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Abstract

Different samples prepared by high-pressure torsion deformation (Cu, Cu with addition of different amoup@s0F&] Mg and Mg with
10 wt.% Gd) were investigated by X-ray powder diffraction (PXRD), positron lifetime spectroscopy (PL) and transmission electron microscopy
(TEM). Conventional PXRD studies were carried out in order to determine lattice parameters, texture coefficients and especially crystallite
size and microstrain (and dislocation densities). In simplified analysis, the profiles were analyzed in terms of the modified Williamson—Hall
(WH) plots and more sophisticated analysis was performed by total powder diffraction pattern fitting. Small grains of the order of 50—300 nm
and dislocation densities within the range ok L0 m~2 up to 1x 10"®*m~2 were determined. Observed line broadening anisotropy could
be explained well for all the materials by the dislocation-induced line broadening and elastic anisotropy. Positron lifetime spectra have showr
two major components—from positrons trapped at dislocations inside the distorted regions and the one attributed to positrons trapped i
microvoids with the size of 4-5 vacancies. The values of crystallite size and dislocation density agree quite well with the estimations made
from TEM. It was found that the addition of more than 0.5wt.%@J prevents grain growth and keeps the dislocation density high up to
about 400C. The amount of 0.3 wt.% is insufficient for that and significant grain growth is observed at abo@.200
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In the present study, selected samples of Cu, Cu with ad-
dition of different amount of AlO3, Fe, Mg and Mg with

Severe plastic deformation is an effective tool for produc- 10wt.% Gd prepared by high-pressure torsion deformation

tion of compact submicrocrystalline samples. The materials under 6 GPa were investigated by X-ray powder diffraction

are also often called ultra-fine grained (UFG). High-pressure (PXRD), positron lifetime spectroscopy (PL) and transmis-

torsion deformation is one possible way of the technique sion electron microscopy (TEM) and preliminary results are

[1,2]. The specific structure of UFG materials leads to a reported. Main attention is given to conventional powder

number of unusual physical and mechanical properties. In XRD studies.

particular, the UFG materials exhibit anomalous high dif-

fusion activity [3], unusual changes in Curie temperature,

saturation magnetization and elastic properfids More- 2. Experimental details

over, the UFG materials are characterized by combination

of the high strength and the ductilif{,5]. These advanta- X-ray powder diffraction measurements were performed

geous mechanical properties make the UFG materials highlywith the aid of XRD7 and HZG4 (Seifert-FPM) powder
attractive for further industrial applications. diffractometers using Cu &radiation filtered with a nickel

foil and Soller slits placed in the diffracted beam. XRD

profiles were fitted with the Pearson VII functions. The cor-
* Corresponding author. Tek:420-221911394; fax+-420-224911061.  rection for instrumental broadening was performed with the
E-mail address: kuzel@karlov.mff.cuni.cz (R. Kuzel). aid of NIST LaBs standard and the Voigt function method.
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Lattice parameters were determined in terms of the Cohen—any texture, in most of the Cu samples the (111) texture
Wagner plot and preferred orientation characterized simply was observed and for Mg samples significant (00 1) texture
by the Harris texture indices. Different methods of diffrac- was typical. For cubic phases the preferred grain orienta-
tion line profile analysis were applied. In simplified analysis, tion was characterized by the Harris texture index that is
the line broadening was analyzed using integral breadths andequal to unity in the absence of preferred orientation. For
half-widths (FWHM) in terms of the modified Williamson—  all the copper samples investigated the texture index was of
Hall (WH) plots [6]. More sophisticated analysis was then about 2—2.5. Texture changgé11 — (100 with anneal-
performed by the total powder diffraction pattern fitting as ing was observed for the Cd 0.3% Al,O3 sample in the
proposed by Ungar et di7] and Scardi and Leor8]. range between 160 and 220. However, this was also con-
TEM was performed for the high-pressure torsion de- nected with significant grain growth. The texture of hexago-
formed Fe and Cu with addition of ADs using a Jeol nal magnesium was evaluated by the empirical forniuta
2000FX analytical microscope operating at 200kV. Small 1"™@dexp(—D sin?y), whereD is the coefficient related to
disks (3 mm diameter) were cut out of the materials and thesethe degree of preferred orientation ai the angle between
were mechanically polished down to a thickness of 0.1 mm the c-axis (texture direction) and particular reflecting plane
and then thinned using a standard electrolytic double jet normal. Observed-values were about 5 and 2 for the Mg
technique (Struers Tenupol). For Fe an electrolyte a solutionand Mg+ Gd samples, respectively. In all cases, the expo-
of 6% perchloric acid in metanol was used at minus@3  nential dependence described the texture function very well.
and 25V and in the case of Cu alloy an electrolyte solution of ~ Line broadening analysis of the samples indicated signif-
20% nitric acid in metanol was used at minus’22and 13 V. icant differences between samples. However, general fea-
A fast—fast PL spectrometer similar to that described in tures could be found as well. Although, these materials had
[9] was used for PL measurements. The spectrometer ex-small grains in the order of 50-300 nm, the main reason
hibits timing resolution 150 ps (FWHKFNa) at coincidence  for line broadening are dislocations. All the methods used
counting rate of 80s!. We used &?Na positron source  gave reasonable dislocation densities within the range of
with activity of 1.5 MBq deposited on a mylar foil. 104-10"*m—2. Different materials showed different line
broadening anisotropy in dependence of elastic anisotropy.
An example can be seen kig. 1 Typical line broadening
3. Results anisotropy of iron could well be fitted assuming the most
common slip systems and edge and screw dislocations with
Lattice parameters of all the samples investigated did not the Burgers vectds || (11 1). Similarly, the anisotropy could
show significant deviations from standard stress free valuesbe fitted for the fcc copper samples assuming dislocations
given in the powder diffraction file PDF{A0]. This means  with the Burgers vectob || (110 (Fig. 2.
both, the absence of impurities in the lattice and the ab- Typical TEM micrograph of as-deformed iron is shown
sence of residual stresses. Different types of preferred orien-on Fig. 3. There is a typical substructure of material after
tation were observed. While the Fe samples where without severe deformation with high density of dislocations and
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Fig. 1. Williamson—Hall plot vs. siné for as-deformed iron showing typical line-broadening anisotropy (full dots—experimental values, triangles and
line—values calculated assuming edge and screw dislocations with the Burgerslvgjctbd 1).
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Fig. 2. Williamson—Hall plotg vs. sin® for several samples as-deformed Cu (triangles), as-deformed @Coiwt.% of Al,Os (circles) and the latter

sample annealed at 58C (squares) showing typical line-broadening anisotropy for copper (full symbols—experimental values, open symbols—values
calculated assuming edge and screw dislocations with the Burgers efjtd 1 0.

small grains ranging in size from 200 to 500 nm. Inside of rapidly changes with isochronal annealing (30 min on each
these grains are subgrains of about 100 nm large. Howevertemperature from 100C). At 130°C the dislocation density
the regions of grains without subgrain substructure were drops to half (2x 10 m~2) without change of crystallite
also observed. The values of crystallite size and dislocationsize and after annealing at 190 further decrease to the
density obtained from the Williamson—Hall plot are 95nm value of 8x 101¥m=2 and increase of crystallite size to
and 4x 1014 m~2, respectively. The fine microstructure quite 150 nm were observed. Annealing experiments continue.

Fig. 3. Typical TEM micrograph of as-deformed iron.
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Fig. 4. Typical TEM micrograph of as-deformed Cu with 0.5wt.% 06®@¢ (a) and selected area containing®} droplet (b).

Samples with different content of 403 (0.3, 0.5 and for pure Mg sample was detected so that the dislocation
1.1%) were investigated. Crystallite size and dislocation density is of the order of X 101*m~2 or less.

densities of all the samples were 40-50 nm ard @1° m~2, As even the modified WH method suffers from principle
respectively. Results of study of the Gu0.5wt.% of limitations, more sophisticated evaluation with the aid of
Al;0O3 sample have been partially publish¢tl]. Typi- full pattern or multiple profile fitting was performed using

cal TEM pictures of Cut+ 0.5wt.% of Al,O3 sample are  the programs MWP-fif7] and PM200Q[8]. The fits were
shown inFig. 4a and b On some of the TEM pictures usually good Fig. 53 but not perfect Fig. 5b). In case of
Al>,O3 droplets of the size of about 300-400nm were the former program multiple fitting of Fourier coefficients
found (ig. 4b. It was found that the addition of at least was used. For this program the pure physical profile must
0.5wt.% AbO3 prevents grain growth and keeps the dis- be given for input. A number of deconvolution methods was
location density high up to about 40C in comparison  tested for separation of instrumental broadening. The best
with pure copper where drop of dislocation density was ob- results and good agreement of reconvoluted profiles with
served already at 15€. However, the amount of 0.3wt.% the experimental ones were obtained for modified Kojdecki
is insufficient for that and significant grain growth is ob- regularization algorithnj12]. The principle problem of the
served at about 20@. This was clearly seen also on X-ray dislocation density determination is correct evaluation of
back reflection photos where discontinuous rings were the correlation factor of dislocation arrangement (cut-off
detected. radius) that is highly correlated with the dislocation density.
Preliminary studies of magnesium samples have shown This factor is related to the profile shape but the sensitivity
that in the Mgt 10% Gd sample lower broadening of (00I) is not very high.
profiles indicate dominating dislocations with) Burgers PL spectra have shown usually three major components—
vector in the direction [210]. No significant broadening  component with lifetime well below 100 ps can be obvi-



246

1;10 1;12 1;14 11-I16

20

Fig. 5. Two segments of powder diffraction pattern for Cu sample annealed
at 220°C (311 and 222 peaks) (a) and sample annealed atG2831

and 420 peaks) (b).

ously attributed to free positrons. Relative intensity of this
component is very small for most of the as-deformed sam-
ples. It clearly indicates that majority of positrons annihi-

late from trapped states at defects. In some cases, e.g. UFq

Cu+ 0.5wt.% Al,Os3, the free positron component was not

detected and saturated positron trapping at defects occurs

A decrease of defect density and grain growth with increas-
ing temperature during isochronal annealing lead to rise of
the intensity of the free positron compondB,14] The

second component is dominating and comes from positrons

trapped at dislocations. For example, the lifetime of this
component for UFG Cu and UFG Cu with &bz corre-
sponds to the lifetime of 164 ps of positrons trapped at Cu
dislocations[13,15] Dislocations are situated in distorted
regions along GBs, while grain interiors are almost free of
dislocations, for detailed discussion gd8]. Similar pic-
ture was found also in UFG Fe. On the other hand, UFG Mg
and UFG Mg-10 wt.% Gd exhibit homogeneous distribution
of dislocations throughout whole grains. The third compo-
nent with the longest lifetime represents a contribution of
positrons trapped at microvoids inside graji8]. Using
theoretical calculations in refl3], one obtains that size of
the microvoids in the as-deformed UFG Cu specimen corre-
sponds to five monovacancies. Larger microvoids (more than
10 vacancies) were found in UFG Fe. On the other hand,
no microvoids were detected in UFG Mg and UFG Mg—
10wt.% Gd.
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4. Conclusions

Three complementary techniques were used for charac-
terization of submicrocrystalline metals prepared by high-
pressure torsion deformation. The values of crystallite size
obtained from XRD and grain size measured by TEM are in
approximate agreement. As usual, the values from XRD are
smaller (50-300 nm for XRD, the TEM estimations start at
100 nm and go up to 500 nm, depending on samples). This
has several reasons. For example, there may be a difference
between the grain and crystallite—coherent domain. Dislo-
cation densities were determined mainly from XRD in the
present study. They were within the range"*a0"> m=2.

It was found that the addition of more than 0.5 wt.% ®%
prevents grain growth and keeps the dislocation density high
up to about 400C. The amount of 0.3wt.% is insufficient
for that and significant grain growth was observed at about
200°C. Stability of the fine microstructure of pure metals is
much lower for both Cu and Fe samples. The strain relax-
ation starts after annealing at about 280and it is followed

by grain growth (at about 20). Positron lifetime spec-
troscopy results show the presence of inhomogeneous dislo-
cation distribution for Cu and Fe samples. This indicates the
necessity of development of more appropriate model for the
XRD evaluation. From PL measurements also the presence
of microvoids could be found—5 and 10 monovacancies for
Cu and Fe, respectively.
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