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AbstractÐOrdered intermetallic compound powders can be heavily deformed and disordered by ball-
milling. This highly energetic deformation process introduces several kinds of defects into the powder
and changes the aspect of the grains. By a novel analysis of the di�raction spectra we can analyse most
of such defects and characterize the correlation between the shape of the powder and its crystallo-
graphic orientation. In this way we can also recognize how deformation may occur along speci®c crys-
tallographic planes. The quantitative evaluation of dislocations, twins, stacking and deformation
faultings allows us to correlate the disordering process to the introduction and development of defects
under the e�ect of milling. It is shown how a full pattern ®tting of di�raction spectra can be success-
fully applied to a comprehensive investigation of a material modi®cation process, if appropriate physi-
cal models are used to describe the scattering event instead of semiempirical functions. # 1997 Acta
Metallurgica Inc.

1. INTRODUCTION

The e�ects of deformations on the microstructure
of metallic materials can be pro®tably investigated

using transmission electron microscopy (TEM) and
X-ray di�raction (XRD). TEM observations a�ord
direct pictures of the deformed regions with the

possibility of identifying, using suitable imaging
conditions, such lattice defects as vacancies, dislo-

cations, stacking faults, etc. However the attain-
ment of reliable results is largely dependent on the

care used in the preparation of thin sections to be
observed. Indeed the resulting microstructure may

no longer be representative of the original structure,
owing to the defects introduced or removed during
the thinning procedure. In the case of highly un-

stable or metastable structures, sample preparation
may also induce phase transformations so that the

actually observed structure might be quite di�erent
from the original one. Another factor limiting the

capabilities of TEM investigations is the poor qual-
ity of the images attainable from specimens featur-

ing extremely elevated concentrations of lattice
defects, such as dislocations. For these reasons
other techniques, such as XRD, are sometime inter-

esting alternatives to TEM in the characterization
of materials. Sample preparation for XRD analyses

is generally very straightforward and no artifacts
a�ect the experimental data, unless mistakes are

made, for instance, when positioning the sample in
the goniometer. A signi®cant computational e�ort

is needed in order to get from the raw di�raction
patterns all possible information regarding the

microstructure of the analysed specimens. For
doing this, a number of methods have been devel-
oped over the years, fully described in the classical

textbook on XRD techniques [1].
The remarkable calculus capabilities available

nowadays in user friendly personal computers,

often directly connected to X-ray di�raction appa-
ratuses, have contributed to an ever increasing
spreading of data analysis programs based on the

so-called Rietveld method [2].
In the present study an already existing Rietveld

routine [3] has been developed further by the ad-

dition of other parameters accounting for the e�ects
on the simulated di�raction pattern of the crystal-
lite size and r.m.s. (root mean squares) microstrain,
texture, planar defects, antiphase domain size and

di�erent degrees of long-range order, as far as
ordered intermetallics are concerned.
In order to test this new method the results

obtained from the study of ball-milled Ni3Al pow-
ders are presented. Some conclusions on the appli-
cability and reliability of the method will be drawn

at the end.

2. X-RAY DIFFRACTION METHODOLOGY

The original Rietveld method was developed to
re®ne a crystal structure from powder di�raction,

when single crystal data are not available. It con-
sists of a calculus routine which can ®t the whole
powder di�raction spectrum [2, 4]. Subsequently the

approach was applied also to quantitative phase
analysis [5, 6]. It has recently been proposed as a
procedure which includes the Rietveld re®nement
texture and residual stresses [7±11].
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In the present work deformation faults, antiphase

domain boundaries and the roughness are also
accounted for, in modelling the spectra, using a
more comprehensive approach. In the Rietveld

re®nement the background and peak pro®les for all
phases present in the sample are evaluated.

Background is usually described by a polynomial
function. For each re¯ection, the pro®le is de®ned
by the angular position, the intensity and the peak

shape. The position and the intensity are evaluated
from the crystal structure and phase composition.

The peak pro®le can be described as a Pseudo-
Voigt, Voigt or Pearson VII function de®ned by a
half-width at half-maximum (HWHM) and a shape

parameter (the so-called Gaussian content in the
Pseudo-Voigt case). The methodology can be easily

extended to include residual stresses, texture and
microstructure contributions, i.e. crystallite size,
microstrain and defect concentrations. Indeed the

stress ®eld modi®es the peak positions, the texture
of the sample a�ects the integrated intensities of the
re¯ections and the microstructure changes the shape

of the pro®les.
In the present approach the intensity of a di�rac-

tion peak is considered to be composed of a so-
called random intensity, corresponding to that of

an ideally randomly oriented sample, multiplied by
a texture factor (the pole density) and a correction
factor for the roughness of the sample. Therefore

the intensity of an (hkl) re¯ection collected at a, b
tilting angles (see Fig. 1 for the de®nition of these

angles) is given by:

Ihkl�a;b� � �1ÿ R�I rand
hkl Phkl�a;b�; �1�

where R is the roughness correction, I randhkl is the
intensity for the random orientation of the di�rac-

tion line with Miller indices h, k, l, and Phkl (a, b) is
the texture correction coe�cient. I randhkl can be com-

puted from the structure factor of the phase and
contains some geometrical aberration terms.
The degree of the long-range order, in the case of

ordered alloys, depends on the site occupancy,

which a�ects the structure factor and can be there-

fore re®ned in the ®tting procedure. In our case we

have two di�erent atoms and two kind of sites, that

means four occupancy values to re®ne. Using the

de®nitions in Appendix A and the relationships

between composition and occupancy it is possible

to reduce the number of unknown parameters to

only one.

The long-range order parameter S, for a binary

alloy (AxBy) having a crystal structure with two

kinds of atomic positions (a and b sites), can be

evaluated according to the relationships proposed

by Warren [12] and recalled in Appendix A. The oc-

cupancy factors wa, rb and wb, are given, in terms

of the alloy composition and the parameter ra
(Appendix A), by the following expressions:

wb � xA ÿ raya
yb

;

wa � 1ÿ ra; �2�

rb � 1ÿ wb � 1ÿ xA ÿ raya
yb

:

The long-range order parameter is given by:

S � ra ÿ xA ÿ raya
yb

: �3�

The correction factor R in the equation (1) is eval-

uated from the model for roughness correction for-

mulated by Hermann and Ermrich [13]:

R � P0 � C
t

sin y cos a
1ÿ t

sin y cos a

� �
; �4�

where P0, C and t are parameters to be re®ned.

With respect to the original formula, the term cos a
is introduced to take into account the possible tilt-

ing of the sample in our experimental con®guration

(Fig. 1).

For the pole density Phkl, the harmonic approxi-

mation introduced by Bunge [14] and Roe [15], is

used. According to [7], Phkl (a, b) is proportional to
the volume fraction of crystallites having the [hkl]

Fig. 1. Sketch of the di�raction geometry used for the texture measurement, a is the polar angle and b
the azimuthal one.
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direction parallel to the a, b orientation. This factor

can be expanded into a series of harmonic functions

described by a certain number of harmonic coe�-

cients, Cmn
l [14, 15], that can be re®ned by the pro-

cedure:

Phkl�a;b� �
XL
l�0

XM�l�
m�1

XN�l�
n�1

4p
2l� 1

Cmn
l Km

l �Yhkl; ghkl�Kn
l �a; b�; �5�

where Km
l (Yhkl, ghkl) and Kn

l (a, b) are the spherical

harmonics; Yhkl and ghkl the angles between the

[hkl] and [001] directions and between the [hk0] and

[100] directions, respectively; M(l), N(l) depend on

the crystal and sample symmetries, respectively, and

on the maximum degree of the series expansion L

(normally between 16 and 32) [14, 15].

Several spectra, collected at di�erent a and b tilt-

ing angles, are to be ®tted in order to re®ne cor-

rectly the texture coe�cients. In this way the

correlation between the roughness e�ect and the

Debye±Waller factor can be worked out because

the roughness contribution depends on y and on

the tilting angle a, whereas the Debye±Waller fac-

tors [12] rely on the di�raction angle y only.

For the dependence of the pro®le shape on the

angular position y, an approach formerly developed

is used [16], which allows us to express the HWHM

and the Gaussianity content of a Pseudo-Voigt pro-

®le as a function of a mean crystallite dimension,

De� and a microstrain parameter. Microstrain is

de®ned as the standard deviation of the interplanar

spacing from its mean value and can be related to

the presence of dislocations or composition ¯uctu-

ations. The e�ects of the antiphase domains, defor-

mation and twin faults have been introduced

following the theory by Warren [12], Patterson [17],

Wagner [18] and Yuming et al. [19] for an f.c.c.

crystal.

Antiphase domains contribute to broaden the

superstructure re¯ections. When h, k, l indices are

considered, with h and k having the same parity,

e.g. h + k= even, k+ l= odd, l + h = odd, the

component of the integral breadth due to the anti-

phase domain e�ects is:

b�2y� � lg�jhj � jkj�
a cos y

������������������������
h2 � k2 � l2
p ; �6�

where l is the radiation wavelength and g is the

probability of crossing a domain boundary within a

distance equal to the cell parameter a.

Deformation and twin faults induce a shift,

broadening and asymmetry in the pro®le. If a' and
a0 are the intrinsic and extrinsic probabilities of de-

formation faulting, respectively, and b' the prob-

ability of twin faulting, the peak shift can be

written as:

D�2y�� � 90
���
3
p �a0 ÿ a00� tan y
p2h20�u� b�

X
b

�2L0�; �7�

using the symbols fully speci®ed in Appendix B.
To account for the overall broadening we de®ne

an e�ective size De�, computed from the crystallite

dimension D and from the deformation and twin
fault probabilities in the following way [12]:

1

Deff
� 1

D
� �1:5�a

0 � a00� � b0�
ah0�u� b�

X
b

jL0j: �8�

Peak asymmetry is evaluated from the extrinsic de-
formation and twin faulting probabilities. By de®n-

ing y1 as the intensity of the peak at the di�raction
angle 2y0+x2, where 2y0 is the center of a fully
symmetric pro®le, the peak asymmetry can be
expressed as:

y2 ÿ y1 � 2A�4:5a00 � b0�
c2x2

���
3
p

p�u� b�
X
b

�2� L0

jL0j ;

c2 � 1� l
4pDeff �sin�y0 � x2� ÿ sin y0�
� �2

: �9�

Here, A is the area of the peak.
In conclusion the microstructure parameters to

be re®ned by the present method are: the r.m.s.

microstrain hE2i1/2 [16], the crystallite dimension D,
the antiphasing probability g, the two deformation
faulting probabilities, a' and a0, and, ®nally, the

twin faulting parameter, b'.

3. EXPERIMENTAL DETAILS

A commercial Ni3Al intermetallic powder (Ni±
23.3 Al±0.1 B at.%), initially ordered, was used in

the experiments. The powder, having an initial
grain diameter in the range of 50±200 mm, was
milled using a vibratory ball-mill. The vials were

sealed under an inert Ar atmosphere, after degas-
sing the powder down to 10ÿ2 torr, to prevent oxi-
dation.

Di�erent milling times were selected to follow the
evolution of the disordering process: 3, 6, 17.5, 24
and 48 h. Each sample was observed with a
Scanning Electron Microscope (SEM) to character-

ize its grain morphology after ball-milling, X-ray
di�raction samples were prepared by back-side
loading the powders into the sample holder and

measured, as a ®rst step, by a conventional Bragg±
Brentano di�ractometer. Such a preliminary analy-
sis revealed preferred orientations to be present in

the samples milled for intermediate times. Therefore
all the milled samples were analysed by a Huber
stress±texture goniometer using the experimental

procedure fully described in [7].
Figure 1 shows a sketch of the geometrical

arrangement of the apparatus. Several y±2y spectra
in the 22±1028 range were collected with a step of
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0.048 and a 20 s counting time per step at di�erent
polar tilting angles a. The experimental tilting

angles were selected on the basis of the actual tex-
ture of the specimens, which resulted to be ®berlike.
The a angle was changed from 58 to 708 with a step

of 58. In this way 15 spectra were acquired for each
sample.

4. RESULTS AND DISCUSSION

The ®tting procedure described in the previous
paragraph has been tested to analyse the XRD data
obtained with heavily deformed Ni3Al powders.

Ball-milling is very e�ective in achieving high defor-
mation levels in metallic specimens. Even though
comparatively brittle, Ni3Al can be highly deformed

by ball-milling. The series of SEM micrographs in

Fig. 2 shows how the original spherical shape

[Fig. 2(a)] of the powder particles changes to plate-

like, after 7 h [Fig. 2(b)]. Further deformation leads

to grain delamination [Fig. 2(c), sample milled for

17.5 h] suggesting fatigue to be one of the most

active phenomena in the leading situation present in

the milling experiments [20]. For the longest time

the powder is reduced to micrometer size [Fig. 2(d)].

Figure 3 shows the evolution of the XRD pat-

terns of the series of samples milled for increasing

times. Mechanical grinding results in a progressive

broadening of the di�raction peaks, as compared to

the initial situation (unmilled sample). With respect

to the starting pattern, the samples milled for longer

times do also show the progressive weakening of

Fig. 2(a,b).
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the superlattice peaks (marked S in Fig. 3), that are

no longer detectable after about 24 h of milling.
This corresponds to the progressive destruction of

the long-range order inside the alloy. Deformation

induced disordering is a well known phenomenon,

observed in a number of intermetallics [21] and not

last in Ni3Al [22]. Through the characterization of

the defects introduced by mechanical deformations

it is possible to understand the way in which a dis-

ordered structure is achieved. We report in Fig. 4

the ®tting results for the powder ball-milled for

17.5 h. The patterns, which were acquired at di�er-
ent a angles, show how the peak intensity changes

as an e�ect of texture. Its e�ects on the di�racted

intensity are evident in samples milled for times
longer than 7 h. At this stage, as shown by Fig. 2(b),

the particles have a platelike morphology.

Signi®cant deviations of the powder pattern from

the measured intensity are shown if texture is not

taken into account in the re®nement process. Figure
5 reports the results of the texture analysis for the

sample milled for 17.5 h. Similar results were

obtained for powders milled for longer times. The

pole ®gures (111) and (220) were reconstructed

from the texture coe�cients Cmn
l ®tted by the pro-

gram. They represent the intensity of the (hkl)

re¯ection as a function of the polar and azimuthal
angles of tilting (a and b, respectively, see Fig. 1).

Fig. 2. SEM micrographs for the intermetallic powder, milled at increasing times, showing the
evolution from spherical grains (a), to platelets (b), delaminated platelets (c) and to the ®nal ®ne

microstructure (d).
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As assumed in the re®nement of the spectra, there

is no variation of the pattern with the azimuthal

angle. One way to look at this pole ®gure is by

thinking that the intensity at the a, b is pro-

portional to the number of crystallites oriented

along the normal plane to the [hkl] direction, which

is parallel to the direction identi®ed by these angles.

The normalized intensity assumes a value equal to 1

for a randomly oriented sample.

From Fig. 5 we can recognize that the 17.5 h

sample shows a near (110) or (220) preferred orien-

tation. Assuming that the platelike grains pile up in

the sample holder along their base planes, we can

conclude that the main axes of the grain are parallel

Fig. 3. Trend of the di�raction spectra at a = 08 for the samples milled for increasing time; the label S
identi®es the superstructure re¯exes; dots represent the experimental points, lines the ®tting functions.

Fig. 4. Eight of the 15 spectra at di�erent a angles, for the powder ball-milled for 17.5 h, collected to
measure the texture of the sample; the ®tting is represented by lines.
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to the (110) plane (Fig. 6). This would be in agree-

ment with the fact that a near (110) preferred orien-

tation after rolling is typical for f.c.c. crystals [23].

When milling has reduced the grains to less than

one micron [Fig. 2(d)] the texture is barely detect-

able as the powder is randomly arranged in the

sample holder.

The accuracy of the method in evaluating the

peak intensities was successfully tested in separating

the surface roughness e�ect from the thermal vi-

bration contribution. The ®rst one is dependent on

2y and a angles; whereas the second one is a func-

tion of y only. The Debye±Waller (or thermal) fac-

tors were all found in the 0.35±0.65 AÊ 2 range,

notwithstanding the signi®cant roughness of the

samples.

In the series of Fig. 7 we have summarized the

results of the microstructural analyses of the inter-

metallic powders. The LRO parameter is plotted as

a function of the milling time in Fig. 7(a). Starting

from a value slightly lower than one, owing to the

imperfect stoichiometry of the raw material, the

LRO parameter goes down to zero, a value corre-

sponding to a completely disordered alloy with a

A3B composition. In the same Fig. 6(a) it is poss-

ible to note that the probabilities of planar defects

increase with milling time and reach a maximum

value in the fully disordered sample. As to the

probability of antiphase boundaries, the reported

values refer to those samples with su�ciently strong

superlattice re¯ections.

Also the e�ect of twin faulting is di�cult to

account for in the case of those samples which were

milled for the longest times, owing to the exceed-

ingly high peak broadening.

Figure 7(b) represents the evolution of the r.m.s.

strain and the average domain size De�. The major

changes for these two parameters occur during the

early stages of milling, when the degree of order in

the alloy remains still comparatively elevated. The

disordering kinetics appear to be faster than grain

re®nement and increase of the dislocation density,

that, in this respect, can be considered to be disor-

dering processes not so e�cient as it seems to be

the formation of planar faulting, i.e. intrinsic and

extrinsic stacking faults.

A lattice expansion is also observed [Fig. 7(c)]. A

less e�cient atomic packing typical of the disor-

Fig. 5. Reconstructed pole ®gures (111) and (220) for the powder milled for 17.5 h to show the
measured texture of the sample.

Fig. 6. Sketch of the pile-up of platelike grains in the
sample holder.
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dered state can be certainly invoked to justify this

swelling, though the actual dependence of the lattice

parameter on the degree of long-range order is also

determined by the kind of point defects which are

most likely to form [24]. For longer milling times

this expansion is partially recovered, similarly to

what we observed in other experiments [25]. When

very high concentrations of point defects, such as

vacancies and anti-sites, are reached, crystal struc-

ture crumbles down. This phenomenon may be

enhanced by the surface energy associated with

crystallite boundaries [26] and the increase in sur-

Fig. 7. Evolution of the microstructure with the milling time: (a) Long-Range Order parameter and pla-
nar defects, (b) crystallite size and r.m.s. microstrain, (c) lattice parameter as a deviation percentage

from the cell constant of the unmilled sample.
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face energy due to dislocation cell boundaries [22].
If a surface energy of 1.4 J/m2, an elastic modulus

of 220 GPa and a Poisson ratio of 0.27 are assumed
for Ni3Al, it turns out that a strain di�erence of
ÿ0.00025 is obtained when crystallite size is reduced

from 8 to 6 nm (see Fig. 7).

5. SUMMARY

We have presented a methodology to analyse

powder di�raction spectra and applied it to the
characterization of heavily deformed Ni3Al pow-
ders. The method was successfully applied to these

specimens and permitted us to follow the evolution
of the microstructure and crystal structure during
milling.

The deformation process was able to e�ciently
disorder the ordered starting powder down to the
lowest degree of long-range order parameter com-

patible with this alloy composition. The progress of
disordering is accompanied by the increase of twin
faults and dislocations. The cell parameter increases
as a result of the less e�cient packing.

Ball-milling modi®es also the shape of the pow-
der grains from spheres into platelets with the two
principal axes nearly parallel to the (110) crystallo-

graphic plane as found by the methodology. This is
in agreement with what is normally found in cold-
rolled f.c.c. polycrystals.
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APPENDIX A

Composition±occupancy de®nitions and relations
The following de®nitions can be found also in the book of

Warren [12]; they are reported here only for more read-
ability of the paper.
For a binary alloy composition AxBy and a crystal struc-

ture with two di�erent sites a and b, these quantities can
be de®ned:

ra=fraction of a-sites occupied by the atom A,
wa=fraction of a-sites occupied by the atom B,
rb=fraction of b-sites occupied by the atom B,
wb=fraction of b-sites occupied by the atom A,
xA=fraction of atom A in the composition,
xB=fraction of atom B in the composition,
ya=fraction of a-sites,
yb=fraction of b-sites.

As a consequence, the following relations are obvious:

ra � wa � 1; rb � wb � 1; ya � yb � 1;

xA � yB � 1: �A1�

raya � wbyb � xA; rbyb � waya � xB: �A2�

APPENDIX B

Additional de®nitions for equations (6)±(8)
For an f.c.c. crystal, additional de®nitions are needed to

compute equations (6) to (8):

L0 � h� k� l; �B1�

h20 � h2 � k2 � l2: �B2�
Each di�raction peak in a powder pattern can be com-
posed by di�erent (hkl) components. Some components,
for which L0=3n21 (n is an arbitrary integer), are broa-
dened by faultings and the others are said to be unbroa-
dened. Following this de®nition u is the number of
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unbroadened components and b the number of broadened
ones. Therefore the summations in the equations (6)±(8)
are performed only on the broadened components (this is

the meaning of the subscript b) and the symbol (2) indi-
cates that the sign (+) must be used if L0=3n+ 1 and
the (ÿ) sign for L0=3nÿ 1.
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