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A method for the generation of hot dip galvanized sheet steel Certified Reference Materials (CRMs)
certified for coating mass is described. The method produces high quality coating mass CRMs with
combined estimated uncertainties (95% confidence) of about 3% relative standard deviation (rsd). Ini-
tially, coating mass x-ray fluorescence (XRF) data are collected on multiple test specimens and used to sort
the test specimens by observed coating mass. Several specimens near the mean of the sorted data are
retained and the remaining specimens are analyzed for coating mass by a National Institute for Standards
and Testing (NIST) traceable weigh-strip-weigh analytical method. The weigh-strip-weigh data are cor-
related to the initial XRF data using statistical techniques. The retained specimens’ coating masses are
calculated using this relationship and are used as the certified coating masses for the retained specimens.
This correlation method is a more accurate and efficient technique relative to the traditional “perimeter”
certification methods. The present method does not suffer from an increased estimated uncertainty due to
the inherent hot dip Zn coating variability. Also, this method provides a simple means to generate NIST
traceable high quality CRMs that can be tailored to meet individual users’ requirements.
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1. Introduction

The hot dip galvanized steel sheet (HDG) market is a mul-
tibillion-dollar industry. Zinc coated sheet produced by the hot
dip process is used by the automotive industry, residential and
commercial construction, and a myriad of additional applica-
tions. To ensure that coating mass control is appropriate to
meet customer demands, high-quality, traceable coating mass
Certified Reference Materials (CRMs) are needed. Currently,
these types of CRMs are not commercially available from ei-
ther the public or private sectors for coating mass calibration
and/or verification of the online x-ray fluorescence (XRF)
spectrometers commonly used by the HDG community.

The ASTM A754-96 Standard Test Method[1] recommends
that CRMs be generated by each individual production facility
for use in that facility. It is necessary to calibrate the gauges
used with high quality, traceable CRMs if their results are to be
effectively used in calibrating quality assurance and on-line
process control instruments. Zinc over-coating or under-
coating is a significant quality and financial concern for HDG
steel sheet producers and users. For example, at a business unit
that produces 500 000 tons of 60 in. wide HDG material per
year, the cost of just a 5 g/m2 over-coating equals over
$550,000 USD based on the Zn price of $800 per ton. The cost
of under-coating is even higher, with repetitive customer

claims and eventual customer loss. The HDG community also
needs high quality traceable CRMs as they become compliant
with national and/or international quality system standards,
such as ISO Guide 9001:2000, ISO/IEC 17025, QS9000, and
the new ISO/TC 16949:2002.[2-5] The certification protocol
described here offers a reliable means to generate National
Institute for Standards and Testing (NIST) traceable high qual-
ity CRMs for the HDG market. The presented protocol avoids
many of the pitfalls associated with the traditional “perimeter”
protocols prevalent in the current literature.

Traditional “perimeter” protocols for the generation of Zn
coated sheet CRMs[1,6] entail taking a series of samples around
the periphery of a central sample that will be assigned a cer-
tified value based on the average of the periphery sample re-
sults. The periphery samples are analyzed by a weigh-strip-
weigh technique, such as Ref. 7. This requires that a very
uniform coated sheet of candidate material at the desired coat-
ing mass be identified and used. Current literature[1,6] requires
that the surrounding samples’ average agree to within 3% of
each other to assume the central sample is equivalent. This
process requires that material be tested and discarded until a
sample set with acceptable variation is obtained. This method
is inherently unpredictable and potentially time consuming and
labor intensive.

Typical coating mass variation across a HDG sheet is shown
in Table 1 and was collected using XRF spectrometry on a
full-width (edged) sheet. As shown in Table 1 the coating mass
variation is very significant, varying from 83.8-126.5 g/m2 in a
sheet 51.75 in. wide × 18 in. long. Using the data from Table
1 that meets the literature acceptance criteria of 3% agreement
of surrounding coupons, theoretical certified values based on
the average of surrounding coupons and the associated standard
deviations are presented in Table 2. An estimated uncertainty
(95% confidence) was also calculated based on 2 times the
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standard deviation of the surrounding coupons. Surrounding
coupons are defined as those above and below parallel to the
rolling direction and those immediately beside the coupon in
perpendicular to the rolling direction. Figure 1 shows the lo-
cation of the ASTM periphery samples and the XRF spectrom-
eter spot size/location for a 5.5 in. square sample. Table 2
clearly shows that the estimated uncertainty in the certified
value can be high, approaching 6% in some cases.

Of the 126 potential CRM combinations (Table 1), only 17
(13%) meet the literature requirements for allowable variation
of 3% in the surrounding coupons. The number of acceptable
combinations decreases as the size of the coupons to be certi-
fied increases because the distance between the surrounding
coupons increases. Such variability can make the perimeter

method costly and time consuming or potentially less accurate
than required. In addition, the coating mass of the central
sample cannot be verified using the weigh-strip-weigh
technique because it is a destructive method. Literature[1,6]

also allows for XRF to be used in identifying a uniform area,
although this can also be time consuming because multiple
locations may need to be tested as indicated by the data in
Table 1.

The certification protocol presented here offers a simple
means to generate NIST traceable Zn coated sheet CRMs in
compliance with international standards for reference material
production and certification, such as the ISO Guide 34:2000
and ISO Guide 35:1989[8,9] while eliminating the problems
associated with non-uniform coatings. It also offers a confir-

Table 1 XRF Spectrometry Data on a Full Width Sheet Cut Into 2.25� Square Coupons Showing Typical Coating Mass
Variation

Sample # Location 1 Location 2 Location 3 Location 4 Location 5 Location 6 Location 7 Location 8

1 96.21 100.56 100.65 104.61 100.61 103.52 107.86 109.92
2 104.02 110.43 108.58 113.31 111.56 111.88 111.59 114.40
3 112.95 121.19 121.22 126.51 122.67 123.19 120.63 120.60
4 113.24 118.67 116.93 120.55 116.03 114.58 114.17 111.00
5 107.51 111.34 108.09 110.85 108.38 107.42 108.32 107.24
6 91.75 95.91 95.90 99.19 95.56 95.76 97.78 97.21
7 89.34 89.83 88.94 89.17 87.80 88.83 89.72 91.93
8 89.96 86.71 86.46 86.28 83.81 85.89 86.45 90.11
Sample # Location 9 Location 10 Location 11 Location 12 Location 13 Location 14 Location 15 Location 16
1 113.50 117.90 120.62 122.71 124.48 119.19 113.20 108.28
2 114.53 117.42 117.19 118.57 118.23 111.18 102.71 98.67
3 119.39 119.95 117.15 118.92 115.46 110.57 102.04 97.42
4 108.92 109.89 109.36 116.14 117.52 116.35 113.75 109.66
5 103.99 106.63 104.35 109.12 111.36 114.29 113.72 112.91
6 94.64 95.11 96.37 98.95 100.64 100.68 99.85 100.22
7 92.27 92.59 92.50 95.27 96.62 96.03 95.21 94.98
8 91.87 95.55 96.04 97.96 96.30 94.76 93.56 95.84
Sample # Location 17 Location 18 Location 19 Location 20 Location 21 Location 22 Location 23
1 102.60 99.87 97.40 96.44 97.58 95.49 96.48
2 94.60 93.21 91.95 91.46 91.43 91.16 91.78
3 95.79 95.01 94.60 97.26 97.01 95.31 92.02
4 105.06 103.38 101.01 100.31 101.11 99.18 96.69
5 110.58 108.31 108.15 107.75 106.87 104.00 101.39
6 102.05 101.39 100.34 100.07 98.83 95.71 94.51
7 94.03 93.09 90.09 88.68 88.52 88.27 88.02
8 95.34 95.62 93.47 92.07 90.87 88.55 88.71

Note: Each “location” refers to 2.25 in. perpendicular to the rolling and each “sample” refers to 2.25 in. parallel to the rolling direction.

Table 2 Theoretical Calculation of Certified Coating Mass Using Perimeter Method

XRF Measured
Coating Mass,
g/m2

Calculated Coating Mass
From Surrounding

Coupons, g/m2

Standard Deviation of
Surrounding Coupons,

g/m2 (% relative)(a)

Estimated Uncertainty at
95% Confidence, g/m2

(% relative) (b)

114.5 116.2 2.7 (2.3%) 5.4 (4.6%)
117.2 118.4 1.6 (1.3%) 3.2 (2.6%)
118.9 116.8 1.4 (1.2%) 2.8 (2.4%)
116.4 114.0 2.8 (2.5%) 5.6 (5.0%)

92.5 95.1 1.7 (1.8%) 3.4 (3.6%)
95.3 96.5 2.8 (2.9%) 5.6 (5.8%)
94.9 96.3 2.7 (2.8%) 5.4 (5.6%)

(a) This value is directly comparable to the ASTM A754/A 754M-96 Standard Test Method acceptance criteria.
(b) This value is directly comparable to the estimated uncertainty reported for the materials certified by protocol.
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mation of the certified coating mass via the initial XRF spec-
trometry results. The protocol consists of collecting XRF spec-
trometry coating mass data on multiple test samples and using
the data to sort the test samples by the observed coating mass.
Several samples near the mean of the sorted data are retained
and the remaining samples are analyzed for coating mass by a
NIST traceable weigh-strip-weigh analytical method. The
weigh-strip-weigh data is correlated to the initial XRF data by
a least squares linear regression technique. The retained
samples’ coating masses are calculated using this relationship
and are used as the certified coating masses for the retained
samples. The regression analysis also yields prediction inter-
vals for the calculated values that are used as the combined
estimated uncertainties for the CRMs.

2. Experimental

2.1 Preliminary Sample Preparation

An appropriate length of HDG coated sheet at the desired
coating mass was obtained. The length of coated sheet needed
depends on the number and size of test pieces desired. For this
certification work, 5.5 in. square samples were needed to fit
into the XRF spectrometer and about 10-15 ft by production
width of material was obtained. As described in ASTM A754-
96,[1] the edges of the candidate material were trimmed to
remove the outer 2-3 in. of material parallel to the rolling
direction and cut into 18 samples for further testing.

Traceability was maintained during cutting by labeling each
sample individually with a permanent identification that would
allow the original configuration of the coated sheet to be re-
created, as required. The samples were free from obvious de-
fects or physical damage, such as scratches, dents, entrapped
dross, and coating “sag.” All samples were flattened, deburred,
and cleaned with acetone to remove any rolling oils, dirt, or
fingerprints. A separate piece of material near the test sample
area was also removed and analyzed by weigh-strip-weigh to
confirm that the material was close to the desired target coating
mass. If the weigh-strip-weigh data showed that the material
was not near the desired target coating mass, new material was
obtained.

2.2 Data Collection by XRF Spectrometry

The XRF spectrometer used in this work was a Thermo
Radiometrie Model 800 Zn/Fe Laboratory Coating Weight
Gauge (Thermo Radiometrie, Gaithersburg, MD) and was set
up to use a 30-s data acquisition time. All samples associated
with the product of a single coating mass CRM are tested in a
single continuous test session. Each sample is measured by
XRF spectrometry three times and the run order is randomized
using a random number generator for each set of materials.
Three readings are averaged and used as a single XRF mea-
surement result. The stability of the XRF spectrometer is veri-
fied by randomly selecting a quality assurance sample from the

Fig. 1 Diagram showing typical periphery sampling required by ASTM A754, XRF spot size/location, and weigh-strip-weigh sample area
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set for repetitive measurements throughout the test session. The
repeat period for the quality assurance sample is every third or
fourth sample. The quality assurance data was checked for
normality, instrument drift and out of control conditions and
instrument drift was found to be insignificant for all measure-
ment sessions.

Samples were tested using a single orientation between the
XRF spectrometer and the rolling direction of the HDG sheet
samples. The CRMs associated samples were fabricated to as-
sure proper, consistent positioning in the XRF spectrometer.
Also, the location and size of the XRF focal spot must be
known. This dictates the location that the weigh-strip-weigh
samples are taken from after collecting the data on the XRF
spectrometer. If the XRF spectrometer focal spot location and
size are not known, the weigh-strip-weigh data will not corre-
late as well with the XRF data and will lead to higher estimated
uncertainties for the CRMs being produced.

Table 1 shows data collected by XRF spectrometry on a full
width sheet cut into 2.25 in. square coupons. The data in Table
1 clearly show that moving even 2.25 in. perpendicular or
parallel to the rolling direction can yield very different coating
masses, which can lead to erroneous use of the CRMs if the
same spot that is tested is not used in the calibration and/or
verification of the XRF spectrometer. Accordingly, only the
location of the XRF spectrometer focal spot is certified in the
final product. When multiple XRF spectrometers are to use the
CRMs being produced, all the focal spot sizes must be approxi-
mately the same and must hit the sample at approximately the
same location. The Thermo Radiometrie Model 800 Zn/Fe
Laboratory Coating Weight Gauge and the Radiometry top/
bottom online gauges all had a spot size of approximately 2 in.
in diameter and were aimed to hit the 5.5 in. square CRM in the
center. This was confirmed photographically before data col-
lection and again before using the CRMs to generate a calibra-
tion curve.

2.3 Weigh-Strip-Weigh Sample Preparation and Data
Collection

After XRF spectrometry data collection, the observed coat-
ing mass data were sorted and graphed to determine which
samples were best suited for certification. Figure 2 gives an
example of the sorted data for a 130 g/m2 aim coating mass.
The 5.5 in. square samples are numbered corresponding to the
location from the candidate material with 6 samples being
taken perpendicular to the rolling direction (130-1 through 130-
6) and 3 sets (of the six samples) being taken parallel to the
rolling direction for a total of 18 samples. The spread of the
observed XRF spectrometry coating mass data is over 11 g/m2.
Clearly attempting to use the “perimeter” protocol with this data
would induce higher errors in the certified coating mass than is
obtained with the presented protocol. Based on Fig. 2, samples
130-11 and 130-18 were retained and the center of the other
samples was removed either by shearing or punching ensuring
that the sample identification was not lost during processing.
The accuracy of the observed coating mass measurement is not
important, although it is critical that the instrument is stable
and capable of a precise measurement to determine the relative
differences between the samples.

The two samples with coating mass near the population
mean were retained as CRMs and the rest of the sample set was
destructively tested by the weigh-strip-weigh ASTM Standard
Test Method A90/A90M-01 for Weight (Mass) of Coating on
Iron and Steel Articles with Zinc or Zinc-Alloy Coatings.[7]

NIST traceability of the weigh-strip-weigh of this data was
maintained by using calipers that are verified monthly using a
NIST traceable 50 mm Gage block. In addition, the analytical
balances are calibrated with 10 mg, 100 mg, 1 g, 20 g, and 100
g NIST traceable weights annually and verifying them daily
with 20 g and 100 g NIST traceable weights. The NIST trace-
able weigh-strip-weigh data is correlated via least squares lin-

Fig. 2 XRF data sorted for a 130 g/m2 aim composition
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ear regression analysis to the original XRF spectrometry data.
This linear relationship is then used to calculate the coating
mass of the retained samples.

3. Results and Discussion

3.1 Regression Analysis

Linear regression analysis of initial XRF spectrometry data
and the NIST traceable weigh-strip-weigh data are used to
develop a relationship between these data. Minitab (version
13.3) was used in this work. Any unusual observations reported
by Minitab were removed from the original data set and the
regression was repeated. This was done only once based on the
initial set of data. Unusual observations are defined as data
with large residual values or those exhibiting a large influence
on the regression equation. Typically, no data had to be re-
moved, although in certain data sets a maximum of two data
points were removed. Figure 3 shows a graph of the weigh-
strip-weigh (g/m2) data versus the XRF spectrometry (g/m2)
data for the 130 g/m2 example and is typical of the relationship
obtained.

Minitab is used to calculate the coating masses of the re-
tained CRM samples and also calculate a prediction interval for
the coating mass. Residuals were checked for normality on an
Individuals and Moving Range (IMR) chart. This allows the
tracking of both the process level and process variation at the
same time, as well as detecting the presence of special causes.
All residuals were in control on the IMR chart and the residual
data was absent of any significant shapes or trends for all
CRMs generated. For the 130 g/m2 example, the calculated
coating masses were 132.5 ± 1.7 g/m2 (95% confidence) and
131.9 ± 1.7 g/m2 (95% confidence) for samples 130-11 and
130-18, respectively. The prediction interval indicates that a
95% probability that the true coating mass of the sample is

within the interval range and is equivalent to the estimated
uncertainty of the coating mass in this case.

3.2 Homogeneity Testing

Homogeneity testing of the CRMs generated is not neces-
sary with this certification protocol. Typically, homogeneity
problems are in the form of between-sample and within-sample
heterogeneity. The between-sample heterogeneity is not sig-
nificant as each specimen was certified separately. Within-
sample heterogeneity is also insignificant because the analysis
area on the XRF spectrometer and the weigh-strip-weigh
method analyze approximately the same spot (both size and
location) on the CRM. This allows the reported estimated un-
certainty to be minimized and be solely a function of the rela-
tionship developed between the XRF spectrometer and the
weigh-strip weigh data. If the spot locations or the spot sizes
are not the same, the homogeneity relating to any differences in
analysis location and/or size will need to be quantified and
incorporated into the reported estimated uncertainty.

3.3 Certificate of Analysis

A certificate of analysis was generated for each CRM pro-
duced. An example certificate of analysis for a 130 g/m2 CRM
is shown in Fig. 4. Each certificate of analysis was compliant
with ISO Guide 31:2002.[10] These certificates of analysis pro-
vide the users detailed information regarding the CRM and its
use. They also satisfy the requirements commonly looked for
by auditors during registration or accreditation audits.

3.4 Final Results

Multiple CRMs were generated with coating masses rang-
ing from 40-245 g/m2. Table 3 shows the identifications, cer-
tified coating masses, estimated uncertainties, and relative per-
centage error of the estimated uncertainties of the CRMs

Fig. 3 Example WSW versus XRF data for 130 g/m2 CRM
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generated. The increase in relative percentage error as the coat-
ing masses of the CRMs approach 250 g/m2 is because the
amount is approaching the upper limit of the XRF spectrom-

eter’s capability. The laboratory and the online XRF spectrom-
etry gauges have been successfully calibrated using these
CRMs.

Fig. 4 Certificate of analysis (continued on next page)
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Fig. 4 cont. Certificate of analysis
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3.5 Applicability to Galvannealed Materials

This certification protocol is not directly applicable to the
certification of galvannealed materials, particularly for the cer-
tification of %Fe composition. For coating mass certification in
galvannealed material, the protocol is applicable. The correla-
tion between the %Fe data generated by the XRF spectrometer
and by the weigh-strip-weigh data is inadequate to certify ref-
erence materials. This is due to the difference in how the XRF
spectrometer used in this study measures %Fe in galvannealed
coatings. For galvanized and coating mass in galvanneal, the
x-ray beam is perpendicular to the sample and penetrates to or
near to the substrate layer, which is comparable with the
weigh-strip-weigh method. For galvanneal %Fe analysis, the
x-ray beam is angled and does not penetrate to the substrate
layer. This makes the analysis highly dependent on on the top
layers of the Zn coating, namely the delta, zeta, and eta layers,
whereas the weigh-strip-weigh method strips all layers:
gamma, delta, zeta, and eta. We believe this is what causes the

poor correlation between the two methods for %Fe inducing
unacceptable errors. Currently, the traditional perimeter meth-
ods are recommended for the certification of %Fe in galvan-
nealed coated sheet.

4. Summary

This paper presented a simple protocol to generate reliable,
NIST traceable HDG CRMs using a correlation technique be-
tween XRF spectrometry and weigh-strip-weigh data. The
CRMs produced by the protocol are of high quality with esti-
mated uncertainties typically less than 2% relative error and
can be tailored to meet a business unit’s individual require-
ments. The protocol presented avoids many of the problems
associated with the traditional methods of CRM production and
is less time consuming.
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Table 3 Listing of CRMs Produced With Estimated
Uncertainties

Aim

CRM
Identification,

g/m2

Certified
Coating
Mass,
g/m2

Estimated
Uncertainty,

g/m2

Relative
Percent
Error

40 GI001 40.77 0.6 1.3
GI002 40.60 0.6 1.3

50 GI003 51.53 0.9 1.7
GI004 50.65 0.9 1.7

60 GI005 59.7 1.2 2.1
70 GI006 65.76 0.6 1.0

GI007 65.46 0.6 1.0
80 GI008 74.94 0.5 0.8

GI009 74.52 0.5 0.8
90 GI010 92.1 1.7 1.8

GI011 92.0 1.7 1.8
98 GI012 104.0 2.5 2.4

GI013 102.5 2.5 2.5
110 GI016 116.1 2.0 1.7

GI017 117.0 2.0 1.7
120 GI018 113.5 1.5 1.3
130 GI019 132.5 1.7 1.3

GI020 131.9 1.7 1.3
140 GI021 150.4 2.3 1.5
150 GI022 149.9 2.4 1.6

GI023 148.4 2.4 1.6
170 GI024 166.8 3.0 1.8

GI025 167.8 3.0 1.8
190 GI026 187.3 2.5 1.3

GI027 188.0 2.5 1.3
210 GI028 212.0 3.6 1.7

GI029 211.7 3.6 1.7
230 GI030 226.8 5.5 2.4

GI031 226.7 5.5 2.4
250 GI032 244.2 8.3 3.4

GI033 244.2 8.3 3.4
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