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Structural anisotropy in equal-channel angular
extruded nickel revealed by dilatometric study

of excess volume

Structural anisotropy and excess volume in ultra-fine
grained high-purity nickel prepared by equal-channel angu-
lar pressing (ECAP) is studied by means of dilatometry and
compared with the processing route of high-pressure tor-
sion. Both routes exhibit qualitatively similar three-stage
behavior in length change upon defect annealing with a
characteristic dependence on the measuring direction re-
lated to the deformation axes. Taking into account shape
anisotropy of the crystallites, the length change in various
directions can be quantitatively analyzed yielding direct
access to the concentration of deformation-induced lattice
vacancies, the vacancy relaxation, and the grain boundary
expansion. The routes A12 and Bc12 of ECAP are com-
pared.

Keywords: Dilatometry; Equal-channel angular pressing;
High-pressure torsion; Vacancy; Recrystallization

1. Introduction

In the past few years, difference dilatometry has proven a
powerful absolute technique in order to quantify the amount
of excess volume in ultrafine grained metals prepared by
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severe plastic deformation (SPD) [1, 21" In particular, the
absolute concentration of deformation-induced lattice va-
cancies and the grain boundary (GB) expansion as well as
issues of structural relaxation, defect kinetics and aggolo-
meration could be determined focusing on SPD-processed
Ni [4-6] and Cu [7, 8]. Studies of these kinds of defects
are of pivotal importance since the atomistic processes,
which occur during SPD-induced structural refinement and
which give rise to the particular mechanical behaviour, are
intimately related to structural defects available in these
materials in highly abundant concentrations [9, 10].

Based on systematic dilatometric studies of ultrafine
grained metals prepared by high-pressure torsion (HPT)
[4-6, 8, 11], the present work aims at studying free vol-
umes in Ni in detail after an entirely different deformation
process, namely equal-channel angular pressing (ECAP).
Dilatometric results contributed to an earlier study on
ECAP-processed Ni [12]. However, there commercial
grade nickel of lower purity (99.6 wt.%) was used, and it
is well known that impurities significantly influence the an-
nealing behavior of the different defects. Furthermore, no
orientation dependence was measured. Now again, nickel

! Valiev etal. for the first time used dilatometry for the study of
SPD-processed metals [3].
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is used, however, this time with high purity (99.99+ wt.%).
It serves well as a model system, on the one hand, because
lattice vacancies in Ni are stable at ambient temperature
[13], and, on the other, because the temperature regime of
annealing of lattice vacancies is well separated from the
stage of crystallite growth.

ECAP-processing, besides HPT, is the primary route for
the preparation of ultrafine grained metals in bulk dimen-
sions [14—16]. A comparison of these methods with respect
to free volumes is of interest in view of the characteristic
differences concerning structural refinement and physical
properties of materials obtained by ECAP or HPT. Compar-
ing, for example, mechanical behaviour of the two routes, a
higher hardness is reported for HPT compared to ECAP, but
the hardness of ECAP-processed samples is more homoge-
neous due to a more homogeneous straining process [17].

A characteristic feature of both HPT and ECAP is struc-
tural anisotropy which is also of relevance for the mechani-
cal properties [18]. The pronounced shape-anisotropy of the
crystallites after HPT-deformation is reflected by a substan-
tial variation of the dilatometric length change with mea-
suring direction both in the temperature regime where va-
cancies anneal out [6] and in the regime where excess
volume associated with GBs dissappears during grain
growth [5]. This anisotropic annealing behavior even offers
the potential for measuring the vacancy relaxation [6]. In
ECAP-processing the degree of homogeneity or anisotropy
of grain shapes can be controlled by appropriate sample ro-
tations between successive passes [19].

2. Experimental procedure

For ECAP-processing in the present work two rods of high-
purity nickel (99.99+ wt.%, Goodfellow Inc.) with dia-
meters of 20 mm and lengths of 100 mm were used. Both
rods were subjected to N = 12 passes (/N: number of passes)
at a constant ram speed of 6 mm s7!. one with route A and
one with route B¢, denoted A12 and B¢12 in the following,
respectively. In the route B¢ the samples are rotated by 90°
in the same direction between subsequent passes in contrast
to the route A without rotation (for definition see, e. g. [16]).
Both deformation routes were performed in a die containing
two channels intersecting at an angle of @ = 120° (so-called
inner angle); the outer part of the intersecting channels is
curved over an angle range ¥ =27.8° (so-called outer an-
gle). According to the relation [20]

o= \% {200t<'§+q2§) + ¥rad] csc (fﬁ;ﬂ (1)

the applied deformation corresponds to a uniform equiva-
lent strain ¢ of 0.6 per pass and 7.5 in total. During ECAP-
processing the rods exceeded ambient temperature by a
few degrees only.

From each of the rods prism-shaped samples with square
bases (2.5 x 2.5 x 7 mm?) were cut out by means of a pre-
cision circular saw with an SiC saw blade. Samples from
various positions (both close to the center and close to the
edge) were cut in three different orientations of the ECAP-
processed rods, i.e., in extrusion (E), transverse (T) and
normal (N) directions as schematically shown in Fig. la.
From each orientation a reference sample for dilatometry
was prepared by pre-annealing at 800 K.
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Fig. 1. a) Sketch of ECAP process and sample orientation. (E) denotes
the extrusion direction parallel to the outlet channel, (N) the direction
normal to the outlet channel within the plane of inlet and outlet chan-
nels, (T) the transverse direction perpendicular to the plane of inlet
and outlet channels. (b) Dilatometry sample with inclination angle ¢’
of the elongated crystallites in the NE-plane with respect to the E-di-
rection and the initial lengths a, and b, of the crystallite axes.

The dilatometric measurements were performed by
means of a vertical high-precision difference dilatometer

(Linseis, model: L75VD500 LT) under a flow of 51h™!
of high-purity argon (99.999 %) (for details of the technique
see, e.g., Sprengel et al. [1]). The length changes AL/L,
quoted in the following (Table 1, see below) denote net
length changes determined as the difference to the pre-an-
nealed reference sample prepared in the same orientation
from the same rod. Therefore, variations of AL/Lg upon an-
nealing are exclusively due to irreversible annealing pro-
cesses in the ECAP-processed test sample. Heating was
done from 273 K to 793 K with constant heating rates of
1.5, 2.5, 3.0, 5.0 and 6.0 K min~!. Individual stages of de-
fect annealing were identified from the derivative of the
difference curve with respect to temperature which can di-
rectly be extracted from the time derivative of the measur-
ing curve owing to the constant heating rate.

The dilatometric data for ECAP-processed Ni are com-
pared with HPT-processed Ni measured under identical
conditions. For this purpose, HPT deformation with 5 turns
at room temperature up to an equivalent strain of 30 to 40
was performed on Ni of the same purity yielding a disk of
30 mm in diameter and 8 mm in height from which the di-
latometer samples were cut. Details of the ongoing sys-
tematic studies [11] on HPT-processed Ni will be published
elsewhere.

Microstructural characterization of the ultrafine-grained
samples were performed by means of scanning electron mi-
croscopy (SEM) using a Zeiss Ultra 55 SEM with an elec-
tron backscatter detector. The micrographs were analyzed
with the software ImageJ [21]. The crystallite sizes were
determined by the line intercept method. In order to take
into account shape anisotropy (see below), directions pa-
rallel and perpendicular to the axis of elongation with ca.
300 crystallites in each direction were evaluated by this
technique.

3. Results

Figure 2 shows a representative SEM micrograph after
ECAP-processing with the route Al12, imaged in the NE
plane, i.e., view in transverse direction (see Fig. 1). Clearly
visible is an anisotropic crystallite shape. By means of com-
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Table 1. Dilatometric length change AL/L, measured for annealing stages A and B of Ni along the various measuring directions, i.e., in
normal (N), transverse (T), and extrusion (E) directions of ECAP-samples (Fig. 1) or in axial (A) and tangential (T) directions of HPT

samples [6]. Quoted in each case is the mean value obtained for the various 4-5 heating rates between 1.5 and 6 K min

-1 as well the

mean value for the 2 similar heating rates of 2.5 and 3 K min~' (ECAP) or the mean value of samples for 3 K min~' (HPT: (A): 2, (T):
4). For AL/Ly|a the variation between the start temperature of scanning and the onset of stage B is taken.

Orientation Number Stage A Stage B
of samples AL/Lo|a (107 AL/Lo|g (107
ECAP N 4 —1.54 (£1.00) —-1.76 (£0.21)
(A12) 2 -1.98 (x0.31) -1.59 (£0.07)
T 5 —1.65 (x0.19) —1.55 (£0.37)
2 —-1.65 (x0.32) —1.54 (£0.05)
E 4 +0.37 (£0.22) —0.59 (x0.10)
2 +0.29 (+0.13) —0.59 (x0.02)
ECAP N 5 —-1.39 (x0.45) —1.60 (+£0.40)
(Bc12) 2 —-1.52 (x0.25) -1.71 (£0.49)
T 5 -1.21 (20.22) —1.54 (x0.52)
2 -1.38 (x0.11) —1.47 (x0.37)
E 5 +0.30 (+0.39) —0.88 (+£0.20)
2 +0.16 (+0.48) —0.89 (x0.20)
HPT A 4 —2.44 (x0.70) —2.93 (+0.48)
2 —2.48 (x0.77) -2.19 (x1.77)
T 14 +0.91 (£0.30) —-1.30 (x0.31)
4 +1.02 (£0.15) —1.00 (+£0.64)

Fig. 2. Scanning electron micrograph of nickel after ECAP-processing
via the A12 route. The sample is imaged in the NE plane, i.e., in trans-
verse direction (see Fig. 1). The elongation axis of the crystallites is in-
clined by ¢’ = 23° with respect to the extrusion direction.

parison with micrographs taken in the NT and TE plane (not
shown) it can be concluded that the crystallite shape is elon-
gated rather than platelet-shaped. Analyses of the micro-
graphs in the NE plane by the line intercept method yield
values ap = (270 = 16) nm and by = (423 +49) nm for
the short and long axis, respectively. The elongation axis
of the crystallites is inclined by ¢’ = 23° with respect to
the extrusion direction (see sketch, Fig. 1b). For the route
B12 the respective values are ag = (298 +41) nm, by =
(372 £ 61) nm, and ¢’ = 33° (see Table 2), i.e., the aspect
ratio for the route A12 is higher than that for B12. The dif-
ferent degree of shape anisotropy can be attributed to the
different strain paths of both methods; actually, the rotation
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of the rod by 90° performed in the route B-12 reduces to
some extent the elongation [22]. Compared to ECAP-defor-
mation, HPT-deformation results in a smaller crystallite
size and a higher aspect ratio (see Table 2).

The obtained microstructure is in line with reports in lit-
erature, therefore, the dilatometric studies presented below
can be safely considered as characteristic for ECAP-pro-
cessed samples. Elongated grain shapes after ECAP-defor-
mation of Ni are well documented in literature, not only
after Bc12-processing [23], as applied here, but also after
B4- [24] and B8-processing [25, 26]. It is also well docu-
mented that the degree of grain refinement for ECAP-defor-
mation is not as high as for HPT-deformation [22]. As a rea-
son therefore may be considered the reduced equivalent
strain, i.e., 7.5 for the present ECAP-deformation, which
is below the saturation regime achieved with the HPT-de-
formation applied here [27].

Turning to the results of the dilatometric measurements,
Fig. 3 shows a comparison of the length changes AL/Ly
for ECAP-processed Ni (route B-12) in the transverse di-
rection and for HPT-processed Ni in the axial direction
measured during time-linear heating with the same rate of
3 K min~'. Both deformation routes are characterized by
the qualitatively same three-stage annealing behavior, al-
beit that of the ECAP-sample shifted towards higher tem-
peratures. The first annealing stage, denoted stage A in the
following, sets in at ca. 380 K (ECAP) or ca. 360 K (HPT),
followed by a second sharp annealing stage (stage B) ex-
tending from ca. 500 K to ca. 580 K (ECAP) or from ca.
440 K to 500 K (HPT), as well as a third broad stage (C)
up to maximum heating temperature of 793 K. The total
length change AL/L is similar for ECAP and HPT.

The behavior of the series of HPT-samples, measured
here for means of comparison, fully reproduces our earlier
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Table 2. Analyses of the dilatometric length changes AL/Lq of
stages A and B. Stage A: Values for the vacancy concentration
Cy and the vacancy relaxation r (Eq. (6)) deduced by means of
Eq. (8) from the relative changes in stage (A) in normal (N,
ECAP) (HPT: tangential, T) and extrusion (E) (HPT: axial, A) di-
rections. Stage B: Grain boundary expansion egp calculated ac-
cording to Eq. (3) from the relative length change in stage (B) in
normal (ECAP) (HPT: tangential) and extrusion (HPT: axial) di-
rections. ap and by denote the initial lengths of the axes of the
elongated crystallites; ¢ denotes the angle between the axis of
grain elongation and the plane perpendicular to the dilatometric
measuring direction (see Fig. 1). For the analysis the mean values
of the length changes measured for 2.5 and 3 K min~! (ECAP) or
3 K min~! (HPT) are used (see Table 1).

ECAP HPT
Al12 Bc12
ag (nm) 270+ 16 298 £ 41 120 £ 18
by (nm) 423 +£49 372 + 61 217+ 15
Stage A
AL/Ly|a (1074 -1.98 (N) —2.44 (A)
@) 23° (N) 0(A)
AL/Ly|a (1074 +0.29 (E) +0.90 (T)
® 67° (E) 90° (T)
Cy (107 8.6 6.8%
r 0.50 0.40?
Stage B
AL/Ly|p (107 -1.76 (N) —-1.60 (N) -2.19 (A)
@) 23°(N) 33°(N) 0(A)
egp (10719 m) 0.50 (N) 0.51 (N) 0.26 (A)
AL/Ly|p (1074 -0.59 (E) -0.82 (E) -1.30 (T)
@) 67° (E) 57° (E) 90° (T)
egp (10710 m) 0.23 (E) 0.31 (E) 0.28 (T)

4 Kotzurek et al. [6]

ALL, (107

300 400 500 600 700 800
T (K)

Fig. 3. Temperature dependence of relative length change AL/L, of
ultrafine-grained Ni samples upon time-linear heating with a rate of
3 K min! after ECAP-processing, route B¢12 (solid line, transverse di-
rection) or HPT-processing (dashed line, axial direction). (A), (B), (C)
denote the various regimes of annealing, the temperature regimes of
which are marked for ECAP-processed Ni. In (A) or (B) annealing of
predominantly lattice vacancies or grain growth occurs, respectively.
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study on HPT-processed Ni [4, 5]. According to this study,
stage B coincides with the strong crystallite growth and re-
flects the annealing out of free volume associated with
grain boundaries (GB). Stage A is the regime where lattice
vacancies become mobile in crystalline Ni. This stage is
considered to arise primarily from the annealing-out of de-
formation-induced lattice vacancies at GBs. In addition, re-
laxation of GBs may contribute to stage A [5]. As outlined
in more detail for HPT-processed Cu, which exhibits a qua-
litatively similar three stage behavior, stage C is primarily
discussed in the context with the shrinkage of deforma-
tion-induced nanovoids [8]. Annealing of remnant disloca-
tions during the process of grain growth likely contributes
only to a minor extent to the length contraction (see [5]).
The orientation-dependence of the length changes AL/Ly
for ECAP-processed Ni is shown representatively in Fig. 4
(part a: route Al12; b: route B-12) for the heating rate of
3 K min™'. For both the route A12 and the route B12 rather
similar length changes in transverse and normal directions
occur in stage A as well as in stage B. Moreover, the
changes for two routes are similar. This also holds for the
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Fig. 4. Temperature dependence of relative length change AL/Ly of
ECAP-processed Ni (a: route Al2, b: route Bc12) measured upon
time-linear heating rate of 3 K min~! in normal (N), transverse (T),
and extrusion (E) directions. The inset in (a) shows the temperature
shift of stage B with the heating rate (from left to right: 1.5, 2.5, 3.0,
5.0, 6.0 K min~!) representatively for the transverse direction.
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other heating rates, as a comparison of the mean value in
each direction over all the heating rates shows (see sum-
mary of measuring data in Table 1). With increasing heat-
ing rate a shift of the stage B towards higher temperatures
occurs (see inset in Fig. 4a).

Particularly remarkable is the length increase which is
observed in the extrusion direction for stage A. For the sam-
ples prepared by the route A12 this finding is well reprodu-
cible, whereas for the route B-12 a significant scattering
between various samples occurs as revealed by the large
standard deviation of the mean AL/Lj-values in the E-di-
rection (Table 1). It should be emphasized, however, that
apart from the extrusion direction of the route B-12, the
systematic measurements of more than 27 samples exhibit
highly reproducible results (Table 1). Moreover, no sys-
tematic variation in the length change with the position,
from the which the sample were cut from the ECAP-pro-
cessed rod, can be discerned.

The extrusion direction differs from the normal and
transverse directions not only with respect to stage A, but
also with respect to stage B (Table 1). The length contrac-
tion AL/Ly|g in the E-direction is substantially reduced
compared to that in the N- and T-directions, with the degree
of reduction for A12 being more pronounced than for B12.
Both findings reflect the structural anisotropy, as will be
discussed next.

4. Analysis and discussion

For analysis and discussion of the results, at first stage B is
considered. The temperature range of this sharp stage in
the AL/Lo — T curves fits to the recrystallization stages
found in microhardness and differential calorimetry mea-
surements on ECAP-processed Ni [23, 25, 28]. For analyz-
ing the length contraction due to release of excess grain
boundary volume in stage B, we start with the relation

1 1 1
= — | = — 2
B coB <do dfin) con dy @)

according to Steyskal et al. [5]. egg denotes the expansion
of the grain boundary which is the change of the volume
with the grain boundary area, not to be confused with the
GB thickness. A value for egp is deduced from the length
contraction AL/Ly|g which occurs upon the elimination of
GBs in the wake of crystallite growth from the initial dia-
meter dy to the final diameter df, in the measuring direc-
tion. The approximation on the right-hand side of Eq. (2)
holds because after the stage of crystallite growth df, is
much larger than dp.

Since d represents the initial distance between the GBs
in the measuring direction, Eq. (2) can easily be adapted
to the present situation where the axis of crystallite elon-
gation is inclined with respect the measuring direction.
We define ¢ as the angle between the axis of grain elon-
gation and the plane perpendicular to the dilatometric
measuring direction, which for measuring in the normal
direction (N) corresponds to ¢’ as shown in the sketch in
Fig. 1b. Due to the inclination, both the contribution of
egp and the GB distance in the measuring direction are
modified. Moreover, both the GBs along the short (ag)

AL

Ly
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and the long initial axis (by) contribute to the length
change which yields in summary:

AL .
— | = egBCOS Y @ €GB SIn Y By
LO B cos ¢ sin
2 s 2
Ccos“ @  sin“
=e + 3
(5240 G)

The results of the analysis of stage B according to Eq. (3)
are summarized in Table 2 for the measuring directions N
and E for which the inclination angle has been determined
by means of SEM. For comparison the results for HPT-pro-
cessed Ni in the axial (A) direction and tangential (T) of the
HPT-disk are also shown. For HPT-Ni nearly identical val-
ues of the GB expansion egp are obtained for both measur-
ing directions. This shows that the dilatometric length
change scales with number of GBs in measuring directions
and supports the interpretation of this stage in terms of GB
free volume. The mean value égg = 0.27 x 107! m in
both directons is slightly smaller than found previously for

HPT-Ni (egg = 0.33 x 107'% m [5]). For the extrusion di-

rection of the ECAP-processed samples similar values egg

are obtained as for HPT-processed Ni (Table 2). Remark-
ably, however, the two similar egg-values of 0.50 and

0.51 x 1071 m obtained for the normal direction of A12

and B(12, respectively, are significantly higher.

The fact that the egg-values for the same direction of A12
and B¢12 are similar, although the ratio (AL/Lo|p(N-dir))/
(AL/Ly|g(g-gir.)) of the two directions is higher for A12 than
for B¢12, shows that this different ratio is caused by the dif-
ferent degree of shape anisotropy. The different egg-values
in E- and N-directions show, on the other hand, that both in
A12 and B¢12 the length change in stage B does not scale
with the number of GBs in the respective direction, but exhi-
bits a characteristic orientation dependence. Various reasons
for the higher length contraction in the normal direction
compared to the extrusion direction may be taken into con-
sideration, such as
1. a variation of the GB excess volume with the tilt angle

of GBs as predicted theoretically [29], which would im-
ply a higher amount of high-angle GBs in the N-direc-
tion compared to the E-direction

2. apreferred annealing out of lattice defects, such as rem-
nant vacancies or nanovoids, at GBs in the N-direction
during stage B owing to the initial shape anisotropy of
the crystallites,

3. a texture where the amount of crystallites with dense
packing in N- or E-directions increases or decreases
during recrystallization, respectively, or

4. an anisotropy of internal strains which anneal out in
stage B.

An argument in favor of the second item would be the lar-
ger crystallite size compared to HPT-samples, so that after
ECAP-processing lattice vacancies do not anneal out com-
pletely in stage A but partly in stage B only. Point defect an-
nealing in stage B may either occur due to diffusion of the
defect to GB sinks (similar to stage A, see below) or, else,
due to the GB migration. A quantitative assessment of the
other mentioned issues demands further structural investi-
gations, such as mapping of the misorientation of crystal-
lites, texture analysis, and strain analysis.
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In addition to the amplitude of stage B, the shift of this
stage with increasing heating rate @ towards higher tem-
peratures can be quantitively analyzed (see inset of Fig. 4).
For this purpose the position of the stage as defined by the
temperature 7,x of the maximum transformation rate is de-
rived from the peak position of the derivative d(AL/Ly)/dT
of the length change curve (not shown). According to Kis-
singer [30]

o 0
T2— =A exp ( kBTmax) (4)

the variation of Tp,,x with @ yields the energy Q of the ther-
mally activated underlying process kg: Boltzmann con-
stant). The Kissinger plot is shown in Fig. 5. For the
ECAP-processed samples the data for the extrusion direc-
tion are omitted due to large scattering.

Apart from the shift of stage B towards higher tempera-
tures in the ECAP-processed samples compared to the
HPT-processed ones, which became visible in the
AL/Ly — T dilatometer curve (Fig. 3), the Kissinger plot in
addition clearly reveals a shift of the stage B for the route
Bc12 towards higher temperatures compared to Al2
(Fig. 5). For HPT-processed Ni the identical activation en-
ergy O = 1.20 eV is derived as found in our earlier measure-
ments on similarly processed samples [4]. For the route
B12 of ECAP-processed samples, which exhibits the most
pronounced temperature shift with respect to HPT-Ni, also
a substantially higher activation energy of 1.42 eV is ob-
tained.

The observed shift of the stage B correlates with the inital
crystallite size which increases from HPT to ECAP, A12
and to ECAP, B12 (Table 2). Such a correlation between
the inital crystallite size and the recrystallization tempera-
ture is a general trend; among others, variations of the driv-
ing force, stored energy, and nucleation rate with the crys-
tallite size are considered as reasons [31].

Next, we analyse the length variation AL/Ly|s in stage
A. As a striking feature, one should point out the irreversi-

104
Yoo -
) ) E'\:' \“
10.8 . Y, Y
N oo \ 1206V
T Y \ \
= 112t y y PRy
A Y y Y
- o'® Y Y
S et .\\ 'j\: \\
- 1.21 eV
1a2ev ‘e
12,0 \ \ \
.\. I]:k \
1.8 19 20 Py 22

YT, (10°K™)

Fig. 5. Kissinger analysis of the temperatures 7, of the maximum
length change rate applying the heating rate @. Plotted from left to
right are the data for ECAP-processed Ni (route B¢12, A12) measured
in directions T and N as well as the data for HPT-processed Ni. The ac-
tivation energies Q from a linear fit (dashed lines) according to Eq. (4)
are quoted.
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ble length increase which is observed in the extrusion di-
rection (E) during linear heating below the onset of stage
B (Fig. 4). As discussed recently for HPT-processed Ni,
such a characteristic variation with the measuring direc-
tion can be attributed to the anisotropic annealing out of
relaxed lattice vacancies due to the elongated shape of
the crystallites [6]. The simple notion is adopted that va-
cancies exclusively anneal out at grain boundaries which
are enclosing the crystallites along their elongation axis
owing to the reduced diffusion length required for reach-
ing the GB sink. If the elongation axis is parallel (||) to
the measuring direction, vacancies therefore anneal per-
pendicular to the measuring direction, causing a length in-
crease

AL 1
—4_C 5
Ly I 3 vr )

in the measuring direction since upon annealing relaxed va-
cancies are replaced by atoms [6]. The relaxation factor

Q- Vy
—1--Y 6
o o (6)

characterizes the relaxation of the vacancy volume Vy with
Q denoting the atomic volume. Annealing out of vacancies
in measuring direction, i.e., with the elongation axis of the
crystallites perpendicular (L) to the measuring direction,
yields [6]:

1
e :+—Cvr——CV (7)

Again as for stage B, we have to adapt the model to the
present situation where the axis of crystallite elongation is
inclined by an angle ¢ with respect to the plane perpendicu-
lar to the measuring direction. This yields the dilatometric
length change in stage A due to the anisotropic annealing
of lattices vacancies:

Ly

1 1 1
= —Cyr—=0C inp—C
. cosgp<3 vr > V> —|—smg03 VI

1 1
= gcvr(cosg: +singp) — ECV cos (8)

Measuring the length changes AL/Ly|a in two directions
yields a set of two equations of type (8), from which Cy
and r can be calculated.

For HPT-processed Ni a vacancy concentration Cy =
6.8 x 10~* and a relaxation factor r = 0.40 is derived from
the ratio of length changes AL/Ly|s in the axial and tan-
gential directions as communicated recently (Table 2) [6].
For ECAP-processed Ni with the Al2-route, the decrease
of the length AL/Ly|a in the normal direction and its in-
crease in the extrusion direction yields values for Cy of
8.6 x 107* and for r of 0.50 (Table 2). For the B12-route
an analysis according to Eq. (8) appears inappropriate due
to the enhanced scattering of the data, as mentioned above.

The roughly similar vacancy relaxation factor deduced
for ECAP-processed Ni (route A12) compared to HPT-pro-
cessed Ni supports the notion that stage A of the ECAP-
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sample is also predominantly due to vacancy annealing as it
is considered for HPT [6]. This interpretation is also in line
with the slight shift of stage A towards higher temperatures
in ECAP-compared to HPT-Ni, because this shift reflects
the increasing diffusion length of the vacancies for reaching
the GB sinks. Both in ECAP- and HPT-processed Ni excess
concentrations of deformation-induced lattice vacancies in
the range of several 10~ occur which, therefore, may be
considered as characteristic for Ni prepared after severe
plastic deformation.

The fact that the AL/Ly|a-variation in extrusion direc-
tions for the B¢12-route behaves not as systematically as
for the Al2-route, can simply be understood by the lower
degree of shape anisotropy in the Bc12-samples. Ob-
viously, the simple notion underlying the above presented
model, according to which vacancies anneal exlusively per-
pendicular to the axial of elongation, does not hold for B¢12
due to the reduced shape anisotropy. Nevertheless, the var-
iation of AL/Ly|a with measuring direction shows that a
certain anisotropy of vacancy annealing also persists for
Bcl12.

Finally, we note the substantial influence of impurities
on the thermal stability of free-volume related defects by
comparing the present results on 99.99+ wt.% pure Ni with
recent dilatometry measurements on ECAP-processed
99.6 wt.% pure Ni (route Bc4) [12]. The less pure Ni-sam-
ples exhibit a length contraction extending over the entire
measuring range (Fig. 3 in Ref. [12]) without pronounced
stages as observed here for high-purity Ni after ECAP- or
HPT-processing. The amount of deformation-induced sin-
gle vacancies is reduced in the less pure sample which is
presumably related to vacancy—impurity complexes, evi-
dence for which is derived from DSC [12]. In particular,
crystallite growth is sluggish and shifted towards higher
temperatures due to impurities [12].

So far only pure metals have been considered, however,
as the preceding remarks suggest, it might be quite interest-
ing to extend dilatometric studies to solid solutions or, in
general, to binary alloys deformed by severe plastic defor-
mation. For these materials it has been reported that during
severe plastic deformation dynamic recrystallization can oc-
cur, giving rise, e. g., to dissolution of precipitates or decom-
position of phases (see [32, 33]). Dilatometric techniques as
presented here cannot directly be applied during the defor-
mation process itself. But it might, however, be envisaged
to study precipitation/dissolution processes in alloys during
dynamic recrystallization by applying ex-situ studies to
samples after different degrees of severe plastic deforma-
tion. It should be emphasized that in general dilatometry is
a powerful tool for the analysis of dynamic processes. This
has recently been demonstrated by the present authors in a
high-resolution dilatometric in-situ study of formation,
transformation and dissolution processes of hardening
phases in a commercial aluminum alloy (AW6060) [34].

5. Conclusions

In summary, the major results of the present studies of

structural anisotropy of ECAP-processed Ni by means of

high precision dilatometry are as follows:

1. Two annealing stages A and B of dilatometric length oc-
cur in ECAP-processed Ni similar to after HPT-defor-
mation.
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2. The characteristic variation with the measuring direc-
tions (extrusion, transverse, normal) reveals a pro-
nounced structural anisotropy.

3. From stage A, a vacancy concentration in the range of
several 10~ and direct evidence of vacancy relaxation
is derived.

4. From stage B, a GB expansion egp in the range of
(0.23—0.31) x 107'9 m is deduced as typical for GBs.

5. The enhanced length change in stage B perpendicular to
the extrusion direction does not exclusively arise from
the shape anisotropy of the crystallites, but yields evi-
dence for an additional source of anisotropy, such as
texture, internal strains, or a variation of the GB type
(low angle, high angle).

The present study clearly demonstrates the close correlation

between structural anisotropy and dilatometric length

change for the model system Ni, in which the temperature
regimes of vacancy migration and crystallite growth are
well separated. The extension of the studies to other sys-
tems, where these temperature regimes overlap, appears
promising in the light of the present studies, because it
could be shown that the effect of structural anisotropy can
be readily taken into account for the analysis of dilatometric
data. Moreover, in the field of structurally complex micro-
structures, such as ECAP-processed materials, novel appli-
cation potentials for the direct and specific method of
high-precision dilatometry may open up with the recently
achieved progress in high-stability non-contact dilatometry
[35].

The authors are indebted to M. Luckabauer (Inst. of Mater. Phys., TU
Graz) for fruitful discussion. This work is financially supported by the
Austrian Science Fund (FWF): P25628-N20.
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