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In most studies related to milled powders, the grain size1 is analyzed via X-ray diffraction
(XRD) experiments, and a transmission electron microscopy (TEM) image with high
magnification, if provided, is used primarily to confirm the results obtained by XRD
experiments. This widely used approach is reasonable in light of the difficulties associated
with TEM sample preparation. The present study, however, addresses the hypothesis that
such an approach may not be valid when there is an inhomogeneous distribution of grains
present. TEM examination, carried out in carefully prepared Al-7.5 wt% Mg samples, in
which a global region is observable by TEM, provided the opportunity for quantitative
analysis of grain size in cryomilled powders having an inhomogeneous distribution of grain
sizes. The cryomilled Al-7.5 wt% Mg had a bimodal grain microstructure of 77% (area
fraction) fine grains in the range of 10 to 60 nm and 23% coarse grains of approximately
1 µm. The results show that the XRD analysis yields a grain size that is close to that present
in the fine-grained regions (i.e., 10–60 nm). The present study also systematically
investigated the influence of the nine possible combinations of the Cauchy (C) and the
Gaussian (G) approximations on the calculated grain size value, and the results show that
the CC-CC approximation resulted in the largest calculated grain size, the GG-GG generated
the smallest one, and the CG-CG, the approximation recommended by Klug and Alexander
[1], led to a calculated grain size that is approximately equal to the average one from the
CC-CC and GG-GG approximations. The maximum possible fluctuation of grain size values
stemming from the various approximations is 38%. C© 2004 Kluwer Academic Publishers

1. Introduction
X-ray diffraction (XRD) and transmission electron mi-
croscopy (TEM) are widely used to carry out quan-
titative analyses of grain size and grain size distribu-
tions of nanostructured materials (e.g., 5–100 nm). A
few excellent studies [2–5] have been carried out to
evaluate the grain size of nanocrystalline materials, on
the basis of the fundamental theories for XRD anal-
ysis of grain size. In XRD analyses, any diffraction
peak line broadening that results from crystallites with
grain sizes in excess of 100–300 nm is considered to
be negligibly small [1]. This implies that the XRD
analysis is not suited for grain size evaluation in ma-
terials having a grain size that exceeds 100 nm. In-

∗Author to whom all correspondence should be addressed.
1The phrase “grain size” indicates the average value of the grain diameter.

spection of the available literature shows that milling
processes are frequently used to synthesize nanocrys-
talline powders [6–10]. In this process, a repeated
cold welding, fracturing of powder particles occurs un-
der a highly energetic ball charge, and coarse grains
are gradually refined with increasing milling time
[11, 12]. The stochastic nature of most widely used
milling processes raises the possibility that the distri-
bution of grain sizes will not be homogenous. In other
words, a nano-structure (i.e., the grain size is less than
100 nm) may be attained in some areas, whereas other
regions will retain a coarse-grained character. Such
a mixed grain size configuration and basic informa-
tion on the stochastic nature of the milling process has
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received only limited attention. In 1999, Tellkamp et al.
[13] argued that in fact such a distribution of grain
sizes was attractive from a mechanical behavior stand-
point, because the large grains accommodate plastic-
ity (i.e., dislocation behavior), whereas the nano-grains
provide strengthening and other desirable mechanical
properties. Subsequent studies by Witkin et al. [14] and
Wang et al. [15] showed that in fact this characteristic
could be used to design materials with unique combina-
tions of strength and ductility. Accordingly, the objec-
tive of the present investigation was to provide insight
into the quantitative analysis of grain size in milled
powders where grains might be inhomogeneously
distributed.

2. Experimental procedure
Spray-atomized Al-7.5 wt% Mg powder was employed
as the starting material for cryomilling (cryogenic me-
chanical milling, in which the liquid nitrogen is intro-
duced directly into the milling chamber, is referred to as
cryomilling [11]), with a modified Union Process 1-S
attritor at a rate of 180 rpm in a stainless steel tank with
stainless steel balls maintained at 100 K, for 8 h. The
ball-to-powder weight ratio was 32:1. XRD measure-
ments were performed using Cu Kα (λ = 0.15418 nm)
radiation in a Siemens D5000 diffractometer equipped
with a graphite monochromator. A low scanning rate
0.12 degrees/min. was used to ascertain the accuracy
of the measurements. After the pattern effects of Kα2
were subtracted, the peak position, full width at half
maximum (FWHM), and integral width (IntW) of XRD
reflections were computed using a software package
available with the Siemens D5000 diffractometer. TEM
studies were conducted on a Philips CM 20 microscope
operated at 200 keV. To achieve a sufficiently large
TEM observable area (more than twenty entire pow-
der particles), the TEM samples were prepared using
the following procedure [16]. The powders and epoxy
were mixed to create a slurry, which was then mounted
into a nut. The nut was prepared by slicing a section
from a stainless steel tube. The tube, and therefore the
nut, had an outside diameter of 3 mm and inside di-
ameter of 2 mm. The resulting TEM sample was thus
a 3-mm diameter disk. The disk was ground and then
dimpled to approximately 30 µm thick using a dimpler
fitted with diamond grinders. The particle size of the
diamond grinders descended from a 3 µm grade down
to a 1 µm grade. The final thinning perforation process
was carried out using a Gatan 600 argon ion mill at
a temperature near that of liquid nitrogen (the exten-
sion of the copper sample stage was soaked in liquid
nitrogen) with an angle range from 22 to 10◦.

3. Results and discussion
3.1. XRD analysis of the cryomilled

Al-7.5 wt% Mg powder
Fig. 1a depicts the X-ray diffraction peaks from the
{111} plane for both annealed (heated to 460◦C, and
held for 4 h in argon, then slowly cooled down to room
temperature) and cryomilled Al-7.5 wt% Mg powder.
To illustrate schematically the change in the sharp-
ness/width of the XRD reflections visually, the Kα2

peak is included in the spectrum shown in Fig. 1a, al-
though the pattern of Kα2 was subtracted in the follow-
ing calculation of grain size and microstrain. The XRD
peak for the cryomilled powder broadens and the height
decreases drastically. In contrast to the XRD peak for
the annealed sample, the peak that originated from Kα2
in the spectrum of the cryomilled powders cannot be
visually distinguished as a result of the broadening of
the reflections caused by cryomilling.

In order to estimate the grain size in the cryomilled
Al-7.5 wt% Mg powder, established methods were used
[1]. These methods require the definition and use of sev-
eral terms. Here, βm is the angular full width at half-
maximum (FWHM) of the measured diffraction peaks
for the cryomilled sample, and βa is the FWHM of the
diffraction peaks for the standard sample (the annealed
sample). δm is the integral width of the diffraction peaks
(IntW) for the cryomilled sample, and δa is the IntW for
the annealed sample. The values of βm, βa, δm, and δa
are computed using the software package available with
the diffractometer used. The measured profile is a con-
volution of the instrumental broadening (the broaden-
ing from the instrument itself) profile and the intrinsic
broadening (stemming from small grain size and mi-
crostrain) profile. Subtraction of the influence of the
instrumental broadening was made on the basis of an
assumption regarding the shapes of the intrinsic profile
and instrumental profile, as presented here. The two
most commonly assumed line shapes of XRD profiles
are the Gaussian, f (x) = f0(x) exp(−k2x2), and the
Cauchy, f (x) = f0(x)/(1+k2x2) [1], shown in Fig. 1b.
If the intrinsic and instrumental profiles (the latter is
represented by the measured profile of the annealed
sample) are assumed to be Cauchy-Cauchy (CC),
Gaussian-Gaussian (GG) or Cauchy-Gaussian (CG),
respectively, the following equations are obtained [1].

β = βm − βa or δ = δm − δa (1)

β = (
β2

m − β2
a

)1/2
or δ = (

δ2
m − δ2

a

)1/2
(2)

β = βm − β2
a

/
βm or δ = δm − δ2

a

/
δm (3)

From these three equations, the intrinsic FWHM (β)
and IntW (δ) for the diffraction peaks were calculated
and the results are listed in Table I.

The results shown in Table I quantitatively indicate
a considerable broadening of the diffraction peaks for

TABLE I Full width at half-maximum (β) and integral width (δ) for
the diffraction peaks in cryomilled Al-7.5 wt% Mg powder; the unit for
2θ , β, and δ is degree (◦)

Approximation hkl 111 200 220 113

2θ 38.5 44.705 64.98 77.876
βm 0.399 0.457 0.573 0.691
βa 0.061 0.067 0.079 0.092
δm 0.487 0.552 0.675 0.810
δa 0.074 0.078 0.094 0.111

CC β = βm − βa 0.338 0.390 0.494 0.599
GG β = (β2

m − β2
a )1/2 0.394 0.452 0.567 0.685

CG β = βm − β2
a /βm 0.390 0.447 0.562 0.679

CC δ = δm − δa 0.413 0.474 0.581 0.699
GG δ = (δ2

m − δ2
a )1/2 0.481 0.546 0.668 0.802

CG δ = δm − δ2
a /δm 0.476 0.541 0.662 0.795
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Figure 1 XRD profiles and the Gaussian and Cauchy approximations: (a) {111} XRD reflections for both annealed and cryomilled Al-7.5 wt% Mg
alloy and (b) Gaussian and Cauchy approximations for annealed Al-7.5 wt% Mg alloy, {111} XRD reflection (Kα2 peak is subtracted).

the cryomilled powder relative to those for the annealed
sample. The intrinsic broadening values calculated by
the CC approximation are less than those by the GG
approximation, which are very close to those by the
CG approximation.

In milled powders, the overall intrinsic broadening
of XRD reflections consists of those arising from
both small grain size and microstrain. The overall
integral intrinsic broadening profile is a convolution
of the integral grain size broadening, δD, profile and
the integral microstrain broadening, δS, profile [1].
Once again, the relationship among the grain size
broadening, microstrain broadening and the overall
intrinsic broadening is coupled to an assumption about
the shapes of the grain size broadening profile and
microstrain broadening profile. Suppose the grain size
broadening profile and the microstrain broadening
profile to be Cauchy-Cauchy (CC), Gaussian-Gaussian
(GG) or Cauchy-Gaussian (CG), respectively, the
following equations are obtained [4].

δ = δD + δS (4)

δ = (
δ2

D + δ2
S

)1/2
(5)

δ = δD + δ2
S

/
δ (6)

The integral grain size broadening in the material can
be expressed as

δD = kλ/D cos θ (7)

where k = 1, λ is the wavelength, in the case of Cu Kα1,
λ = 0.15406 nm, θ is diffraction angle, and D is grain
size [1]. The integral microstrain broadening can be
written as

δS = 4e tanθ (8)

where e is an approximate upper limit of the lattice
distortion [1].

Substituting Equations 7 and 8 into Equations 4–6,
the following equations result:

δ cosθ = 4e sin θ + kλ/D (9)

δ cosθ = [(4e sin θ )2 + (kλ/D)2]1/2 (10)

δ cosθ = kλ/D + 16 e2 sin 2θ/δ cosθ (11)

For Equation 9, using the values of δ derived from
Equations 1–3, as shown in Table I, δ cos θ is plot-
ted against sin θ for four XRD reflections. The data
should be on a straight line, with a slope of 4e and an
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Figure 2 Influence of XRD profile approximation method on the calcu-
lated grain size of cryomilled Al-7.5 Mg powder. D-δ represents grain
size value calculated from the integral width (δ), and D-βs designate
the grain size values calculated from the full width at half maximum
intensity (β). When k = 0.742, the grain sizes from the full width at half
maximum intensity are close to those from the integral width, regardless
of the approximation used. CC: Cauchy-Cauchy approximation; CG:
Cauchy-Gaussian approximation; and GG: Gaussian-Gaussian approxi-
mation.

intercept of k λ/D. Similarly, when δ2cos2θ is plotted
against sin2 θ for Equation 10, the result should be a
straight line, with a slope of 16e2 and an intercept of
(k λ/D)2; and when δ cosθ is plotted against sin2θ /δ
cosθ for Equation 11, the slope should be 16e2 and the
intercept is k λ/D. Using this method, the data shown in
Table I exhibit a good fit, with linear correlation coeffi-
cients (R) between 0.97 and 0.99. The calculated grain
size and microstrain values for the cryomilled Al-7.5
wt% Mg powder are shown in Table II and Fig. 2.

From Table II and Fig. 2, it can be seen that when
the CC approximation for calculating intrinsic broad-
ening of XRD profiles is used, the values of grain size
are larger than those when either the GG or the CG
approximation is used. The values are nearly invariant
when the CG results are compared with those using
the GG approximation. It should be noted that, for a
fixed δ value, the values of grain size and microstrain
are complementary. Because the CC approximation re-
sults in large δD and small δS values, thus a large grain

T ABL E I I Calculated grain size and microstrain of cryomilled Al-7.5 wt% Mg powder

Basis: IntW (δ) Basis: FWHM (β)

Grain size Microstrain Correl. Grain size Microstrain Correl.
Approximationa (nm) (%) coefficient (nm) (%) coefficient

CC-CC 36.16 2.060 0.985 44.96 2.009 0.992
CC-GG 26.39 2.965 0.987 30.34 2.684 0.992
CC-CG 30.84 2.894 0.971 38.49 2.709 0.980
GG-CC 30.33 2.285 0.987 36.63 2.194 0.991
GG-GG 22.53 3.355 0.988 25.51 3.011 0.992
GG-CG 25.96 3.252 0.974 31.27 3.002 0.980
CG-CC 30.73 2.274 0.987 37.23 2.187 0.992
CG-GG 22.78 3.331 0.988 25.85 2.992 0.992
CG-CG 26.29 3.232 0.974 31.81 2.998 0.981

aThe first two letters designate the approximation for calculating intrinsic broadening of XRD profiles and the last two letters designate the approxi-
mation for linear fitting of grain size and microstrain.

size and small microstrain are obtained when the CC
approximation is used to do linear fitting for grain size
and microstrain. The GG approximation leads to the
smallest grain size and largest microstrain values, and
cannot be replaced by the CG values, unlike in the cal-
culation of the intrinsic broadening. The largest grain
size value is devised from the CC-CC approximation,
and the smallest one from the GG-GG approximation.
Combining all of this, the maximum possible variation
in calculated grain size value that can result from chang-
ing the approximation methods is 38% = [(maximum −
minimum)/maximum].

According to Klug and Alexander [1], the shape of
the intrinsic broadening profile is approximately the
Cauchy, and that of the instrumental profile is approx-
imately the Gaussian, hence, the broadening from the
CG approximation should best represent the intrinsic
broadening. The grain size broadening in a strained
sample is in the form of the Cauchy, and microstrain
broadening is Gaussian in form [1, 4]. Therefore, the
CG approximation is the most appropriate method for
the linear fitting for grain size and microstrain. The
grain size and microstrain is 26.3 nm and 3.2%, re-
spectively, by the CG-CG approximation. This grain
size value is near the middle of the range of the max-
imum value obtained with the CC approximation, and
the minimum value obtained with the GG approxima-
tion. This microstrain value is very close to the maxi-
mum value calculated with the GG-GG approximation.

As shown in Fig. 1b, the FWHM of a XRD profile can
be accurately represented by both Gaussian and Cauchy
functions, however, a real IntW is larger than that sim-
ulated by Gaussian function and smaller than that by
Cauchy function. Therefore, the FWHM of the XRD
profile is of interest. Although the linear fit method is
initially derived from the integral width of XRD profile
[1], as a comparison, the calculation of grain size and
microstrain on the basis of the FWHM is also carried
out, that is, using the values of β shown in Table I, a lin-
ear fit is determined on the basis of Equations 9–11, and
the results are listed in Table II. In the calculation using
the FWHM, the microstrain value is not influenced by
the coefficient, k, which is influenced by the shape of
the grains measured. Table II shows that microstrain
values based on the FWHM and the IntW are close to
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each other. However, the much larger grain size values
derived by using the FWHM, relative to those derived
by using the IntW, are obtained when k is selected as
0.89, a value that is commonly used [1–4]. To investi-
gate the influence of the value of k on the calculated
value of grain size, alternative values of k were con-
sidered. The results indicate that when k = 0.85 and
0.80, the grain size values derived on the basis of the
FWHM gradually approach those derived by using the
IntW value, for all nine approximations used. Finally,
when k = 0.742, the two grain size values are very
close (the variation is less than 5%), see Fig. 2.

Although there is some variation in the values of grain
size derived via the different XRD profile approxima-
tions presented above, all approximations indicate an
average grain size between 20 and 50 nm. Using con-
ventional interpretations, these results imply that the
cryomilled Al-7.5 wt% Mg powder can be character-
ized as nanocrystalline because it exhibits a grain size
in the range of 5–100 nm. However, the TEM results, as
discussed in the section that follows, indicate that the
results of XRD analysis carried out for the cryomilled
Al-7.5 wt% Mg powder are misleading.

3.2. TEM analysis of cryomilled
Al-7.5 wt% Mg powder

Fig. 3a and b show TEM image and diffraction patterns
for the cryomilled Al-7.5 wt% Mg powder. Fig. 3a is a
bright field TEM image, indicating that the powder con-
tains both nanocrystalline grains and coarse grains. The
inserted diffraction pattern, concentric diffraction rings
representing polycrystalline and diffraction spots show-
ing orientations of one coarse grain, from the area indi-
cated by the letter A, clearly shows that the diffracted
area is a mixture of fine grains and coarse grain. Fig. 3b
is the corresponding dark field image formed using the
111̄ diffraction spot, indicating the coarse grain having
a dimension of 0.9 micron. This value is much larger
than the grain size value determined by the XRD anal-
ysis. The inserted diffraction pattern taken from area
B in Fig. 3a, indicates that grain B is an intact coarse
grain having its [011] orientation parallel to the direc-
tion of the electron beam. The dark field image of grain
B clearly shows the absence of subgrains or other do-
mains within the grain. Therefore, the TEM examina-
tion verifies the inaccuracy of the XRD analysis for the
cryomilled Al-7.5 wt% Mg powder.

The primary disadvantage of the application of TEM
to grain size analysis has often been the claim that the
volume of material that one can examine in TEM is
always very small. This leads to the uncertainty as to
whether a truly characteristic region of the sample has
been investigated [3]. However, in a carefully prepared
TEM sample following the procedure described above
in the section on experimental procedure, a “global”
sample region remained observable via TEM. In the
present study, at least twenty entire powder particles
were examined. Using low magnification, Fig. 4 shows
TEM images of an entire particle agglomerate, reveal-
ing an inhomogeneous distribution of grain sizes. It
should be noted that in Fig. 4 the particle agglomer-

ate is smaller than the average for the material, which
was approximately 40 µm. This view was chosen so
that the entire particle could be viewed in one image at
a proper magnification at which small grains are also
observable. In Fig. 4a, the letters CAB indicate a large
coarse-grained region composed of more than twenty
grains having dimensions in the range from 0.5 to 2 µm.
The letters D and E show discrete coarse grains. Fig. 4b
is the corresponding dark field image.

With TEM images taken at both low and high mag-
nifications, the grain size distribution of the cryomilled
Al-7.5 wt% Mg powder was investigated and the re-
sults show that the powder was composed of 77% fine-
grained regions (area fraction), in which grain sizes
ranged from 10 to 60 nm, and 23% coarse-grained re-
gions having a grain size of 0.5–2 µm, a statistical dis-
tribution of grain size on the basis of TEM dark field
images is plotted in Fig. 5. A bimodal grain size distri-
bution can be observed.

The present TEM results are quite straightforward.
However, it should be noted that (1) in most of the
related investigations, the grain size of milled powder
has been analyzed using XRD, and TEM images, if pro-
vided, have been taken at relatively high magnification
to demonstrate the morphology of the nanosized grains.
The main purpose of TEM characterization was to con-
firm the XRD results. The results from the present study
show that XRD does not provide a valid characteriza-
tion for materials having an inhomogeneous distribu-
tion of grains, especially if the grains in certain regions
are larger than 100 nm, which is beyond the range that
XRD can measure (2). A bimodal characteristic in the
grain size distribution does not necessarily mean an
unsuccessful synthesis of a nanocrystalline material. In
fact, it is highly desirable to have the flexibility to gen-
erate microstructures that contain multiple-scales, pro-
vided that these can be attained in a repeatable manner.
Bulk multi-scale materials with high mechanical per-
formance have been synthesized in our laboratory using
the bimodal cryomilled powder [17]. Nanocrystalline
regions lead to high strength and coarse-grained regions
lead to high ductility.

The experimental results indicating that there was no
evidence for X-ray diffraction from the coarse grains
that TEM revealed to be present in the cryomilled Al-
7.5 wt% Mg powder may be rationalized on the basis
of the following three factors. (1) The coarse grains
produce a very small profile broadening that is not
measurable, thus the coarse grains have no contribu-
tion to the overall profile broadening. (2) There is a
“shielding” phenomenon because most of the coarse
grains are located in the “core” regions of the powder
particles and are surrounded by a “shell” of nanocrys-
talline grains. The mass absorption coefficients, µ/ρ,
of Al for Cu Kα radiation is 50.23 cm2/g [18], if the
density, ρ, is considered to be 2.70 g/cm3. The pene-
tration depth, x , of X-ray radiation, can be calculated
by: 2 µx/sinθ = ln(1/1 − Gx) [18], where Gx is the
attenuation fraction of the intensity, i.e., Gx = 0.9 rep-
resents that 90% intensity has been attenuated and 10%
remains. If the thickness corresponding to 50% inten-
sity is considered as the penetration depth of the X-ray,
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Figure 3 TEM images of the cryomilled Al-7.5 wt% Mg powder, indicating the presence of coarse grains: (a) TEM bright field image of the cryomilled
Al-7.5 wt% Mg powder and (b) TEM dark field image of the cryomilled Al-7.5 wt% Mg powder, B = [011]; g = 111̄.
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Figure 4 TEM images of an entire cryomilled Al-7.5 wt% Mg particle agglomerate, showing a bimodal distribution of grain size: (a) TEM bright
field image of an entire cryomilled Al-7.5 wt% Mg particle agglomerate and (b) the corresponding dark field image, taken using {111} ring.
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Figure 5 Distribution of grain size in cryomilled Al-7.5 Mg powder, as
determined by TEM dark field images.

that is, taking Gx = 0.5, the penetration depth, x , is
calculated to be 8.4 µm. Experimentally, the “shell” of
nanocrystalline grains is observed to be approximately
5–10 µm thick. Therefore, the incident X-ray radia-
tion for the core region is attenuated by about 50%.
As a result, the scattering from the core is expected to
be insignificant (3). The overall area fraction of coarse
grains is only 23%. Considering the coarse grains as a
phase and referring to the calculation for phase volume
fraction using XRD analysis, it is likely that the con-
tribution of the coarse grains to the intensity of the
XRD profile can be completely hidden, because the
contribution of the coarse grains to the XRD intensity
is small and superimposed on the peak produced by the
nanocrystalline grains.

4. Conclusions
The results of the present study are briefly summarized
as follows:

1. XRD analysis indicated that cryomilled Al-
7.5 wt% Mg alloy powder was nanocrystalline with an
average grain size of approximately 26 nm. However,
TEM, combining the examination at low and high mag-
nifications, visually showed that the same powder had
a bimodal grain size distribution of 77% fine grained
regions (area fraction), in which the grain size ranged
from 10 to 60 nm, and 23% coarse grained regions (area
fraction) having grain sizes of 0.5–2 µm.

2. Using different combinations of the Cauchy and
the Gaussian function approximation to evaluate the
XRD profiles, a relative variation of less than 38% for
grain size value was obtained. Even though the calcu-
lated grain size values from all nine of the approxima-
tions are less than 100 nm with very high linear cor-
relation coefficients of 0.97–0.99, the XRD technique
is not suitable for the analysis of a bimodal grain mi-
crostructure. The inability of XRD analysis to predict
the grain size of a material with a bimodal grain size

distribution results from the fact that coarse grains do
not produce measurable profile broadening.

3. When the coefficient k is selected as 0.742, rather
than the traditional value of 0.89, the grain size values
calculated on the basis of the full width at half max-
imum intensity are very close to those calculated on
the basis of the integral width (the variation is less than
5%), for all nine of the Cauchy and Gaussian function
approximations.

4. TEM studies, combining examination at low and
high magnifications, provided a straightforward, quan-
titative description of the grain size distribution in cry-
omilled powders having an inhomogeneous distribution
in grain size.
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