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The National Institute of Standards and Technology (NIST) certifies a suite of Standard Reference
Materials (SRMs) to address specific aspects of the performance of X-ray powder diffraction instru-
ments. This report describes SRM 1976b, the third generation of this powder diffraction SRM. SRM
1976b consists of a sintered alumina disc, approximately 25.6 mm in diameter by 2.2 mm in thick-
ness, intended for use in the calibration of X-ray powder diffraction equipment with respect to line
position and intensity as a function of 2θ-angle. The sintered form of the SRM eliminates the effect
of sample loading procedures on intensity measurements. Certified data include the lattice parameters
and relative peak intensity values from 13 lines in the 2θ region between 20° and 145° using CuKα
radiation. A NIST-built diffractometer, incorporating many advanced and unique design features was
used to make the certification measurements. © 2015 International Centre for Diffraction Data.
[doi:10.1017/S0885715615000445]

Key words: Standard Reference Material, X-ray diffraction, certification, lattice parameter,
diffractometer

I. INTRODUCTION

The need for a line intensity standard was established by a
round robin study pursued through the International Centre for
Diffraction Data, ICDD (Jenkins, 1992). The round robin
evaluated instruments in the field with respect to diffraction in-
tensity as a function of 2θ angle, or instrument sensitivity. The
observed variations in instrument sensitivity were sufficiently
large that they would preclude continued improvement of the
ICDD database. However, with a suitable National Institute of
Standards and Technology (NIST) Standard Reference
Material (SRM) these variations could be quantified and cor-
rected through conventional, single peak data analyses meth-
ods, and thereby not limit further development of the
database. Since its original certification in 1991, this SRM
has been adopted by several instrument vendors for verifica-
tion of proof-of-performance of instruments in the field and
is now the largest selling of the NIST SRMs for powder
diffraction.

II. MATERIAL

The sintered alumina discs that make up the feedstock for
SRM 1976b were prepared for NIST with a dedicated process-
ing run by International Business Machines Corporation
(Certain commercial equipment, instruments, or materials
are identified in order to adequately specify the experimental
procedure. Such identification does not imply recommenda-
tion or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equip-
ment identified are necessarily the best available for the
purpose.). While the manufacturing process itself is

proprietary, an examination of the microstructure in conjunc-
tion with the ceramic engineering background of one the au-
thors leads to general conclusions about the manufacturing
method that was used. The alumina powder precursor material
consisted of a “tabular” alumina powder that had been cal-
cined to a high temperature, approximately 1500 °C. This cal-
cination results in a phase-pure alpha alumina powder with a
plate-like crystal morphology. The single-crystal platelets are
nominally 10 μm in diameter by 2–3 μm in thickness. The
compacts were liquid phase sintered using a 3–5% anorthite
glass matrix with hot forging being used to achieve a compact
of approximately 97% theoretical density. Owing to the press-
ing operation and the plate-like morphology of crystals, the
basal planes preferentially oriented parallel to the sample sur-
face during manufacture. This results in the SRM displaying a
moderate level of crystallographic texture, with the c-axes ori-
entated to a multiple-of-a-random-distribution of the order of
5 with respect to the surface normal. However, a unique out-
come of the hot forging operation was that the texture impart-
ed to the microstructure is axisymmetric, permitting the
mounting of the sample in any orientation about the surface
normal.

Other desirable aspects of the microstructure of SRM
1976b include the near absence of sample-induced profile
broadening. The crystallites are large enough that size broad-
ening is not observed and strain broadening is minimized by
the relaxation of the anorthite glass matrix during cooling.
As the sintered compacts cool, the viscosity of anorthite stead-
ily increases, solidifying at approximately 800 °C. This allows
for intergranular movement during cooling, at least until 800 °C,
which reduces the level of micro-strain that would other-
wise build between the grains because of the anisotropic ther-
mal expansion of alumina. However, SRM 1976b still
displays a slight but discernable level of Gaussian micro-strain
broadening. Given this, and the essential absence of crystallite
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size broadening, SRM 1976b can be used to obtain an approx-
imation of the instrument profile function (IPF). Use of SRM
1976b is not recommended; however, for quantitative micro-
structure analyses. The nominally 25.6 mm discs of SRM
1976b were stamped from a sheet during manufacturing,
this resulted in the edge of the disc surface being depressed
by approximately 10 μm relative to the center. This is not re-
garded as a significant difficulty because of the low attenua-
tion of X-rays by alumina; nonetheless, height justification
during mounting should be with respect to the center of the
disc.

III. INSTRUMENTATION AND DATA COLLECTION

Certification was performed using data from a NIST-built
diffractometer that can be converted between several optical
configurations. The goniometer assembly is exceedingly stiff
and fully encoded to provide accurate angle measurement.
The optical components were obtained from commercial dif-
fraction equipment. Two divergent beam, Bragg–Brentano
configurations were used in the certification of SRM 1976b.
Lattice parameters were measured using data from conven-
tional, slit-based incident, and receiving optics that included
a graphite monochromator located between the sample and
detector, a post-monochromator. The data for the certified rel-
ative intensities were collected with the machine equipped
with a Johansson incident beam monochromator (IBM). The
IBM simplifies the IPF such that the observed profiles can
be accurately fit using analytical profile shape functions
(PSFs). The instrument is described by Black et al. (2011)
and more recently by Cline et al. (2013); the latter reference
includes a discussion of the IBM. A most complete discussion
of the machine and the procedures used for its alignment and
qualification are discussed by Cline et al. (2015).

When the diffractometer was set up with the post-
monochromator, a 2.2 kW sealed copper tube of long fine-focus
geometry was operated at a power of 1.8 kW during certifica-
tion measurements. The nominal source size was 12 mm ×
0.04 mm. Axial divergence of the incident beam was limited
by a 2.2° Soller slit. Scattered X-rays were filtered with a graph-
ite post-sample monochromator, and counted with a scintilla-
tion detector. In the case of the Johansson IBM, a 1.6 kW
copper tube of fine-focus geometry was used and operated at
a power of 1.2 kW during certification measurements. The
nominal source size was 8 mm × 0.04 mm. In this case a 2.2°
Soller slit was used in the receiving optics to limit axial diver-
gence. Common to both configurations was the use of a variable
divergence slit which was set nominally to 0.8°. Also, a 2 mm
anti-scatter slit was placed approximately 113 mm in front of
the 0.2 mm (0.05°) receiving slit. The goniometer radius was
217.5 mm. Samples were spun at 0.5 Hz during data collection.
The diffractometer was located within a temperature-controlled
laboratory space where the nominal short-range control of tem-
perature was ±0.1°K. The instrument was controlled via
LabVIEW software and data were recorded in true x–y format
using the reading from the encoder as the recorded angle. The
source was allowed to equilibrate at operating conditions for
at least 1 h prior to recording any certification data. The perfor-
mance of the machine was qualified with the use of NIST SRM
660b Line Position and Line Shape Standard for Powder
Diffraction (SRM 660b, 2009) and SRM 676a Alumina
Powder for Quantitative Analysis by X-ray diffraction (SRM

676a, 2008) using procedures discussed by Cline et al.
(2013) and Cline et al. (2015).

Twenty units of SRM 1976b were selected in a stratified
random manner from the population of units being certified.
Diffraction data used for the determination of certified relative
intensities were collected in a single continuous scan using a 2θ
range from 20° to 160°, with a step width of 0.008° and a count
time of 4 s per step. This resulted in a total collection time of
approximately 24 h per sample. A graphical evaluation of the
intensity values from the 104 reflection of each sample indicat-
ed no systematic degradation of the tube performance over the
course of data collection. The data used for the determination of
certified lattice parameters were collected from 11 selected re-
gions; run time parameters for each region were adjusted with
regards to observed full-width at half-maximum (FWHM) and
diffraction intensity to optimize data quality per unit time. Five
of the regions contained one profile, the remainder contained
from three to six profiles and this accessed all the reflections
with a relative intensity greater than approximately 2.0% within
the 2θ range of 20°–154°. The angular widths of the scan rang-
es were 20–30 times the observed FWHM values of the profiles
and were chosen to provide at least 0.3° 2θ of apparent back-
ground straddling each peak. The step width was chosen to in-
clude at least eight data points above the FWHM. The count
time for each profile was inversely proportional to the observed
diffraction intensity to provide constant counting statistics
among the profiles. Again, the total collection time was approx-
imately 24 h per sample.

IV. DATA ANALYSIS

The measurands to be certified in SRM 1976b consist of
the lattice parameters and the 13 relative intensity values.
The certified lattice parameters were determined using the fun-
damental parameters approach (FPA) (Cheary and Coelho,
1992) within a Rietveld analysis (Rietveld, 1967, 1969). The
data for this were collected using optics that would not signifi-
cantly distort the emission spectrum of the CuKα radiation
from that expected from a naked beam. This permitted the
use of the emission spectrum as characterized by Hölzer
et al. (1997) to construct the diffraction profiles as per the
FPA, ensuring a robust SI traceability of the certified lattice pa-
rameters. The second measurand, the 13 relative intensity val-
ues, is affected by the level of texture displayed by the SRM
feedstock. However, the precise degree of texture is immateri-
al, what is critical is the uniformity in the texture levels from
sample to sample. To minimize this, the feedstock for SRM
9176b was prepared with a dedicated processing run. Any
lack of uniformity in texture would manifest itself as an in-
crease in the uncertainty associated with the certified relative
intensity values. Therefore the texture of SRM 1976b was
not rigorously characterized in the certification.

Analyzing data to determine accurate relative intensity
values can be problematic due to the complexities of the
line shape observed in laboratory equipment and difficulties
in determining the background level. Both of these difficulties
were addressed with the use of an IBM in data collection; the
profile shape is dramatically simplified and the number of con-
tributions to the background is mitigated. The method used in
data analysis was to consider several approaches and software
packages until essential agreement between them was real-
ized; lending credibility to the final result. Data for the
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certification of relative intensities were analyzed with profile
fitting using analytical PSFs, a Rietveld analysis wherein the
observed structure factors were extracted, and a
NIST-developed tail-weighted fitting (TWF) peak localization
method. Two PSFs were used with two commercial X-ray dif-
fraction data analysis packages. The first utilized the split
Pearson VII PSF as implemented within TOPAS (2009),
whereas the second used the split Voigt PSF as implemented
within HighScore Plus (HighScore). The Rietveld analyses
were done via GSAS (Larson and Von Dreele, 2003).

The NIST-developed method consists of profile fitting
using a symmetric Voigt PSF with a two-step process the first
of which involves fitting with a weighting function that biases
the fit toward the tail regions of the PSF. This approach miti-
gates the difficulty in determining accurate areas in the presence
of long, Lorentzian tails. Owing to the length of the Lorenztian
tails of the Voigt PSF, cutting off a peak shape function too
early results in a fit in which the background function is adjust-
ed to compensate for missing tails. Also, inaccuracies in the
peak shape model function relative to the actual peak shape
will distort the tails to attain a least-squares fit. These problems
are addressed by choosing a statistical weighting function in the
fit procedure, which forces strong agreement at low intensity (in
the tails) at the expense of poor agreement at the top of the peak
(where the fit is quite sensitive to the shape function). The
weighting function is essentially a constant-relative-error
weight merged into a Poisson weight and constant at low
counts. Thus, w = 1/(n0 + n + α2n2), where n is the number
of counts, n0 is a small constant (typically 5) to avoid problems,
where there might be empty channels, and α is the relative error,
typically 10% (0.1). The residual errors from such a fit can be
quite substantial in the region of high intensity, but go to zero
very quickly as one moves away from the center of a peak,
since the tails are fit very accurately. One can then compute
the analytical area of the PSF, and add it to the area computed
directly from summing the residuals, to get an accurate estimate
of the peak area.

With the execution of all methods the background was
represented by a tenth-order shifted Chebyshev polynomial.
With both of the profile fitting analyses using commercial
codes, two shape and two FWHM parameters were refined
for each split PSF. The refined parameters of the Rietveld anal-
yses included the scale factors, lattice parameters, sample shift
and transparency terms, structural parameters, and the “type
1” Lorentz-Polarization factor. Texture effects were modeled
using a sixth-order spherical harmonic. Profile shape was
modeled with a Thompson–Cox–Hastings (Thompson et al.,
1987) “type 3” function using the GU, GW, and LY terms
to represent instrumental, crystallite size, and strain broaden-
ing. The Finger (Finger et al., 1994) model was used to fit pro-
file asymmetry where one of the peak asymmetry parameters,
S/L, was refined, while the second, H/L, was fixed such that
the two terms were nearly equal. Relative intensities were ex-
tracted with the GSAS utility REFLIST, which uses the ob-
served structure factors, corrected for multiplicity and
Lorentz-polarization factor, to compute relative intensity val-
ues. The observed structure factors are determined from a
background subtracted summation of the counts in the peak re-
gion of the raw data. No PSF is used. The Rietveld analysis
served only to fit the background, determine the peak cut-off
angles, and the ratio of the intensity distributed between over-
lapping lines.

The intensity data from the four methods are listed in
Table I. Certification data are reported only from the
Rietveld analyses as these are judged most accurate because
a profile shape model is not used. Figure 1 illustrates the dis-
crepancies between the relative intensity values determined
from the use of the observed structure factors via GSAS rel-
ative to the results from the profile fitting methods. With use
of the split Voigt PSF, deviations are generally <1% negative
for all but the high angle lines where it approaches a value
3% larger than the certified values. In the case of the split
Pearson VII PSF, the discrepancies are more systematically
negative with the deviations increasing with 2θ, to a maxi-
mum value at high angle of about 3% below the certified val-
ues. Nonetheless, the commonality of these data served to
validate the results. The certified relative intensities of
SRM 1976b and their expanded uncertainties, using the
k = 2 factor, are shown in Table II. Such uncertainty values
represent our degree of confidence in the reported relative in-
tensity values in the absence of systematic error (ISO, 1993;
Taylor, 1995).

The certification data for lattice parameters were analyzed
using the FPA method with a Rietveld refinement as imple-
mented in TOPAS. The analysis used the CuKα emission
spectrum, including a satellite component, as characterized
by Hölzer et al. (1997) and Maskil and Deutsch (1988).
Hölzer models the CuKα1/Kα2 doublet using four
Lorentzian profiles, two primary ones, Kα11 and Kα21, and
two secondary ones, Kα12 and Kα22 where the latter two are
of reduced intensity and only serve to account for the asymme-
try observed in the spectrum. During calibration of the instru-
ment, using the highest quality data from SRM 660b, the four
Lorentzian breadths of the Cu emission spectrum were refined
with constraints to preserve the asymmetric profile shape as
modeled by Hölzer. This analysis also accounted for the re-
duction in the FWHM values of the emission spectrum
because of the non-uniform band-pass of the graphite mono-
chromator to yield an appropriate set of breadths.

The refined parameters for the certification data included
the wavelengths and intensities of the Kα2 and satellite lines,
the scale factors, second-order Chebyshev polynomial terms
for modeling of the background, the lattice parameters,
terms indicating the position and intensity of the “tube tails”
(Bergmann et al., 2000), a Soller slit value in the “full”

TABLE I. Average relative intensity values for each data analysis method.

Reflection (hkl) Split Voigt
PSF

Split Pearson VII
PSF

GSAS NIST
TWF

(012) 23.82 23.71 23.68 23.44
(104) 100.00 100.00 100.00 100.00
(113) 37.27 37.15 37.33 36.89
(024) 20.91 20.86 21.05 20.77
(116) 87.42 87.13 87.79 87.01
(300) 12.56 12.43 12.63 12.36
(1.0.10) & (119) 70.40 70.50 71.20 69.28
(0.2.10) 13.17 13.05 13.27 12.93
(226) 8.11 8.00 8.17 8.05
(2.1.10) 16.25 16.09 16.32 16.00
(324) & (0.1.14) 25.48 24.94 25.46 24.30
(1.3.10) 14.83 14.58 14.86 14.39
(146) 12.86 12.42 12.68 12.35
(4.0.10) 11.35 10.69 11.04 11.36
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axial divergence model (Cheary and Coelho, 1998a, b) as the
axial divergence of the incident and diffracted beams was con-
strained to be identical, specimen displacement, an attenuation
term, structural parameters, a crystallite size broadening term
of a Lorentzian profile, and a micro-strain broadening term of
a Gaussian profile. Texture effects were modeled with a sixth-
order spherical harmonic.

Examination of the fit to individual profiles revealed a dis-
crepancy between the model and the observations in the low-
angle region. It is well known that low-angle profiles are more
prone to error than high-angle lines as the optical aberrations
affecting their position are more complex. Also, the lattice
parameter is more strongly affected by angular errors in the
low-angle region. The 012 line was, therefore, not used in ob-
taining the certified lattice parameters. The thermal expansion
of alumina as reported by Shvyd’ko et al. (2002) was used to
adjust the lattice parameter to 22.5 °C. A statistical analysis of
the data indicated that the means of the measurements were
a = 0.475 913 67 nm and c = 1.299 337 2 nm with a k = 2
Type A expanded uncertainty of 0.000 000 66 nm and 0.000
001 1 nm for a and c, respectively. However, a Type B uncer-
tainty because of systematic error must be incorporated into
the uncertainty bounds of the certified lattice parameter. An
examination of the uniformity in the computed lattice param-
eter as a function of 2θ leads to an assignment of a Type B

uncertainty that is roughly an order of magnitude larger than
the Type A. The certified lattice parameters and their expand-
ed uncertainties, Type A compounded with Type B, are shown
in Table III. Peak positions were computed from the certified
lattice parameters and are shown in Table IV as ancillary data.

Diffraction intensity data were recorded with the diffrac-
tometer equipped with an IBM. The use of SRM 1976b for
the calibration of X-ray diffraction equipment of differing op-
tical configurations will require that a bias be applied to the
certified intensity values. This bias is needed to account for
differences in the polarization effects from the presence, ab-
sence, and character of crystal monochromators. The polariza-
tion factor for a diffractometer that is not equipped with a
monochromator is, from Guinier (1994):

1+ cos22u
2

. (1)

The polarization factor for a diffractometer equipped with
only an IBM is, from Azaroff (1955):

1+ cos22um cos22u
1+ cos22um

, (2)

where 2θm is the 2θ angle of diffraction from the monochro-
mator crystal. The polarization factor for a diffractometer
equipped with only a diffracted beam, post-monochromator
is, from Yao and Jinno (1982):

1+ cos22um cos22u
2

, (3)

where, again, 2θm is the 2θ angle of the monochromator crys-
tal. Eqs. (2) and (3) are considered appropriate when the
monochromator crystal is of an “ideal mosaic” structure, i.e.
the diffracting domains are uniformly small and, therefore,

Figure 1. (Color online) Deviations in relative intensity
values obtained from profile fitting compared with those
obtained from the observed structures factors via GSAS.

TABLE II. Certified relative intensity data from SRM 1976b.

Reflection (hkl) Relative intensity Expanded uncertainty (k = 2)

(012) 23.68 ±0.21
(104) 100 –

(113) 37.33 ±0.25
(024) 21.05 ±0.20
(116) 87.79 ±0.49
(300) 12.63 ±0.20
(1.0.10) & (119) 71.2 ±0.63
(0.2.10) 13.27 ±0.12
(226) 8.17 ±0.07
(2.1.10) 16.32 ±0.13
(324) & (0.1.14) 25.46 ±0.28
(1.3.10) 14.86 ±0.12
(146) 12.68 ±0.08
(4.0.10) 11.04 ±0.14

TABLE III. Certified lattice parameters of SRM 1976b.

Lattice parameter (nm) Expanded uncertainty (k = 2)

a 0.475 913 7 ±0.000 008 0
c 1.299 337 ±0.000 015
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the crystal is diffracting in the kinematic limit. This is in con-
trast to a “perfect” crystal, which would diffract in accordance
with dynamical scattering theory. Note that Eqs. (2) and (3)
both have the cos22θm multiplier operating on the cos22θ
term. Since this multiplier is less than unity, machines
equipped with a monochromator exhibit a weaker angular
dependence.

The simplified IPF of the NIST instrument as configured
with an IBM and scintillation detector is advantageous for the
accurate fitting of the profiles and, therefore, intensity mea-
surement. The validity of the “ideal mosaic” assumption em-
bodied in Eq. (2) was evaluated using this diffractometer and

the validity of Eq. (3) was evaluated with the machine config-
ured with the post-monochromator. The IBM used a Ge crys-
tal (111) reflection and 2θm was set to 27.3°. The post-sample
monochromator used a pyrolytic graphite crystal (0002) basal
plane reflection and 2θm was set to 26.6°. Rietveld analyses of
data from SRMs 660b, 1976b, and 676a, which included a re-
finement of the polarization factor, modeled as per Eqs. (2)
and (3) in TOPAS, yielded fits of high quality, indicating
that these models were appropriate for these crystals and con-
figurations. Eqs. (1)–(3) were used to bias the certified values
to correspond to those of alternative configurations. These val-
ues are included in Table V as ancillary data. The user may se-
lect the set of relative intensity values from Table V that are
appropriate for the configuration of the instrument to be qual-
ified and proceed accordingly. Use of SRM 1976b for addi-
tional configurations may require computation of biases
alternative to those presented herein.

V. CONCLUSION

A NIST-built divergent beam diffractometer, incorporat-
ing many advanced design features, has been used to certify
the lattice parameters and relative peak intensities of alumina
for SRM 1976b. The alumina powder was specifically pre-
pared to minimize the effects of strain broadening. It was com-
pacted into discs with axisymmetric texture to eliminate
variations because of sample mounting procedures. Both
Type A, statistical, and Type B, systematic, errors have been
assigned to yield certified values for the lattice parameters
of a = 0.475 913 ± 0.000 008 0 nm and c = 1.299 337 ± 0.000
015 nm. The intensity of diffraction peaks with an intensity
> 8% of that of the (104) peak have been certified. The instru-
ment was configured with an IBM for these measurements.
Biased intensity data appropriate for different optical configu-
rations is provided as ancillary data.
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