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Powder Cd of 99.999% purity was prepared at room temperature (25 °C) and x-ray diffraction 
patterns were obtained using CuKa radiation with Ni-filter. The line broadening was analyzed after 
incorporating the appropriate correction factors. At room temperature Cd was found to have large 
particle size (653 A) , small root mean square strain (.001), small deformation fault probability 
a (.003). and negligible growth fault probability /?(0) . Compared to other hep metals which have 
been studied earlier and which have higher melting temperatures, metal Cd is much less affected 
by mechanical deformation at room temperature. 

1. Introduction 

X-ray diffraction technique is a valuable tool for 
examining the properties of polycrystalline mate-
rials. An analysis of the powder pattern peaks can 
determine the microstructure and the lattice pro-
perties of the material being examined1 - 4 . The 
broadening of a peak is caused by faulting, by 
smallness of crystallite size, and by microstrains 
within these crystallites. A shift in the position of 
the peak maximum and an asymmetry can be due 
either to lattice parameter changes, or faulting, or 
residual stresses in the material. The degree of 
broadening can be determined by an analysis of the 
integral breadth or Fourier coefficients or variance 
of the peak, and the different causes can be sepa-
rated 4. These methods have been used to study the 
properties of many metals and alloys, particularly 
to investigate the effect of deformation due to 
mechanical f orces 4 - 6 . The microstructure of de-
formed metals, polycrystalline films, and, more re-
cently, chemically prepared powders such as poly-
mers have been examined. Depending on the prepa-
ration and the prehistory, these materials may con-
tain a high degree of faulting and internal stresses 
or may show little or no residual effects at room 
temperature2. Studies have been made4 to under-
stand the recovery of deformed materials with 
gradual annealing and pressure changes. Other stu-
dies 3 have compared the deformation effects in 
alloys with changing atomic concentration of one 
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of the elements. Particle size, faulting, and strain of 
face centered cubic (fee) and body centred cubic 
(bcc) materials have been extensively studied 4 - 6 , 
but there are relatively few studies of hexagonal 
close packed (hep) metals. 

The purpose of this investigation is to study hep 
Cd. We are interested in the study of this metal for 
several reasons: First of all, Cd is relatively soft 
and has a low melting temperature (321 °C) in 
contrast to the high melting temperature of Co 
(1495 °C) and Re (3167 °C) whose line broaden-
ing studies have been done earlier 3. We would like 
to find out whether or not this low melting point 
metal has any line broadening clue to faulting, 
strain, and particle size at the room temperature. 
Secondly, since the recrystallization temperature 
(I Tm > 297 ° K ) , of Cd is very low any annealing 
studies at higher temperature is not undertaken. 
However, we expect the room temperature study 
will give us a considerable insight into the line 
broadening phenomena in the low melting point hep 
metals; this kind of study is quite important and 
has not been reported before. Thirdly, solid state 
properties of Cd, such as, electronic and band struc-
ture properties are of considerable interest7-9. We 
shall be interested here in the study of microstruc-
ture of Cd that might affect the physical properties. 

2. Experimental 

Cd shots of purity 99.999% were obtained from 
Apache Chemicals. To make powder samples, the 
shots were filed at room temperature using small 
die-cutter files. It was assumed that in addition to 
producing a small size of the actual pieces of Cd, 
this filing would also cause the individual region of 
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crystallinity to be smaller, and would produce 
microstrains and faulting within those regions. Any 
rise in temperature during filing was avoided by 
changing files quite often and carrying out the 
process very slowly. The filings were then passed 
through 140 mesh sieve so that the powder size was 
approximately 0.105 mm diameter or smaller. 

The powder patterns were recorded on a vertical 
Philips diffractometer with the Bragg-Brentano (flat 
sample) focusing condition. The x-ray source was a 
Philips XRG-2500 x-ray unit with copper radiation. 
The white radiation and Kß components were elimi-
nated by using a Ni /^-filter. Only the Ka1 and Ka2 

radiation remained, Ka., being half the intensity of 
Kcq line. The x-ray beam was passed through a 1 ' 
divergence slit and struck the flat sample before 
it was received through a receiving slit .006 . A 
scintillation counter was used for detection of the 
diffracted beam. 

First, the alignment of the x-ray instrument was 
checked by scanning the (110) and (321) peaks of 
a standard (well annealed) tungsten sample of 
lattice constant 3.1652 A. For each powder sample, 
individual peak was scanned at a speed of 1/8" per 
minute in two theta across from low angle to high 
angle side. Because of the significance of the peak 
tails, sufficient care was taken to recover the back-
ground levels. In the analysis, two orders of the 
same reflection were needed to determine the strain. 
However, three types of reflections were needed to 
determine the two fault probabilities. In all, six dif-
fraction peaks were chosen for the line profile ana-
lysis in the present investigation. The (002) and 
(004) peaks were a suitable pair for the strain cal-
culation. For the study of faulting, the strong peaks, 
such as, (100), (101), (102) and (103) were 
selected. 

Most of the calculations involved in our study 
were carried out with a computer program10 

DIFFN which we modified to suit our need for an 
hep metal. It is a versatile program with options 
for the proper analysis of data from either a 
standard sample or a deformed sample, for use 
with either a /5-filter or a monochromator crystal, 
for any x-ray wavelength, and for comparison of 
two peaks in a calculation of strain and particle 
size. The program was run on an IBM 360/65 com-
puter with a Cal-Comp plotter. 

3. Theoretical Considerations 

A) Separation of Particle Size, Faulting and Strain 

Since the strain broadening depends on the order 
of the reflection, and since broadening from particle 

size and faulting is independent of the order, these 
terms can be separated using the peak profiles of 
two or more orders of a reflection. Warren 11 ex-
pressed the Fourier coefficients as a product of the 
two terms: 

A(L)=A»(L)AVF(L) , (3.1) 

where L = n d/,^, is a distance in the crystal normal 
to the reflecting plane h k l of interplanar spacing 
d/,/,-1 and order n. The Fourier Coefficients A (L) 
are obtained from the scattered intensity I (s) of the 
pure diffraction profile: 

oc 

A (L) = ./ I(s) exp (2 JI i Lis — 5 0 ) } ds , 
- oc 

where ä = 2 sin 0 / / , / is the wavelength used and s0 

corresponds to the peak maximum 00 . 
The distortion or strain term Al) (L) is Gaussian 

in L for small L and strain ei\ 

A»(L) — exp { [ — 2 rr2 L2/d2({eL2) - < f L ) 2 ) } 
SS 1 - [2 rr2 L2/d2,lkl] ((eL2) - (eL)2) , (3.2) 

where ( (£2L) — ( £ l ) 2 ) is the standard deviation of 
the strain which is given by = ALjL. The term 
A1M' (L) clue to particle size and faulting, can be 
approximated for small L: 

AFF(L)^l-L/DvU, (3.3) 

where Drff is the effective domain size normal lo 
the reflecting planes, due to both true particle size 
and to faulting. If two orders of a reflection are 
available, then both AVF (L) and ( ( e 2 L ) - (eL)2) 
can be separated using 

In A In AVF (L) 
— [2JI2 L2/d2,((f'L2) - (^l ) 2 ) • (3.4) 

These values can be obtained numerically or found 
graphically from the slope and intercept of a plot 
of In A(L) versus 11 d/,/,-1. 

The integral breadth can be calculated from the 
Fourier coefficients 

l>(s) = [ / ^ ( L ) d L ] " 1 . (3.5) 
- oc 

Thus the broadening due to particle size and faulting 
is given by 

6P F (s) = [f AVF (L) dL]= l/DiVF, (3.6) 
- oc 

where Z)]1'1 is the integral breadth particle size com-
posed of the true particle size D\' and the fault 
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particle size Dj1'. Similarly, the strain integral 
breadth is given by (for Gaussian strain distribu-
tion) 

b' (s) = (L) d L ] - 1 as 2 S0 = 2 £l/dhkl, (3.7) 
- oo 

where f j is strain, assumed to be independent of L. 
Several methods have been suggested for the sepa-
ration of strain and particle size in the integral 
breadth measurements12-15, but we shall discuss 
the one which is believed to be the most practical. 
Schoening15 showed that the line profile is best 
described by a convolution of a Cauchy particle 
size function with a Gaussian strain function. Thus, 
the integral breadth is given by 

b (s) = exp { - (6p/l/v-r bF)2}/[ 1 - erf (b^/Vn bf:)] , 
(3.8) 

where 

evi(b[,/V^ bf) = y - f exp { - t2} dt. 
o 

We have demonstrated earlier 12 that, to a good ap-
proximation, the above equation can be reduced to 
a convenient and useful form, 

bPF(s)/b(S)=l-[b<(S)/b(S)]2. (3.9) 

We will employ this equation to obtain Dj1'1 and f j 
from two or more orders of a reflection. 

B) Separation of Particle Size and Faulting 
in Hep Powders 

The effective particle size Dt.ff can be found by 
plotting the particle size faulting coefficients A1M' (L) 
versus L. The slope of this curve extrapolated to 
L = 0, gives the effective particle (also called do-
main) size, 

- ( d ^ P F / d L ) i = 0 = l / D e f f . (3.10) 

In hep crystals, the (002) planes form close 
packed layers with the normal stacking sequence 
ABABABAB. A growth stacking fault occurs when 
the stacking changes from AB to BC as in the se-
quence ABABCBCB. A deformation stacking fault 
with the sequence ABABCACA introduces a small 
range with fee stacking order. Warren4 assumed 
that the stacking faults occur independently on these 
(002) planes and showed that faulting produces an 
effective domain size D\ki for (hkl ) planes in three 

different ways, whicb can be placed in three different 
groups. In terms of the Fourier coefficients, these 
equations are: 

Group one, h — k = 3 A with / = 0 , 

— (dAVF/dL)l = 0=1/D . (3.11) 

Group two, h — A: = 3 A ± 1 with I even, 

- (dA™/dL)L = 0 = l/D + (\l\d/c2) (3a + 3ß) . 
(3.12) 

Group three, h-k = 3 N +I with / odd, 

- (dAl'F/dL)L_u=l/D+ (\l\d/c2) (3 a + ß) . 
(3.13) 

For the two groups of fault affected peaks, the inte-
gral breadth can also be used: 

For A-A; = 3 A ± 1 with I even 

6P F (s ) = (\l\d/2 c2) [3a + 3 ß) . (3.14) 

For h-k = 3N±l with I odd 

bV¥(s) = (\l\d/2 c2) (3 a + ß) , (3.15) 

where the symbols a = deformation fault proba-
bility, ß = growth fault probability, c = lattice pa-
rameter along c-axis, and d = interplanar spacing. 
We shall utilize the above theory in the next section. 

4. Results of the Analysis 

ln order to perform the Stokes correction for 
instrumental broadening, a suitable standard sample 
must be chosen. A standard sample must have very 
large particle size, practically no strain, and no 
faulting so that it has very sharp peaks defined only 
by the geometric condition of the experiment. This 
means that the Fourier coefficients of the standard 
sample should be larger than those of the experi-
mental samples of our interest. 

To remove the instrumental broadening, we pre-
pared three annealed samples, much above the re-
crystallization temperature. All these samples were 
carefully examined for their consistency for line 
broadening effect. When there was no variation from 
one sample to another, except of course that due to 
statistical fluctuations, the average values of their 
Fourier coefficients were considered for the standard 
sample. 

The strain and particle size coefficients were ob-
tained from the Stokes corrected Fourier coefficients 
of the (002) and (004) peaks, as shown in Fig-



1774 iN. C. Halder and S. H. Hunter • X-Ray Diffraction Study of Hep Metals: I. 1774 

1.0 

0.6 

0.4 

0.2 

0.0 

1 1 1 1 l 

— \ N . 
\ . ' > > \ e 

Xr^ c ^ 
— 

d \ 

a 002 
_ b 004 

c 101 
d 103 

— e 102 

1 1 1 1 1 
0 100 200 300 

L (A) 
Fig. 1. Stokes corrected Fourier coefficients. 

ure 1. Since these peaks are unaffected by faulting, 
we can calculate directly the particle size coefficients 
A1' (L) and the strain coefficients Al)(L). The coef-
ficients Al>(L) are shown in Figure 2. The true 
particle size D is found from the slope of the linear 
portion of the curve. This is shown in Table 1. The 

W ' D (002.004) 

.0010 653 A 

Tab. 1. Particle size and 
strain by Fourier coefficients 

method. 

strain and particle size were also calculated from the 
integral breadth of the (002) and (004) peaks. The 
integral breadth particle size Z)t is only slightly 
larger than the Fourier analysis particle size D. The 
integral breadth strain t{ is about half the value of 
the rms strain of the Fourier analysis. As is clear, 
the rms strain is quite small and has negligible ef-
fect on the line broadening. The particle size is 
rather large, but still within the limit of validity of 
the Warren-Averbach 11 method (less than 5000 A ) . 
For the fault broadened -reflections, since the domi-
nating term is expected to be that due to faulting, we 
may neglect effect of the large particle size and small 
rms strain in these reflections and obtain at once the 

0 100 200 300 
L(Ä) > 

Fig. 2. Plot of the particle size coefficients A^'(L). 

fault probabilities. The faulting terms (3 a + 3 ß) 
and (3 a + ß) were thus determined. For the Fourier 
coefficient method we can obtain the fault particle 
size D] directly from the slope of the A{L) versus 
L curve. In this way, the two faulting terms were 
calculated for peaks (101) , (102) and (103) . These 
values are listed in Table 2. We find that the values 
calculated from the integral breadth are always 

Tab. 2. Deformation (a) and growth (ß) fault probabilities 
by Fourier coefficients (FC) and integral breadth (IB). 

(h k I) Terms FC IB 

102 
101 
103 
Average a 

3 a + 3 ß 
3 a+ß 
3 a+ß 

.00610 

.01494 

.00630 

.00304 

.0199 

.0340 

.0179 

.0080 
ß = 0 

larger than those calculated from the Fourier coeffi-
cients. From a general trend of these values, it seems 
that the growth fault probability ß is either very 
small or zero, and that the deformation fault proba-
bility a is on the order of .003 ~ .002 for the 
Fourier coefficients, but .008 007 for the inte-
gral breadth. At this point we can note that Cd 
appears to have been very little affected by mechani-
cal deformations compared to other hep metals 
studied earlier 1 6 _ 1 9 . 
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Lele20 has calculated theoretically the effect of 
layer faults in hep crystals. A layer fault consists of 
a spacing fault (change in interplanar spacing) in 
conjunction with a stacking fault (change in the 
stacking order). Changes in the interlayer distance 
are unlikely in close packed metals due to the non-
directional nature of the bonding. However, Lele20 

suggested that in the region of a stacking fault the 
change in structure may allow a spacing fault also. 
Assuming an infinite crystal size, random fault dis-
tribution, and extension of faults over the entire 
domain, Lele 20 found that the integral breadth and 
intensity would not be affected by the layer fault. 
However, peak shifts would occur which are equiv-
alent to a change in the lattice parameter c to 
c(\+a b), where a is the layer fault probability. 
The reflections with h—k=3N are shifted twice 
as much and in the opposite direction as the reflec-
tions with h — h = 3 A + 1 . Therefore, 
for h - k = 3 A, d < 1 

A (2 0°) = - — — f - (tan 0) y b , (4.1) 
71 C~ 

where 
y — a(l + for small a. (4.2) 

For h-k = 3N±\, b< 1 

A (2 0°)= 3 6 0 / 2 f (tan 0) y b . (4.3) 
71 C-

In the above, reflections with 1 = 0 should not be 
shifted. As shown in Fig. 3, we did observe a small 
change in the lattice parameter c compared to the 
crystalline value. In the sample prepared at room 
temperature, this would correspond to a value of 
a b = .00038. We compared the position of the peak 
maximum for each peak with the theoretical value 
calculated with the solid state lattice parameters. 
The observed peak shifts A (2 6)° are listed in 
Table 3. An examination of these data does not 
reveal a peak shift which is in opposite directions 

Tab. 3. Peak shifts relative to solid crystalline value. 
Peak Shift = A (2 0°) = 2 6° (obs) - 2 0° (theo) 

(002) (100) (101) (102) (103) (004) 

- . 1 5 - . 1 7 - . 1 5 - . 1 6 - . 1 2 - . 1 0 

for (002) and (101) peaks, not even when mea-
sured relative to the (100) peak which should re-
main unshifted. Thus, although Cd shows a small 

C o s e c o t e — > 
Fig. 3. Plot of the lattice parameter versus function 

cos 6 cot 0. 

lattice parameter change, there are no accompanying 
peak shifts in the manner predicted by Lele20 for 
layer faults in hep metals. 

5. Discussions and Conclusions 

Fewer x-ray line broadening studies have been 
made for hep metals than for fee and bcc. Among 
hep metals, Co has been very extensively stud-
ied 1 ' ' 1 8 ' 2 1 . Mitra and Haider 18 examined the effect 
of annealing temperature on particle size, strain and 
the fault probabilities a and ß. Particle size and 
strain were both larger when calculated using the 
integral breadth. However, the fault probability was 
larger when calculated using the Fourier coeffi-
cients. It should be noted that these methods actually 
measure different quantities. The Fourier analysis 
measures the average thickness of the coherently 
diffracting domains perpendicular to the (hkl ) 
plane, whereas the integral breadth method measures 
the cube root of the average volume of these do-
mains. 

The x-ray diffraction peaks for Cd were not par-
ticularly broad. The Fourier coefficients were larger 
for Cd than for other hep metals whose line broad-
ening analysis have been carried out. The change in 
lattice parameter is rather small (see Table 4 ) . The 
particle size in our samples was relatively large, 
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rms strain as well as the fault probabilities were 
small. As mentioned earlier, the overall effect of 
mechanical deformation in Cd at room temperature 
is much less than that noted in Re 1G, Co 17-18, and 
Mg 1 9 . 

Table 4. Lattice parameters. 

Sample a (A) c( A) 

Powder 2.9922 5.6132 
Bulk 2.9787 5.6170 

Studies of Zr 2 2 and Mg 23 have indicated no 
faulting. Mitra and Misra 19 separated strain and 
particle size in M g using the single reflection 
method 24. They found some anisotropy in the par-
tide size, but had not considered faulting. A study 
on Re 1(i also showed smaller particle size and rms 
strain with Fourier coefficients than integral breadth 
measurements, but the fault probability ß was nearly 
the same for both the methods, assuming a = 0. 
There are also some reports about the study of 
hep alloys 2 5 _ 2~. 

Lele et al. 23 suggested that the extrinsic stacking 
fault with the sequence ABABCABA would sym-
metrically broaden only the reflections with h — k 
= 3 A i 1 and / odd, but would not cause any peak 
shift. A gradual introduction of such extrinsic faults 
in an hep structure would eventually convert it to 
a double hexagonal close packed structure, but no 
example of such a structure transition in a metal is 
known. Mitra and Misra 19 calculated the tempera-
ture diffuse scattering (TDS) contribution to the 
diffraction pattern of Mg. Assuming a spherical 
first Brilliouin zone and only one phonon scattering, 
they found that the TDS peaks occurred at the same 
positions as the Bragg peaks and contributed ap-
preciably to the tails of the diffraction peaks. The 
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