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Abstract. Quantitative x-ray diffraction investigations were performed on
ultrafine-grained copper samples with various crystallite sizes processed by severe
plastic deformation. In the x-ray diffraction patterns, common features such as the
relative maximum intensity, considerable broadening, long tails, centroid positions
of Bragg reflections shifted to larger diffraction angles and increased background
integrated intensities are revealed. The evolution of the shape of the Bragg
reflections, background integrated intensity, microstrain, dislocation density, lattice
parameter and atomic displacement with decreasing crystallite size was
investigated. The obtained results are analysed and discussed in terms of the
structural model of ultrafine-grained materials processed by severe plastic
deformation.

1. Introduction Table 1. The crystallite size of the UFG Cu samples.

Many grain-size-dependent novel properties have recently Crystallite

been revealed in ultrafine-grained (UFG) materials (sub- size (nm) A B C D E
m|crocrystalllne_and nanogrystalllne materials) procesged Dyt 116 04 94 94 o1
by severe plastic deformation (SPD) [1]. Such properties Dooo 208 204 135 88 80
include elastic, strength, microhardness, superplastic and D 162 149 114 91 85
magnetic properties [2]. The decrease of the grain size leads  D2oo/D111 1.8 2.2 14 =~1 =1

to a significant variation of properties in these materials.
X-ray diffraction is a powerful tool in the investigation

of UFG materials. Recent investigations [3—7] indicated . . . .
that the x-ray diffraction patterns (XRDPs) of the UFG samples with no residual porosity could be obtained after

materials differ significantly from those of their coarse- SUch treatment [2]. By use of this technique the range of

grained (CG) counterparts. This means that such crystallite sizes shown in table 1 was obtamed.
structural parameters as the microstrain, dislocation density, 1€ UFG Cu samples were discs of diameter 12 mm

lattice parameter and atomic displacement are considerably2nd thickness about 0.20 mm. The reference CG Cu sample
changed in UFG materials in comparison with those of [7] used in this work was cut from a massive sheet obtained

CG materials. The goal of the present work is to carry by cold rolling and had the same shape as the UFG samples.

out a detailed x-ray diffraction characterization of UFG Cu
during the development of the UFG structure upon SPD. 2.2, X-ray diffraction measurements

X-ray diffraction measurements of the Cu samples were
performed on the wide-angle goniometer of a Rigaku
D/MAX 2400 x-ray diffractometer. The rotating Cu target
was operated at a voltage of 58 kV and a current of
Pure Cu (99.98%) samples were subjected to SPD by 180 mA. The x-ray wavelengthis,, (1.540 56A) andik,,
torsion straining with axial rotation under a pressure of (1.544 39A) were reflected by a graphite crystal using the
several gigapascals at room temperature. The numberg0002) reflection. With these wavelengths, the extinction
and the angles of rotation were controlled so that UFG Cu depth in Cu was calculated to be less than 88, which

2. Experimental details

2.1. The sample preparation of samples

0022-3727/97/213008+08%$19.50 (© 1997 IOP Publishing Ltd
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Figure 1. The intensity data (on a logarithmic scale of intensities) for the UFG Cu samples A and E and the reference CG

Cu sample plotted against the diffraction angle 29.

was about a fifth of the thickness of the samples. The scansa function of the diffraction anglef2 The pseudo-Voigt

were collected over theg2range from 40-140. Small
angular steps of 2= 0.02° and a fixed counting time of

function which is a linear combination of a Lorentzian
and Gaussian function was used in order to obtain the

20 s were taken to measure the intensity of each Bragginformation about the shapes and integrated intensities of
peak. The angular intervals were chosen to be identical Bragg reflections for the investigated Cu samples.

for the same /{kl) Bragg peaks of these samples. Then,

The results of a pseudo-Voigt fitting for Bragg

it was possible to compare the integrated intensities of reflections of these samples are shown in figure 2. For
Bragg reflections and the background integrated intensitiesall Bragg reflections of the UFG Cu samples, the averaged
for these samples. Other regions of background intensity Lorentzian fractiong were above 0.95. This means that the

were measured using a step size dP@nd a counting time
of 10 s.
In order to determine the instrumental broadening, a
powder sample of Cu (particle sizes about;d@) annealed
at 773 K for 60 min under a vacuum of 1DPa was used.

shapes of Bragg reflections from the UFG Cu samples were
represented better by the primarily Lorentzian function.
However, in the case of the reference CG Cu sample, the
averaged Lorentzian fraction of Bragg reflections was
about 0.46. Therefore, the shape of Bragg reflections for

This sample had an almost perfect structure and its Braggthe reference CG Cu sample was represented by a sum

reflections were taken as the instrumental broadening.

3. Experimental results

3.1. The Bragg peak shape and background intensity
analysis

The x-ray diffraction intensities including the (111), (200),
(220), (311), (222), (400) and (331) Bragg reflections are
plotted on a logarithmic scale for UFG Cu samples A
and E (with the most different crystallite sizes) and the
reference CG Cu sample in figure 1. From the relative
maximum intensities of Bragg reflections, different types

of the Gaussian and Lorentzian functions with a relatively
large Gaussian component.

The background intensity included diffuse scattering
both from the sample and from the instrument, for example
scattering by air [9]. In the present experiments, because
the scattered intensities associated with the instrument were
the same for all samples, the information about the diffuse-
scattering intensities from these samples could be estimated.

In order to separate the background intensities from the
intensity data which had been fitted by the pseudo-Voigt
function, base lines were used. The base line connected
the edge points which were located at both corners of
each Bragg reflection and corresponded to the background

of crystallographic texture were obviously observed (see intensity. The intensity above the base line was removed for

also [7]). The(11l) and (331 textures were revealed in

all Bragg reflections. The remaining parts were taken as the

the UFG Cu samples A and E. However, the reference CG background intensity. The integrated background intensity

sample exhibited thé200 texture.
The Bragg-reflection broadenings from the UFG Cu
samples A and E were significantly larger than that from the

W was calculated over the measured range (4020 <
140).
As a result, the integrated background intensities

reference CG Cu sample. Simultaneously, the broadeningfrom the UFG Cu samples were slightly larger than the

was larger for sample E than that for sample A. This

corresponding value from the reference CG Cu sample. The

reflected the microstructural evolution in these samples valuesAW/W relative toW of the reference CG Cu sample

when they had been subjected to different ranges of SPD.

Taking into account the kinematical x-ray diffraction

are plotted versus the inverse crystallite size in figure 3. In
this way, a tendency ok W/ W to increase from 6% to 8%

theory [8], the intensity measurements are represented asvas derived.
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Figure 2. The average Lorentzian fraction n of the Bragg reflections from the UFG and reference CG Cu samples versus the
inverse crystallite size.

3.2. The lattice-parameter analysis physical profile was a Lorentzian one [12—14]. Bearing in
mind that size-broadening profiles are usually represented
by the Lorentzian function [15] and that the physical pro-
files of the Bragg reflections from the UFG Cu samples
were also described by the Lorentzian function, we chose
to use a Lorentzian-shaped profile to represent the micro-
. " strain broadening. Then, the integral width of the physical
parameters were calculated from the c_entr0|d p(_)s_lt|ons of profile 8, was taken as the sum of the integral widths of
peaks. In order to remove the systematic error arising from the size broadening and the distortion broadening. By using

th_e geometrical arrangem_ent of the instrument,_ a sta_n_dardthe Scherrer and Wilson equation [16], the physical width
Si sample was used to calibrate the peak centroid positions. ¢ 1, (k1) Bragg reflections was taken as the following:
The averaged lattice parameter for each sample was

calculated using the least-squares method with a weighting Br = /Dyt + (€2) %t (1)
function sirf(20). The rates of variation of the lattice
parameterd\a/a and the unit cell volume\V/V for these where g8, is equal tog,m cog0)/A and g, is the integral
samples are shown in figure 4. The values botthaf/a width of the physical profile, the scattering vector=
and of AV/V for the UFG Cu samples were below zero. 4sin@)/A and Dy, and (e2,)Y/? represent the volume-
The decrease in crystallite size resulted in a significant averaged crystallite size and the microstrain inside the
increase in this deviation. For the reference CG Cu sample,grains and interfacial regions in thehkl) direction,
its lattice parameter approached the literature value and therespectively.
rate of variation was close to zero. The increase B, with T was related to the magnitude
of the microstrain, because the size broadening was
independent of the magnitude af The pairs of the
(111)—(222) and (200)-(400) Bragg reflections were used
Integral widths of the Bragg reflections from the UFG to calculate the crystallite size and microstrain (table 1 and
and reference Cu samples were derived using thefigure 6).
integrated intensity of each Bragg reflection divided by the Table 1 shows that the volume-averaged crystallite sizes
corresponding maximum intensity (an example is shown in for UFG Cu samples differed significantly. Simultaneously,
figure 5). That the integral widths for the UFG Cu samples the crystallites in different texture components were
were larger suggests that a physical broadening caused byanisotropic in samples A, B and C and approximately
the small crystallite and structural defects in these samplesidentical in samples D and E. The decrease in crystallite
had occurred. size on going from A to E was more pronounced in the
The physical profiles were obtained by the deconvo- (200 than it was in thel111) direction.
lution of the experimental profiles with the instrumental The evolution of the microstrain with the reduction in
broadening profiles [8]. Because the experimental pro- crystallite size is shown in figure 6. The values of the
files were represented better by the Lorentzian function microstrain for the (111) and (200) families of the Bragg
and the instrumental broadening was more of Gaussianpeaks from the UFG Cu samples were sufficiently large and
type for the UFG Cu samples, one may suppose that thesignificantly different. The values of the microstrain in the

The Bragg intensities consisted of two components with
the wavelengths.g,, and ig,, with an intensity ratio of
2:1. With the modified Rachinger method [10, 11], the
correctedig,, Bragg reflection profile was obtained by
eliminating theig,, component. The corresponding lattice

3.3. The crystallite-size and microstrain analysis

3010
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Figure 3. The variation AW /W of the background integrated intensity relative to W of the reference CG Cu sample against
the inverse crystallite size D~1.
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Figure 4. The variations Aa/a of the lattice parameter (full circles) and AV /V of the volume of the unit cell (open circles)
versus the inverse crystallite size D~1. The full curve stands for the variation of Aa/a and the broken curve for AV/V.

(200 direction were at least three or four times larger than whereD,, and(e,fkl)l/2 are the volume-averaged crystallite
those in the(111) direction. Furthermore, together with size and the microstrain in the directions perpendicular
the decrease in grain size, the values of the microstrainto the (kl) families. b is the Burgers vector of the

in the (111) direction remained approximately the same, dislocations (for Cup is approximately 0.256 nm).

whereas those in th200 direction decreased a little. So, The calculated data of the averaged dislocation densities
a large lattice distortion occurred and, simultaneously, an o obtained from the Bragg reflections (111)-(222) and
anisotropic distribution of the microstrain developed in the (200)—(400) are shown in figure 7. The dislocation density
UFG Cu samples. p increased linearly with the reciprocal crystallite size.

3.4. The estimation of the dislocation density 3.5. The estimation of the Debye—Waller parameter

The dislocation density,; can be represented in terms The Debye—Waller paramete® which is related to the
of the crystallite size and microstrain derived from Bragg- displacements of the atoms from their ideal lattice positions
reflection-profile analysis as follows [17, 18]: may be separated into two components and Bs, where
Br is the contribution from the thermal vibrations of
ont = (ppps)Y? = 2v/3(e2,)Y2/(Dyisb) 2) the atoms and is temperature dependent, witlle is

3011
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Figure 6. The microstrain (¢2)*/2 in the (111) (full circles) and (200) (open circles) directions of the UFG Cu samples against
the inverse crystallite size D~1.

the temperature-independent term due to static atomic  For the textured UFG Cu samples, the first- and second-
displacements [5]. order Bragg reflections from the same family b£{) planes
The Debye-Waller parameter is usually obtained from are not related to the texture. So, pairs of (111)—(222) or
the XRPDs using the Warren [8] and other methods [19, 20]. (200)—(400) Bragg peaks were used to calculate the Debye—
These methods rely on one’s having texture-free samples.Waller parameteB. The averaged valuB for each sample
However, the samples processed by SPD exhidifl) and was obtained by taking an average over the values B of the
(331) textures. Therefore, these methods cannot be used(111) and (200) Bragg reflections (figure 8).
to calculate the Debye—Waller parameter for the UFG Cu The Debye-Waller parameter8 of the UFG Cu
samples. samples are larger than those of the reference CG Cu sample
In order to obtain the information about the Debye— | hich was equal to 02+ 0.08 A2 [7] and are linearly

Waller parameter for the textured materials, the equation proportional to the inverse crystallite size The increase

based on kinematical x-ray diffraction theory [8], namely i, g with decreasing the crystallite size illustrates the

IN[®opr,)/ Peay,] = —2B[SING@r) /1] 3) enhancement of the atomic displacements from their ideal
' lattice positions that had occurred. In the present work, we
where B = B; + Br and ®,,, and &, are the assumed that the atoms in the UFG Cu samples had been
experimental and theoretical integrated intensitiesh@f )( shifted isotropically from their ideal lattice positions. So,
Bragg peaks, respectively, may still be used. the atomic displacements:?)? were calculated fronB

3012
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Figure 7. The averaged dislocation density 4 against the inverse crystallite size D~1. The full line represents the
least-squares fit of the measured data.
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Figure 8. The Debye-Waller parameter B against the inverse crystallite size D~*. The full line represents the least-squares
fit of these data.

with the relation(u?)%2 = [B/(8n2)]¥2 [8]. Fitzsimmons  that of the reference CG Cu sample. The XRDPs of
et al [21] have shown that this isotropic condition may not the UFG Cu samples exhibited a change in the relative
be true for the atoms in the interfacial regions near the maximum intensity, a shift of the centroid position to
GBs, but the resulting errors in this case are expected to belarger diffraction angles, considerable broadening, long
small [22]. The calculated data of the atomic displacements tails of Bragg reflections and an increase in the integrated
(u?)¥? along the scattering vector for the UFG Cu background intensity. The smaller the crystallite size the
samples are shown in figure 9. The displacemenfs/? more significant these features.

increased gradually together with the decrease in crystallite  The changes in the relative maximum intensities of
size, from 0034+ 0.002A in sample A to 0061+ 0.003A Bragg reflections were a result of the intense plastic

in sample E. deformation of the refinement of the microstructure.
The high values of the microstrain, the large density
4. Discussion of the dislocations and the increases in background

integrated intensity, Debye—Waller parameter and atomic
The experimental results show that x-ray diffraction displacements are attributed to the high distortion of the
supplies important information concerning the formation crystal lattice in the UFG Cu samples. Furthermore,
of the microstructure in the Cu processed by SPD. The the Lorentzian-shaped Bragg reflections and large atomic
XRDPs of the UFG Cu samples differed significantly from displacements showed that the defect structure was rather

3013
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Figure 9. The atomic displacement (x2)Y/2 versus the inverse crystallite size D=. The full line stands for the least-squares
fit of these data.

specific to these samples. The Lorentzian-shaped Bragg reflections in the UFG
The averaged dislocation densjiyestimated from the  Cu samples implied that the distribution of defects was
present experiments was high and increased significantlyconcentrated in some regions, due to the contribution of
with decreasing crystallite size. This implies that there were the GB dislocations. So the obtained Lorentzian-shaped
high levels of lattice distortion and large static atomic shifts Bragg reflections and the highly distorted layers near the
from the ideal lattice positions. According to the diffraction vicinity of GBs are the main characteristics of the UFG
theory developed by Krivoglaz [23], the existence of static materials made by SPD.
atomic displacements in the UFG Cu samples can be A possible reason for the decrease in lattice parameters
explained by the presence of defects having strain fieldsn the UFG Cu samples is that a decrease of the interplanar
that decay with distances from the defect at a rate  gpacings occurred due to the atomic displacements inside

3/2 . . .
faster than 1y%2. Examples of these types of defects the grains caused by compressive long-range stress fields
include vacancies, interstitials and dislocation loops. Since 4t the extrinsic GB dislocations. The decrease in crystallite
any vacancies and interstitials contribute much less to the ji,o resulted in the increase of the influence of the long-

observed features, dislocations are the main element Ieadingrange stress fields

0 e'I:lstlc jltres? fields and tIStat('f atcl)mlc ddlsplzcelzmzentst.h Increases both in the thermal atomic displacements and
ceording o a recently developed mode [2], the in the static atomic displacements due to the defects, namely
process of SPD leads to the formation of a microstructure . . -
g : : o dislocations, may have contributed to the enhancement of
which can be characterized in terms of non-equilibrium
o : the Debye—Waller parameters for the UFG Cu samples.
GBs. The non-equilibrium state of the GBs is caused The linear enhancement of the Debye—Waller parameters
by the presence of extrinsic GB dislocations of very btained in th ¢ K y ts that 51 tomi
high density. These dislocations create the Iong-rangeg. allne mt € present wor Sljjggelss at the aoTr']Ct
stress fields resulting in strong elastic distortions that are kllsp_a;emen S |fnchrea|se corresponding 3]: TO we pkr]opose na
especially high in the vicinity of the GBs [24-26]. the in uence o the ong-range st_ress lelds in the GBs is
Eastmanet al [27] pointed out that the average €nhanced with decreasing grain size.

concentration of defects can be presented as the following:

¢=co+ ('~ co) x 35/D “) 5. Conclusions

wherecg is the defect concentration inside a graihis the _ o _ )
defect concentration in the region near the GBs &igithe (i) Peculiarities in the formation of the UFG microstructure

thickness of this region. in pure Cu during the process of SPD were revealed by
From the present results, the positive slope in figure 7 X-Tay analysis.
suggested that’ is larger thancy; that is, there was a (i) It was found that the UFG Cu samples possessed

higher dislocation density and a higher concentration of @ highly distorted microstructure with a specific defect
defects in the distorted layers near the GBs than there wasdistribution. Furthermore, the smaller the grain size the
inside the grains in the UFG Cu samples. Therefore, the larger the effect of long-range stress fields.

present result obtained by the x-ray diffraction confirmed (i) The obtained results are in agreement with the
the existence of highly distorted layers near the GBs in the recently developed structural model of UFG materials
samples produced by SPD [24, 25]. processed by SPD.
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