by an Ar plasma
coater and were mounted on a metal stage and analyzed using the TESCAN MIRA 3 SEM.

SEM images of filtered particles were collected from each of two bottles of candidate SRM 2806b and
two bottles of ultrafiltered hydraulic fluid, the starting fluid used to make the SRM. The purpose was to
verify the cleanliness of the hydraulic fluid samples, make sure no extraneous particle formation occurred
in the hydraulic fluid, and verify that the micrograph images of the medium test particles could be image
processed.
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Figure 2 shows a typical SEM micrograph of the clean filtered oil at 0.5 mm full-field magnification.
A single trace particle was found after searching the filter to aid in focusing the electron beam and thus
imaging the field. There are virtually no contaminate particles in either bottle of filtered clean fluid
material.

Fig. 2. SEM micrograph of filtered clean oil with image field of 0.5 mm.

Figure 3 is a 0.5 mm by 0.5 mm magnified image of approximately 50 mL of candidate SRM 2806b.
There are numerous Si-based particles, which represent the trace mineral dust added to make the standard.

Fig. 3. SEM micrograph of filtered candidate SRM 2806b with image field of 0.5 mm.
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The 5000% magnification of the SRM 2806b filtrate seen in Fig. 4 shows the mineral dust, but no
contaminate particles. No contaminates other than the RM 8631 dust particles were found in any of the
images obtained on the filters examined.

Fig. 4. SEM micrograph of particles filtered from the refrigerated hydraulic oil for SRM 2806b. The image has a magnification of
5000x. The image is 25.6 um on side, and the filter pore size is a nominal 0.4 pm.

4. Statistical Testing of the Automatic Particle Counter Data (Five Steps)

A five-step statistical methodology was designed to quantify the quality of the candidate reference
material, to aid the manufacturer and to provide firm evaluation criteria for NIST acceptance and continued
work on a specific batch of material. The five steps are:

(1) distributional check: histograms,

(2) distributional check: normal probability plots,
(3) homogeneity and stability plots,

(4) homogeneity and stability statistics, and

(5) homogeneity and stability summary graphics.

In general, EDA (Exploratory Data Analysis) methods [6] for data processing are graphical
procedures which prove to be informative and effective; this is due to the fact that the eye is intrinsically
excellent at detecting anomalies (and structure) in a dataset. Our EDA method produces five pages of
graphical output that are designed to display all the relevant information about a particular statistical aspect
of the data on the same page. The graphical output is arranged with multiple plots/cells per page—one
plot/cell for each diameter under investigation. The typical number of diameters per page is eight or
sixteen. The data used to form the plots are cumulative particle concentrations; for example, the response
for diameter 4 (say) is the total number of particles per milliliter with diameter size >4 um. Because of the
cumulative nature, the various diameter responses are not independent per se. For the five-step
methodology, four out of the five steps are graphical; step 4 is quantitative. We briefly summarize the five
steps here and then apply them to four separate examples (three from SRM 2806b production process in the
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year 2010 to 2011 and one from the SRM 2806d production process in 2018) to illustrate their diagnostic
nature and their efficacy in accepting/rejecting a candidate SRM reference material.

4.1 Distributional Check: Histograms

Diam. 30 pm
This is a check for distributional shape and outliers. Under rather general Mean = 683.3
circumstances, a well-behaved manufacturing process will have a histogram 8 i'
that is bell shaped and free of outliers. This first step produces a page of B g
multiple histograms—one histogram for each particle diameter (typically 8 to L
16 diameters). For a given diameter, the histogram shows the optical particle {'-m-m 0 P

counter response (cumulative number particles per milliliter > the given # Particles > Diam.
diameter), which is ideally bell shaped and free of outliers. Non-bell-shaped

histograms, skewed histograms, or outliers may be indicative of either (1) a material manufacturing process
not in statistical control, or (2) the need for a change of units (e.g., log transforms) in which to carry out all
remaining analyses. For brevity, the mean particle size for a given plot is indicated at the top of the plot in
an abbreviated manner; in this example, “Diam. 30” indicates a mean particle diameter of 30 um.

4.2 Distributional Check: Normal Probability Plots

Diam. 30 pm
This is a check for distributional normality. If the data are normally E a0 PPCC =0.991
distributed, then certain subsequent statistical tests are more valid; non- E O 725
normality is sometimes a flag for a process abnormality. This second step -E A e
produces a page of eight or sixteen normal probability plots—one for = E E
each diameter under investigation. For a given diameter, the normal *® 3 1B0C0E 18 3
probability plot has the ordered response (cumulative number of particles H(0,1) Order Stat Median

per milliliter > the given diameter) on the vertical axis and theoretical

normal-spaced values on the horizontal axis. Linearity in the plot indicates normality; non-linearity
indicates non-normality. The associated normal probability plot correlation coefficient (PPCC) shown in
each frame is a formal test of normality [7]. As before, “Diam. 30” indicates a mean particle diameter of 30

pum.

4.3 Homogeneity and Stability Plots

Diam. 30 um
.. . .. . L] = ggas
This is a check for the homogeneity and stability of the material E 2'2D(Data) = 114.8
. . Lo . o FeKZ*S0(Datal} = 16.3 %|

manufacturing process—a process in statistical control will be both Aufneorr= 746 %
homogeneous and stable. Homogeneity here means that the particle counts ; ::
are nearly equivalent (as per analysis of variance [ANOVA] or Student’s ¢- E 3]
test) between the first half of the manufacturing process and the second half. 0 B g 22 32 20
Stability means that the slope of the data over the entire manufacturing range Time (Coded)

is nearly flat. This third step produces a page of eight or sixteen scatter

plots—one plot for each diameter. The vertical axis is the response (cumulative particle concentration); the
horizontal axis is coded time (or ordered bottle). Low numbers indicate suspensions produced early in the
manufacturing process, and high numbers indicate those produced later in the process. The plot is
augmented with the mean value and with a band in which approximately 95 % of the values should fall (if
the process is in statistical control. The statistical quantities indicated in the plot are described below in Sec.
5.3.
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4.4 Homogeneity and Stability Statistics

This is a quantitative analog for step 3, providing relevant formal test statisticS  [mean=ss38 o
to assess the homogeneity and stability of the material manufacturing process. Rl S Batan = 1676 % |
This fourth step produces a page of eight or sixteen tabular cells—one cell for ?;E;ﬁ?iﬁ o '
each diameter. The cell provides a list of test statistics that reflect the location and et 20t
variability of the diameter’s response over the entire manufacturing range. The last  [{1iZjues (P2 100 ™

three lines of the cell provide test statistic results for homogeneity and for stability.

A well-behaved measurement process will pass these tests (and be colored as green). A process not in
statistical control will fail these tests (and be colored as red). CDF indicates cumulative distribution
function, and the statistical quantities indicated in the plot are described below in Sec. 5.4.

4.5 Homogeneity and Stability Summary Graphics

Y =tSlope
This is a graphical summary of all of the information presented in step 4. " :
This fifth step has nine plots—one plot for each of the base statistics instep 4. g
The horizontal axis for each plot is the diameter (with typically eight or q—g %
sixteen values). The vertical axis is the computed statistic (from step 4) for -5 %@, %
each diameter value. The most important plots are plots 8 and 9, which AT e
present the results of the homogeneity and stability statistics of step 4; the 0 1[;'“%2@':%““2? e

tests statistics are presented in green if the process "passed" and in red if the
process "failed."

4.6 Statistical Testing Application

This five-step EDA methodology was applied to both early on-line data at the material developmental
stage by the manufacturer and also later in bulk bottled samples at the final NIST SRM material acceptance
stage. The combination of (1) focusing on key statistical properties of a process in statistical control, along
with (2) the graphical nature of the approach enabled the material manufacturer and the reference material
certification agency to immediately gain insight into problems with the data or the prospective sample.

The five-step procedure was designed and coded at the NIST and is embedded in code in the NIST-
developed statistical software package (DATAPLOT). This package is portable and free to the public from
https://www.nist.gov/itl/sed/dataplot [8]. The code (available on request) may be especially valuable to
secondary suppliers of material to industrial customers (please contact james.filliben@nist.gov).

The following four sections illustrate the role that the five-step statistical procedure plays in assessing
the quality of four different candidate material versions (at various stages in the manufacturing
developmental process) of the NIST SRM 2806 reference material. The first three cases deal with 2806b
(first sold in 2014), and the last case deals with 2806d (released in 2021):

Study 1: Rejecting an early stage (Dec. 2010) on-line SRM 2806b precandidate material;

Study 2: Accepting a later stage (July 2011) on-line SRM 2806b precandidate material;

Study 3: Accepting the final bottled SRM 2806b (July 2011) candidate material; and

Study 4: Accepting the final bottled SRM 2806d candidate material (July 2018).

The analysis will be presented, and interpreted, and accept/reject conclusions will be drawn.
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5. Study 1: Rejecting an Early SRM 2806b On-Line Precandidate Material

The overall candidate material development process spanned many months. Iterative material
production modifications were made frequently. The five-step statistical methodology was used
continuously to monitor quality and improvement. This first example is from an early stage of material
development.

In Dec. 2010, the manufacturer (IFTS) initiated the collection of on-line automatic optical particle data
(cumulative particle concentration) for material made to specifications described in the Specification for
Manufacturing and Acceptance of New SRM 2806 created by an ad hoc ISO committee composed of
Chinese, French, German, and U.S. representatives that included NIST (Appendix). The on-line data
presented to NIST were the raw, unfiltered cumulative number of particles > specified diameter found in 50
mL of hydraulic fluid suspension for 16 particle diameters. The mean cumulative particle concentration
values were consequently large.

The five-step statistical methodology is as follows:

5.1 Distributional Check: Histograms (Early 2806b)
Diam. 4 pm Diam. 5 pm Diam. & pm Diam. T pm
Mean = 345123.5 Mean = 205200.6 Mean = 122271.2 Mean = T6332.5
I3 £ E ]
3] 4 4] 1
1 3 3 2]
1 17 17 1
1 T T T u- T T T u- T T T I] T T T
J20000 345000 3TO000 130000 205000 220000 110000 120000 130000 72000 TESDD 1000
Diam. 8 pm Diam. 10 wmn Diam. 12 wm Diam. 14 wmn
Mean = 510833 Mean = 24915.9 Mean = 14360 8 Mean = 9140.9
6] : 5 :
i M | M : M AJIIJLI;
37 E ]
21 3 F
17 E 17
47000 S000 55000 22000 25000 28000 12000 14500 17000 T000 2000 11000
Diam. 15 pmn Diam. 17 pmn Diam. 20 Diam. 25
Mean = 7275.2 Mean = 49883 Mean = 2984 2 Mean = 13393
7] E: 7]
g: i §:
] 31 ]
E 2 E
it 4 it
L . . i . . 0 . . i : .
S000 7000 000 3000 so00 o0 2001 3000 4000 *] 1000 2000
Diam. 30 pmn Diam. 35 wmn Diam. 40 wmn Diam. 70
Mean = 6B3.9 Mean = 367.6 Mean = 217.4 Mean = 23.4
g 5] 5] g ]
41 41 ] ]
37 3] 4: 3
1] 1] 1 3
() . . () : i 01 . i i, : i
300 700 1100 100 400 ToQ F] 200 AD0 =30 25 ao

# Particles > Diam.

Fig. 5. Results for SRM 2806b early on-line data step 1: distributional check: histogram. Axis labels for all plots are the same as those
given on the lower-left plot.
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There are 16 plots in Fig. 5, one for each particle diameter. Each plot contains 39 individual readings
taken at sequential times during the 2 h material production process. The vertical axis is the histogram
frequency/counts; the horizontal axis is the particle counter response, which is the cumulative number of
particles > specified diameter. The mean value is given in the upper left of each plot. The ideal shape would
be a normal distribution in a symmetric bell-shaped histogram.

Conclusion 1: The mean values decline (as they must) for increasing diameter. The first few (smaller)
diameters show some skewness, which may be consistent with the underlying Poisson nature of particle
count data. No outliers in the particle count data are evident.

5.2 Distributional Check: Normal Probability Plots (Early 2806b)
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Fig. 6. Results for SRM 2806b early on-line data step 2: distributional check: normal probability plots. Axis labels for all plots are the
same as those given on the lower-left plot.

In Fig. 6, the same data are further analyzed for normality. The same number of plots are produced that
correspond to the histogram plots in Fig. 5. The vertical axis is the sorted response (cumulative number of
particles > specified particle diameter), and the horizontal axis contains the theoretical ordered values for a
normal N(0,1) distribution. Linearity implies normality; data closer to the line indicate more normal data.

If the vertical axis response data (the cumulative number of particles > the diameter) happen to be
normal, then this plot will be a plot of two sorted normal sequences and hence will be linear. The normal
probability plot correlation coefficient (PPCC) appearing above each plot formalizes that linearity (and
hence normality) via a test statistic. A perfect (= linear) normal probability plot will have a normal PPCC
value of 1.000. Near-perfect (= near-linear) normal probability plots will have a normal PPCC close to
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1.000. Poor (= non-linear) normal probability plots will have a normal PPCC much smaller than 1.000.

Note that for n = 39 points, the 5

% significance cutoff value for the normal PPCC statistic is 0.970 [7].

PPCC values in the interval (0.970, 1.000) will indicate normality, while PPCC values < 0.970 will be
statistically significantly non-normal.
Conclusion 2: The plots are generally linear (normal), with the exception of the first few (smaller)
diameters, which exhibit some minor curvature. The three diameters closest (but not statistically
significant) to the 0.970 cutoff value are diameter 4 (PPCC = 0.983), diameter 5 (PPCC = 0.978), and
diameter 6 (PPCC = 0.986). In terms of outliers, no outliers were evident.

5.3 Homogeneity and Stability Plots (Early 2806b)
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Fig. 7. Results for SRM 2806b early on-line data step 3: homogeneity and stability plots. Axis labels for all plots are the same as those
given on the lower-left plot. The horizontal axis represents the 39 measurements which are distributed over the approximate 2 h
sampling time.

Step 3 utilized the same 39 data sequential points collected during material production (Fig. 7) with the
vertical axis showing the cumulative number of particles > diameter and the horizontal axis showing the
coded ordered number (1 to 39) over the material production time; hence, small values were collected early
in the on-line measurement process, and larger values were measured later in the process. The mean is
shown in upper left and corresponds to the center line in the plot, with the outer lines positioned at
approximately the 95 % data coverage (assuming normality). In the legend, “Autocorr” is the
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autocorrelation coefficient test, a statistic that evaluates any hidden systematic variations or trends. The
autocorrelation ranges from —100 % to 100 %. If random (the ideal), Autocorr will be near 0.

These statistically augmented scatter plots are excellent diagnostic tools for detecting lack of
randomness, drift, and inhomogeneity in the production line data. They represent one of the most
significant diagnostic tools in the five-step analysis process.

Conclusion 3: These plots are effectively a set of time-series plots from the beginning to end of
production. It is clear why this on-line data set was defective. For each and all 16 diameters, the data have a
(severe and significant) negative slope. The production process is in fact yielding material in which the
particle count data are drifting down over time. Also, visually for any given diameter, the mean of the data
for the second half is not equal to (and is less than) the mean of the data for the first half. This plot thus
indicates that the manufacturing process is not (yet) in statistical control with respect to homogeneity (first
half versus second half equivalence) nor with respect to stability (no drifting).

Four statistics are given in the upper-left legend:

(1) the mean particle concentration,

(2) twice the standard deviation (SD) of the data (approximate 95 % variation limits),
(3) relative variation limits [2xSD(data)/Mean(data) as a percentage], and

(4) the autocorrelation coefficient, Corr (Y (7),Y(i+1)) [-100 %,+100 %].

For a process in statistical control, the autocorrelation will be near zero. For this process (and for all of
the diameters), this process has excessively large autocorrelations, which indicate that the 39 data points are
NOT behaving like 39 random drawings from some fixed material particle size population — in effect there
appear to be fewer than 39 independent “snapshots” of the process.

The serious practical effect of this condition is that the usual uncertainty formula for the standard
deviation in the mean (the standard error):

SD(mean) = SD(data)/sqrt(n) (1)

is no longer valid because we do not have the full contingent » = 39 independent drawings from a
population; in fact, the data shows a clear sequence (drift). Hence, the computed SD(mean) (which is
needed for the uncertainty statement for the reference value on the final SRM certificate) would in fact be
optimistically smaller than the true SD(mean) that should be computed. This process does in fact have
some smaller number of independent observations than » = 39, and hence the true SD(mean) is larger, as
computed as

SD(mean) = SD(data)/sqrt(n*) 2)

where n* is some unknown value < 39.

The dominant conclusion from these plots in step 3 is that the process is drifting from the beginning to
the end of the material manufacturing process. Note that an inflated autocorrelation coefficient is quite
typical for a process with significant drift. This step 3 analysis thus identified this early stage material
manufacturing process output as defective, and because the process is not in complete statistical control, as
indicated by the significant downward trend in particle concentration over time, the material was deemed
unacceptable as a reference material.
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5.4 Homogeneity and Stability Statistics (Early 2806b)
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Fig. 8. Results for SRM 2806b early on-line data: Step 4: Homogeneity and Stability statistics.

Step 4 in Fig. 8 quantitatively summarizes the graphical information presented in the plots of step 3.
Each cell corresponds to a particle diameter with the same 39 members. There are 10 statistics within each
cell representing a collection of location, variation, slope, and homogeneity statistics. The most important
statistics are the last three, which show the results of a slope (stability) test and a first-half versus second-
half ANOVA (homogeneity) test and its significance. If the material passes the statistical test, the result is
colored as green; the result is red if it fails.

Conclusion 4: For all 16 diameters, the final three lines show that the slope is red (= statistically
significant), which indicates the process is drifting (high-to-low) over the 2 h duration of the material
production process. Further, in 15 out of the 16 diameters, the red ANOVA ("t-Halves") also indicates that
the process is not homogeneous when considering the first half of the data versus the second half. Step 4
thus formally tested/affirmed what step 3 graphically implied, namely, that the manufacturing process is
not in statistical control with respect to homogeneity (second half versus first half) nor with respect to
stability (no drift). Clearly for this early-stage production run, there was a material production mixing issue
that would be corrected in later stages.

Details: For a given diameter (Fig. 8), the 10 statistics presented within each cell are as follows:

1. the mean cumulative particle concentration (Mean) [particles/mL],

2.

limits] [particles/mL],

14

twice the standard deviation of the data [2xSD(data), approximate 95 % data variation

relative variation limits [2xSD(data)/Mean(data)] as a percentage [%],
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the autocorrelation coefficient (Autocorr), Corr (Y(i),Y (i+1)) [-100 %,+100 %],
the slope (Slope) [particles/volume/time],
the z-value for the (tslope = slope/SD(slope),
the 95 % cutoff value (for n = 39 observations) for the #-value for the slope,
a statement as to whether the slope is significant,
the cumulative distribution value for ANOVA statistic (t-Halves CDF, significant if > 95
%), and
10. a statement as to whether the ANOVA statistic (t-Halves) is significant.

Again, the dominant conclusion from the presented statistics of this step 4 is that the material
manufacturing process is drifting down from beginning to end. Bottles produced in the second half of the
process have (on average) fewer numbers of particles > a given diameter than bottles produced earlier in
the process.

Steps 3 and 4 thus identified and concluded that this early-stage material production process is not in
statistical control and is drifting, and that the output from this early-stage production process is not yet
ready to be acceptable as a candidate reference material.

A

5.5 Homogeneity and Stability Summary Graphics (Early 2806b)
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Fig. 9. Results from SRM 2806b early on-line data for 2806b step 5: homogeneity and stability summary graphics. This graphic is a
summary of the step 4 information.

15 https://doi.org/10.6028/jres.126.044


https://doi.org/10.6028/jres.126.044

Volume 126, Article No. 126044 (2021) https://doi.org/10.6028/jres.126.044
Journal of Research of the National Institute of Standards and Technology

Step 5 summarizes the results for the early on-line 2806b material with nine plots (Fig. 9), one for each
of the nine computed statistics in step 4. All 16 diameters are plotted with vertical axis having the
computed statistic and the horizontal axis showing the diameter.

The dotted red vertical bar in the plots is at diameter = 30 um because the scope of our conclusions for
SRM 2806 is in the diameter range (4 to 30) um. Values beyond 30 pum are not certified.

Conclusion 5: Of lesser interest (from plots 1 to 7), it is seen that larger diameters have smaller means,
smaller 2xSD(Data), and larger relative 2xSD(Data), larger relative ranges [100x(max—min)/mean], and
smaller slopes. Plot 6 has most of its points off scale to the high side showing that nearly all
autocorrelations are too large and statistically significant. Plot 7 has most of its points off the plot to the
low side showing that all slopes are negative. Of major interest (from the last two plots), plot 8 indicates
that (for all 16 diameters) the computed slopes are statistically significantly negative (red), and so the
process is not stable; plot 9 indicates that (for 15 out of 16 diameters) the computed ANOVA F’ statistics
are statistically significant (red), and so the process is not homogeneous.

From a quality metric point of view, all the values found outside (red) the allowable bands in plots 8
and 9 may be summed up to yield a quality score, where large is poor, and zero is perfect. The quality score
for this early-stage data is 16 (from plot 8) + 15 (from plot 9) + 6 from other frames, thus yielding a total
score of 37. This large value is poor and indicates a drifting, inhomogeneous process not in statistical
control.

This early-stage candidate material had a trend in the cumulative particle concentration as a function of
time when the bottle of test material was produced during the approximate 2 h fill process. The particle
concentration decreased with production time. The trend is illustrated and clearly visible in step 3 and
reaffirmed in step 4. It is possible that bias was due to the mixing process, as evidenced by the on-line
optical particle data, which indicated there was a systematic change in concentration during the 2 h bottle-
filling process. The falling slope and the statistical disagreement between the first half and last half of the
production cycle made this potential candidate material unacceptable. As a result, the manufacturer
continued to iteratively modify and improve their production process over the next few months, with the
objective to produce a superior product.

6. Study 2: Accepting a Later SRM 2806b On-line Precandidate Material

As a result of the early-stage five-step analysis results, repeated adjustments were made by the
manufacturer to optimize the process, and in sifu on-line quality monitoring via execution of the five-step
process provided immediate evaluation of the effectiveness of the process iterations. This rapid on-site/on-
line feedback was essential in yielding an optimized candidate reference material in a relative short amount
of time (a few months).

This second case study presents results of the five-step analysis as applied to a later stage (about
iteration 10) of the material-improvement process. The first case study had » = 39 measurements under
analysis. The number of measurements for this second case study is larger: n = 68. The measurement
identifiers (IDs) (1 to 68) reflect their (coded) time order in the larger production process.

The following plots will show that this later-stage material is far superior to the original "blend" and
was much closer to being an acceptable candidate reference material. The same five steps were applied:

(1) distributional check: histograms,

(2) distributional check: normal probability plots,
(3) homogeneity and stability plots,

(4) homogeneity and stability statistics, and

(5) homogeneity and stability summary graphics.
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Fig. 10. Results of SRM 2806b later on-line data step 1: distributional check: histogram. Axis labels for all plots are the same as those
given on the lower-left plot.

Figure 10 presents the 16 diameters and 68 data points taken from an on-line sample of prospective
SRM 2806b. The histogram counts are shown on the vertical axis, and the 68 optical particle counter
responses (the cumulative number of particles per milliliter > the given diameter) are shown on the
horizontal axis. The 16 histograms are shown, though only 14 were used (since only diameters < 30 um are
needed for the SRM).

Conclusion 1: The histograms are generally symmetric, and no skewness appears (as was the case with
the case 1 smaller diameters). For most diameters, no outliers appear; for the two largest diameters (35 and
40) um, a few high-side possible outliers exist. By default, this would generally warrant a follow-up

Grubbs test for normal outliers (though diameters 35 um and 40 um are not determined for the SRM).
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6.2 Distributional Check: Normal Probability Plots (Later 2806b)
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Fig. 11. Results of SRM 2806b later on-line data step 2: distributional check: normal probability plots. Axis labels for all plots are the
same as those given on the lower-left plot.

In step 2, a distributional check of normal probability via probability plots (Fig. 11) would ideally
show a set of lines for normally distributed data. The vertical axis is the cumulative number of particles per
milliliter > specified diameter. The horizontal axis is the 68 sorted theoretical values from a normal N(0,1)
distribution.

Note that for n = 68 points, the 5 % significance cutoff value for the normal PPCC statistic is 0.982.
PPCC