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ABSTRACT

Microstructural parameters for plastically deform@dnd-filed) and annealed lead (Pb)
powders are investigated in terms of X-ray diffiactprofile fitting analysis. Like the
case of Pb-Bi binary alloy systems mphase the net deformation stacking fault
probability is very small. The values of area agerh crystallite size and dislocation
density is comparable with vapour deposited Pb fBin From modified W-A analysis
the value of dislocation density)(is found out to be of the order of #@n? and that
from multiple whole profile (MWP) analysis is ofetorder of 18 m?% A disagreement
in case of cold-worked powders between MWP fittiolg Fourier coefficients and
modified W-A analysis is observed. Comparable to RiYWocedure the modified W-A
analysis provides a better result indicating thpdrtence of dislocation microstructure in
the analysis procedure. The type of dislocatiofoisd to be predominantly of screw,

(100> type dipoles for cold-worked and edge type in aletepowders respectively. The

dislocation arrangement found to be more correlatetbld-worked powders compared
to annealed powders.

Keywords: X-ray line profile analysis, Anisotropic Strain d&dening, Dislocation
induced strain broadening, Dislocation contrastoiac

1. Introduction

The interpretation of X-ray diffraction pattern fnodeformed metals and alloys is the
subject of research for the last few decades. Tlieand broadening of X-ray diffraction
lines has been related to changes in lattice paesm@esence of stacking and twin faults
probabilities, residual stresses, small coheremhaines, micro strains, compositional
inhomogenieties, dislocations, etc. in the samplee above parameters are generally
related to some X-ray line profile parameters ljggak FWHM (full width at half
maxima), integral breadth, asymmetry, variance,tro@h Fourier transform, etc.
Methods frequently used for analysis such as cdiomal Warren-Averbach (W-A) [18],
Williamson-Hall (W-H) [20] method and peak-shift aysis method [17] provide
information regarding one or more defect relatethpeters as described earlier [2,6].
But, all these methods suffer from certain simjtify assumptions. However, any
interpretation about the microstructure of deformmdterials is difficult from those
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methods. For example, the shape of strain-broademefile for dislocated crystal
depends on the extent of inhomogeneity of dislocatdistribution [19]. Recent
theoretical formulation of X-ray diffraction linergfile based on theoretical functions is
more amenable to practice [8, 11, 9]. The methodlVbble Pattern Fitting provides a
more direct interpretation of material microstruetwhich may be complementary to the
direct imaging techniques (such as TEM). Howeveromparison with conventional
methods (W-A and W-H) should be encouraged in otolénvestigate the discrepancies
in such methods. In such cases analysis based difiedoW-H and/or modified W-A
which more rigorous can be advantageous. In theeptecommunication we investigated
cold-worked Pb using all the available methodolsgie assess the extent of their
applicability.

2. Experiment and data analysis

Cold-worked and annealed Lead powder was prepaoed $pectroscopically pure Lead
bar of (99.99 % of purity) from Sigma-Aldrich, U.k4]. The cold-worked powder was
annealed at ~ 280 (= 10°C) for 10 hours. Specially prepared poly-crystalBi powder
was used to eliminate the effect of instrumentahdening [1]. Data collection process in
step scan mode for both the cold-worked and andgad@ders was done by a highly
stabilized Philips 1130 X-ray generator attachec&tBW 1710 diffractometer and the
procedure of data collection and method of analgsis be found else-where and the
references therein [4].

3. Resultsand discussion
3.1. X-ray diffractrogram
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Figure 1. Normalized X-ray diffraction pattern for (a) coldsvked and (b) annealed Pb
powder specimen for first six Bragg reflections.
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Figure 1 shows the normalized X-ray diffraction tpat for both cold-worked and
annealed lead powder. It is observed that the pesakain unaltered for both the cold-
worked and annealed samples indicating that trexiefff cold-working is very small and
significant recovery takes place immediately afterd-working. Similar phenomenon
was observed in case of Pb-Bi binary alloy systamisphase [5]. Further the peaks are
shifted towards higher diffraction angle due toealimg.

The result of peak shift analysis as describeld T shows very small presence
of deformation stacking fault probability€2.0x10“) and complete absence of residual
stress in the powder sample. The lattice paranetlculated from the respective peak
positions of both the cold-worked and annealed $esnhe extrapolated values of the
lattice parameter obtained from t@sé cotd plot reveals that there is no significant
change in lattice parameter upon cold-workina,£0.495 nm (£8.2¥10°nm)),
2.n=0.495nm (+6.1210°nm)).

3.2. Conventional Williamson-Hall analysis
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Conventional Williamson-Hall plot fom cold-worked lead and cold-worked copper
powder

The conventional Williamson-Hall plot corresponditg integral breadth for
both cold-worked and annealed lead powders is shimwfigur.2. The plot shows
prominent anisotropic peak broadening in cold-wdrlead. Further, the global increase
of integral breadth with diffraction vectdK) indicates the presence of lattice distortion.
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It is noticed in the conventional W-H plot that tlmtegral breadths shows more
anisotropic nature in cold-worked copper than ild-agorked lead powder indicating that
the dislocation induced anisotropic line broaderiméead is much smaller than that of
copper powder, lea@ =3.910) is elastically more anisotropic than copf&r=2.207).

The progression of broadening is indicative of aligtion induced line
broadening in accordance with earlier studies dherdint materials [9, 4, 12, 13, 14, 15,
10]. A preliminary idea about the type of dislooatipresent in the samples can be
estimated from the value of the paramejebtained from integral breadths and Miller
indices [12]. For lead powders the valuegoivas obtained to be 2.024 and 1.460 for
annealed lead samples. The theoretical valuepasé 2.47 for pure screw and 1.64 for
pure edge dislocation in lead respectively. Thimisies that in cold-worked samples the
dislocation may have a mixed character with eqaadvg and edge component where as
for annealed samples it may be predominately egigee fThe present result differs from
cold-worked copper where a more screw charactebéas observed [4].

3.3. Modified Williamson-Hall analysis

The modified W-H analysis for both the samples wase according to the method
suggested by Ungar and Borbely [16]. Due to neglégipresence of deformation
stacking fault probability ) correction due additional broadening is not taketo
account. The modified W-H plot for cold-worked aadnealed samples are shown in
figure 3. It is observed from the plot that intdgoeeadths follow a smooth quadratic
behavior for both the cold-worked and annealed $ssnpvith the new scaling

parameteKzE. For a dislocated crystal the integral breadthaxjgressed according to
the relation [19],

B=-1 +AK2C)+B(K?C) (1)

(L),
where A and B are constants which depends on burgers’ vectsioddition density,
dislocation dipole polarization and effective outat-off radii of dislocation distribution.
For dislocated crystals with weak defect correfative integral breadth can be written in
the form [3].

ﬁ:i%(pfzbz InP)K 2C @)

(L),

where, {:[1+w] and P=3M=L(ﬁe/ﬁc)

4InP Jrin 2

and M is the dislocation arrangement parameter.atimu (2) reveals a nearly linear
dependence.

The non-linearity in the plot of with K2C indicates the non-randomness of
dislocation structure and possible dipole polaitratFig 3 indicates that this may be the

case in the present sample. The average volumehteeligcrystallite size(L),, is

obtained by extrapolating the curve Ko’C = 0 and comes out to be 87 nm for the cold-
worked and 157 nm for the annealed sample.

252



Microstructural Characterization of Cold-Worked Hg#®b) Powder by X-Ray
Diffraction Line Profile Modelling

12

(400)

£ (nm) -1

1 (11

02 . , . , . , . , .
0 5 10 15 20 25

K2 C (nm) -2

Figure 3: Modified Williamson-Hall plot form cold-worked andx for annealed lead
powder.

The dislocation density can be calculated from #gna(2) if the Cauchy and
Gaussion components of the integral breadth foh gaofile is known. In the present
case it is observed that the profile shape is afcBa type indicating some correlation in
the dislocation distribution may exist in the prasstudy. So value of could not be
determined as described and is obtained by sdttangdislocation arrangement parameter
(M) to be 1 signifying a non-correlated random atisition distribution. The dislocation
density was obtained to be 5.34 X'1t? according to equation (2). Such a high value
of dislocation density obtained from modified W-Hhadysis may be due to the
inadequacy of restrictedly random dislocation éstion model assumed in the method.

3.4. Multiplewhole pattern fitting analysis

A more physically based process for evaluation mfostructure of materials is multiple
whole pattern (MWP) fitting of Fourier coefficienfg]. The model involvesb-initio
size and strain functions for the assumed dislonalistribution. The normalized Fourier
coefficients for the first six Bragg reflections mgefitted simultaneously using the
software MWP [7]. Figure (4) shows the fitting ritsu The dislocation densityg),
effective outer-cut-off radius of dislocation dibtrtion (R) where,R, = (exp2)R;, the
median (m) and the variance)(of log-normal size distribution of spherical digliites
and the dislocation type factay) (are refined through the program. The resultshosvn

in table 1. It is observed from figure 4 that iseaf cold-worked lead the true specimen
broadening is underestimated indicating that retelly random distribution may not be
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a proper choice. This is also reflected in theinesf value of(g) and dislocation density
(0). A much better fit is observed in case of anneldad sample. It is observed that the
value of the parametegrobtained from the MWP fit is 2.67 for cold-workadd 1.76 for
annealed lead powder specimens respectively whftdgrslsignificantly from the result
of modified W-H analysis.
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MWP fitting of 4(a) cold-worked and 4(b) annealedd powder. Dotted line represents
experimentally calculated and solid line represémsretically obtained Fourier
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transformsMaximum fitting rangeL| = 125 nm for cold-worked and| =200 nm

for annealed lead powders.

Table1: Microstructural Parameters from MWP-fit of Fouraefficients

Parameters Cold-worked Pb Annealed Pb

m (nm 8.9t 65

o 0.89 0.t

q 2.67 1.7¢

p 10°m™ 8.0 1.22

Re (nm) 183.4 952.c

H 1.64 3.3¢

Reliability Factors (Final SR) 0.63¢ 0.02:
< |_> . (nm) 44 8C

<|_>V (nm) 10¢ 11F

This nature of dislocations produced during coldkimy is quite similar to that of cold-
worked copper [4]. However, the dislocation microsture of cold-worked lead and
copper may differ significantly as is evident frémWP fitting results.
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Figure 5: Crystallite size distribution for (a) cold-workedd(b) annealed lead powder
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The dislocation density is of the order of*3fn? for cold-worked lead specimen and
decreases with annealing. The average dislocagéparationp™? is 111 nm for cold-
worked sample and is equivalent to the volume @estacrystallite size indicating that
crystallites possibly represent sub-grains. Furtherdislocation arrangement parameter
(W) is 1.64 and 3.3 for cold-worked and annealed $amgspectively. Table 1 further
lists the parameters defining the crystallite siigtribution. Both the median and the
variance of size distribution for cold-worked leiadsmaller than that for annealed lead
sample showing a narrow size distribution for cetafked sample compared to the
annealed one. It has been shown [11] that the \shges obtained from X-ray are
comparable to the sub-grain size obtained from TEB¥nilar explanation may be
possible in our case also.

Figure 5 shows the crystallite size distributiotaited for both cold-worked and
annealed lead specimen. The volume and surfacehteeigrystallite size{L};; and{L} ,
respectively are also shown in table 1. The valuLi, differs considerably from the
value as obtained from modified W-H analysis.

3.5. Modified Warren Averbach analysis
The integral breadthg3() in modified W-H analysis follow a smooth quadeatehavior

with the scaling parametelK °C . But the dislocation density as obtained from ¢her
shows a Iaor%e difference with that obtained from RiY\focedure.
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Figure6: A typical modified Warren-Averbach plot of cold-vked lead powders

This may be due to difference in assumptions inelvin order to investigate it a detail
modified Warren-Averbach analysis has been donerdig to the following relation,
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2
In A(L) Oln AS(L)—%pLZ In(R%)K26+O(KZE)2 @A)
A typical modified W-A plot for the cold-worked ldgpowder is shown in figure 6. The
values of area averaged crystallite §lz}3A, effective outer cut-off radius of dislocations
(Ry), dislocation densityd) and dislocation arrangement parametérafe obtained from
the plot. The value of L>Aobtained for cold-worked sample is 57.6 nm andvtidae of

dislocation density is obtained as 2.4 X°1®? which is in close agreement with that
obtained for vapour deposited lead-film [3] and l&sted in table 2. Also the dislocation
arrangement parameter becomes 6.26 in the casklifvorked sample.

Table2: Microstructural parameters obtained from modiNgdrren-Averbach
procedure for cold-worked lead powders

<|_>A(nm) p10°m? Re(nm) 4
57.¢ 2.45% 12.6¢ 6.2¢€

A disagreement with the earlier observation of m@dr W-H analysis and MWP
analysis is noticed. The plot of MWP fitting forldewvorked sample shows a notable
misfit between the experimentally obtained and té#cal Fourier coefficients and also
the rate of decrease of theoretical Fourier coefits is faster than calculated ones
signifying that the theoretical broadening is serathan the actual observed broadening
which in-turns indicates a less dislocation denskipwever, a better agreement in
modified W-A analysis indicates the importance ddlatation microstructure in the
analysis procedure.

4. Conclusion

Plastically deformed (hand filed) and annealed Ipadider specimen was studied in
terms of theoretical physical microstructural-moafespherical crystallites (having a log-
normal size distribution) and a restrictedly randdisiocation distribution. A high value

of g factor indicates that the type of dislocations rbaypredominantly of screw type

present in the cold-worked sample whereas, edge tiplocation prevails in the

annealed specimens. Annealing produces a decredssldcation density. It is observed
that modified Warren-Averbach analysis yields muaiteptable results compared to
Multiple Whole Pattern fitting using a restrictedndom dislocation distribution.
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