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Broadening of x-ray diffraction lines from small subgrains 
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Recent data on subgrain size and spacing gradients in the Cu-Ni system allow a more critical examination 
of a technique currently used to obtain the composition profiles of small diffusion zones, These data 
support the assumption that the broadening from individual subgrains need not include a spacing gradient 
term when volume diffusion is. predominant. However, care should be taken in the interpretation of the 
earliest stage of diffusion where grain boundaries, surface, and other defects may introduce large spacing 
gradients, 

PACS numbers: 61.1O.Dp, 61.70.Wp, 61.70.Ng 

X-ray diffraction has been found to give accurate 
composition profiles for small diffusion zones extending 
over several /lm. 1-9 This approach is based upon the 
slowly varying long-range spacing change associated 
with diffusion samples. More recently, this has been 
applied to the long-range interface strains between 
dissimilar materials generated after COOling or heat
ing. 10 The latter strain can be attributed to differences 
in thermal expansion or contraction between dissimilar 
materials. At the time the initial theoretical paper 
was published, very little was known about defect 
structures generated along diffusion zones. Since this 
paper, data were obtained on subgrain size along with 
data on the more usual spacing (or composition) 
gradient as a result of further refinements of the 
technique. 9 At this time, a better understanding is 
possible concerning the validity of the models original
ly proposed. 1 One model treated the diffraction from 
diffusion zones containing a suffiCiently large number of 
small subgrains so that the spacing gradient through any 
one is negligible. In this case (A), the line broadening 
due to a small subgrain size is dominant, and broaden
ing due to spacing changes within a single subgrain can 
be neglected. At the other extreme, a simple expres
sion is obtained if both subgrain size and the spacing 
gradient are large. In this case (B), the line broaden
ing from individual subgrains is due almost entirely 
to the spacing change. A linear element approximation 
was employed to arrive at both models as limiting 
forms. Model A, which allows the spacing gradient to 
be neglected over individual subgrains, has been used 
exclusively in our work and is believed to be appropriate 
for volume diffusion. Here, the overall composition 
change is represented by a large number of subgrains 
with small steps in composition (or d spacing) between 
neighboring subgrains. Although each subgrain may 
give diffraction lines that are broadened by small size 
and localized nonuniform strain, no experimental evi
dence was found for the existence of nonuniform strain 
broadening in the Cu-Ni, Cu-Ag, and Au-Pd systems. 
This may not be so for the earliest stages of diffusion. 
For metal films on Si, long-range interface strain 
could be important for most stages of reaction after 
cooling from the reaction temperature to lower 
temperatures. 

This paper presents an extension of case A giving a 

mathematical form for combined size and some spacing 
gradient broadening. It also provides a test on the 
acceptable range over which model A can be safely 
applied. 

An x-ray intensity band may be represented by the 
superposition of intensity equations having the form1 

Na-
1 (L ) ..!E.. = L Nn exp(21Tinha), 

Na -(Na-1) a 

where 

Ln _ sin1TZ(t:l.d/d~n(l-ln I/Na) 
Na - 1Tl(t:l.d do)n ' 

N3 is the number of layers in a subgrain with reflect
ing planes of a minimum spacing do and a maximum 
of do + t:l.d, 1 is the order of reflection, and the sum is 
taken over all pairs of planes n up to a maximum 
restricted by the total number of planes Na• The 
reCiprocal lattice vector is given by haba with I ba I 

(1) 

= l/(d). It has not been possible to carry out the 
summation directly in the general case. However, Eq. 
(1) can be transformed into the more convenient inte
gral form which does give a useful result: 

if> 2 £t sin1TSu(l - u) (2 hO) d 
~ = 1TSu cos 1TU aU' 

o 
(2) 

where u=n/Na, S=l(t:l.d/do)Na, and h~=N3ha. This inte
gral was first used by Mittemeijer and Delhez l1 for 
examining the decrease in peak intensity due to an in
crease in t:l.d/ do. However, no analytic expression was 
given for the shape of the cosine transform. If the 
Fourier coefficient is expanded and only the first term 
is retained, this gives case A, i. e. , 

Lu/Na -l-u. 

Furthermore, the Fourier coefficient can be expressed 
as 

L/Na == (1- u)[l- F(S2, u)], (3) 

where F(S2, u) is a Fourier series with coefficients con
taining the parameter s2 and u. A usable transform 
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FIG. 1. Line shapes for a subgrain having 400 layers with 
S = 0.8, 1.6, and 3.2. Three identical normalized curves with 
only particle size broadening are included for reference (1.0 
at h3 = 0). The lower solid curves (at h3 = 0) were calculated 
using Eq. (6), while the points were calculated from the series 
given by Eq. (1). 

is obtained from the first term of the Fourier expan
sion given by 

where K = const. If Eq. (4) is substituted into Eq. (2) 
and the transform is taken, one obtains 

if> = (Sill1Tk8)2 _ KS21"(kO) 
~ ~ J 3, 

where 

(4) 

(5) 

_ cos2lT(i - h~) + sin2lT(i + h~) cos2lT(i + kg) 
2lTG - h~) [21T(i + hm1 - 21T(t + kg) 

In this approximation, the term Ks2fM> is sufficiently 
small so that the following equation can also be used: 

<f> (sinlTk
O )2 ~ = ~ +exp[-Ks'iM)]-1 (6) 

which gives a slightly better fit to Eq. (1). At this 
point, it becomes evident that the first term expansion 
of F(s2, u) gives six terms after taking the cosine trans
form. Although greater accuracy for larger values of 
5 could be obtained by introducing additional Fourier 
terms, this no longer leads to a convenient result be
cause of the large number of terms generated. 
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Figure 1 contains three identical reference plots for 
the pure particle size case with N3 = 400 and Ad/do = 0 
along with plots of Eqs. (1) and (6) with N3 = 400 and 
5 = 0.8, 1. 6, and 3.2. It can be seen that for S = O. 8 
the difference between these and the reference curve 
is at the threshold of being measurable. For 5 = 1. 6 and 
3.2, the influence of spacing gradient on line shape 
becomes obvious. Clearly, the oscillations no longer 
go to zero, and tails develop. In an actual diffusion 
sample, one would find a distribution of subgrain sizes, 
at each composition, that would smooth. out the oscilla
tions. Equation (6) should not be used for S> 3. 2 be
cause only one Fourier term in Eq. (4) is no longer 
valid. For larger values of 5, Eq. (1) should be used . 

There are sufficient data from the Cu-Ni system to 
determine the importance of spacing gradient broaden
ing. Two stages of diffusion have been reported for this 
system. For short times, grain boundary, surface, 
and pipe diffusion are important. 4, 9 However, at longer 
times, the interdiffusion of a Ni film of several 11 m 
into a thick substrate can be treated as a one-dimension
al volume diffusion problem. 9 In this case, the diffusion 
zone extends over several 11m, and the subgrain sizes 
along this zone range from 334 to 790 A at the extreme 
ends of the diffusion zone. To determine whether S < O. 8 
for this case, consider the diffusion zone to be 311m 
and the c~mposition to range from pure Cu (a 
= 3.6153 A) to pure Ni (a = 3.5238 A). This would give 
a fractional change in d spacing of 2. 56x 10-2/Ns per 
subgrain if Ns equals the number of subgrains within 
the zone. Consequently, S=l(Ad/d)(N3/Ns) which can 
be written as S=l(Ad/d2)(L2/Z5) with a subgrain size 
L =N3d and a zone size Z5=NsL. The 111 (l = 1) and 
222 (l = 2) intensity bands were examined in the CuNi 
studies. By usin~ these values, one obtains L values 
of 1388 and 982 A for these bands which are larger than 
the range of experimental values. Consequently, the 
inequality Sexp < O. 8 is satisfied. This estimate is valid 
for the central portion of the diffusion zone where the 
spacing gradient is largest. At the end regions of a 
diffusion zone, rounding of the composition profile 
gives a smaller average spacing gradient which makes 
the estimated Sexp even smaller. A smaller subgrain 
size allows more subgrains to be distributed along the 
diffusion zone with each experiencing a smaller overall 
range in composition. These conservative estimates 
indicate that for volume diffusion in the Cu-Ni system 
the line broadening frOJll individual subgrains is not 
influenced by spacing changes. It is possible that in the 
earliest stage of diffUSion, in which grain boundary 
diffusion is found, Significant broadening from spacing 
gradients may very well be present. In this case, there 
can be a large volume fraction of material with a signi
ficant spacing gradient. Consequently, model A which 
allows individual subgrains to assume a single composi
tion may not be strictly valid. The possible influence 
of spacing gradient broadening should be examined under 
these extreme conditions. 

The author is grateful to the National Science Founda
tion for financial assistance and to Tom Adler for pro
viding the calculations required for Fig. 1. 
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