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Analysis of isothermal and isochronal annealing
in deformed Zn and Zn-Ag

B. MARCZEWSKA-LASA*, M. ZEHETBAUER, W, PFEILER, B. WIELKE
Institut fiir Festkérperphysik der Universitat Wien, Strudlhofgasse 4, A-1090 Wien, Austria

Zn and Zn—-Ag polycrystals have been deformed by rolling at 293 K to true strains ¢ = 0.05-3.8.
After deformation, samples were subjected to isothermal and isochronal anneals, and thereby
investigated by intermittent measurements of strength, electrical resistivity, and TEM. Along the
isotherms at 293 K, quite unusual hardening effects were observed, which turned out to be
strongly affected by the applied prestrain and alloy content. The experimental results can be
consistently ascribed to loop formation and loop coarsening from deformation-induced vacancies
whereas other explanations, such as loop formation by oxidation and/or phase transformations,
can be largely ruled out. Saada’s model accounts satisfactorily for the vacancy concentrations
measured. In the framework of a loop-hardening theory by Kirchner, the experimentally found
values of vacancy concentration and loop density/size yield the right order of magnitude for the
strength effects observed. With the isochronal anneals, three stages could be found which are
related to loop annealing, dislocation rearrangement, and dislocation annealing.

1. Introduction

Hexagonal metals exhibit large differences in shear
stresses of different slip systems, which parti¢ularly
show up in materials with large c/a ratios such as Zn
and Cd. In contrast to the usual deformation of fcc
metals, this leads to a marked basal slip behaviour,
which has often been suggested to prevail even in each
deformation stage A, B, C; this was motivated by both
theoretical considerations [1, 2] as well as experi-
mental [3-7] findings of a quite low activity in
other slip systems compared with that of the basal
one.

In view of these facts, it is rather surprising that the
strengthening coefficient of range B still exceeds that
of range A by a factor 6 [1]. Furthermore, measure-
ments in Zn and Cd of the temperature dependence of
both basal shear stress, T, [8, 9] and strengthening
coefficient, 6 [10] showed strong anomalies at about
30 K for 14, and 150 K for 6. Thus, a growing number
of workers stressed the possibility of some interaction
of deformation-induced point defects with the moving
dislocations [1, 117]. For increasing strain, the point
defect concentration is thought to reach such high
values that even the formation of sessile loops is en-
abled which may resist mobile basal dislocations by
Orowan-like mechanisms in stage A. Stage B is as-
sumed to arise from the increasing long-range stress
fields of these loops when exceeding a critical size, and
stage C reflects the enhanced consumption of freshly
created point defects by dislocations surpassing a criti-
cal density.

While approaching this thesis of a loop-hardening
mechanism, the following objections to it must be
discussed.

(1) Vacancy-creating jog movement after cutting
events of primary dislocations with only a few forest
dislocations could only provide point defect concen-
trations/loop densities which are far too low to satisfy
the magnitude of the strength effects observed.

(i) There exists another mechanism of (vacancy)
loop formation, preferably arising in oxide-layered Zn
and Cd crystals, especially in cases of specimens with
a large surface being usually prepared for TEM invest-
igations [12-16].

It was the aim.of the present work to check on prior
results by Mikulowski et al. [9], where extraordinary
strength(ening) effects were observed during 293 K
annealing immediately after deformation at 4.2-150 K
these could be related far better to deformation-
induced vacancy loops and their coarsening rather
than to any interaction between dislocations. Altern-
atively, the present work intended to study deforma-
tion and/or annealing effects with large strains instead
of low temperatures. Therefore, the concentration of
vacancies should be strongly enhanced, in spite of the
rather high deformation temperature 293 K. Variation
of plastic strain as well as application of adequate
annealing treatments (isotherms and isochrones)
should enable the separation of effects possibly caused
by point defects from those by dislocations and grain
boundaries, and further on the control of the number
and size of any point defect clusters interacting with
dislocations.

2. Experimental procedure
2.1. Deformation methods and strength tests
Polycrystalline rods of Zn and Zn-0.4at%-Ag
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(denoted Zn0.4Ag) of purity 99.998% were annealed
for 5 h at 500 K; almost no recrystallization took place
(see also Section 3.2.3.). The resulting grain sizes were
15 wm (Zn) and 30 um (Zn0.4Ag). Plastic deformation
was achieved at a deformation temperature
T =293 K by straight rolling to final true strains
0.05 < £ < 3.8, where small and equal rolling steps
were applied, Ag = 0.1. The final thickness of the sam-
ples was approximately kept constant over e,
he ~ 0.2 mm, in order to obtain comparable deforma-
tion states [17].

Intermittent measurements of microhardness were
preferred to analogous ones of yield stress for the
following reasons.

1. In contrast with yield stress measurements,
microhardness tests can be performed repeatedly on
one single sample without any influence on strength
caused by the testing method itself; this condition is of
great importance if one is interested in highly accurate
strength measurements with isothermal/isochronal
treatment.

2. Comparative studies between the two methods
on the same samples showed identical iso-
thermal/isochronal strength characteristics, after hav-
ing corrected the values of yield stress for test-involved
deformation.

The respective tests were carried out with a Reichert
microhardness tester installed in a Reichert MeF in-
verted light microscope; 20 indentations per value
were performed, at a load of 0.289 N and an indenta-
tion rate of 0.003mms~!. This way, a relative
accuracy of + 1% resulted. With the isochrones con-
nected, samples were heated in a furnace in an Ar
atmosphere and held for 10 min at each temperature.
The step of each temperature increase was 10 K.

2.2. Measurements of residual electrical
resistivity

These measurements generally served to attain values
of deformation-induced defect densities. They were
performed by a standard potentiometric method usu-
ally in liquid N,, only one isochrone (Fig. 6¢c) was
achieved in liquid He. The samples were cut by spark
erosion. A resolution of less than 1073 could be
realized at a current of 1 A. For details of isochronal
treatment, see Section 2.1.

2.3. Optical investigations

Optical investigations were carried out by light
microscopy (LIM, Reichert MeF) as well as by
transmission electron microscopy (TEM, Siemens
Elmiskop 1A and Tesla 613) operated at 100 kV. For
the LIM observations, samples of Zn were chemically
polished in two reagents alternately:

Reagent 1: 160 g CrOs;, 20 g Na,SO,,
0.51 distilled water

Reagent 2: H,0O, concentration 30%,
HNOQO; concentration 16N,
in solution with methanol.
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Samples of Zn0.4Ag were polished electrolytically
in a hydrous solution of CrO;, 1:5, at about
0.03 Amm 2 and rinsed in methanol.

Sample preparation for TEM was achieved in two
steps. First, they were thinned in a Struers double-jet
equipment in a hydrous electrolyte of H;PO,, 1:5.8,
at 0.6 Amm~2 and about 10°C. Second, they were
polished manually in a solution of H;PO, and
C,H;sOH in equal parts, at a voltage of 2.5-3 V and
20°C. Unfortunately, a large percentage of samples
had to be discarded, because they had a strong tend-
ency to oxidize immediately after preparation when
being stored at 293 K.

For details of isochronal treatment, see Section 2.1.

3. Results

3.1. Isothermal annealing

3.1.1. Mechanical properties

Microhardness tests were performed immediately
after deformation at 7'= 293 K and in intervals not
exceeding 2 h up to about 1 day, while storing the
samples at an annealing temperature, 7, = 293 K. The
samples did not show any usual recovery behaviour.
At small deformations, pure Zn exhibited a strength
decrease of about 20% (Fig. la), but underwent an
intermediate increase and further decrease contrary to
the expected monotonic recovery. The heavily de-
formed Zn also exhibited some unusual annealing
characteristics, namely a (although quite less marked)
strength minimum (Fig. 2a). In slightly deformed
Zn0.4Ag (Fig. 1b), the strength even increased to an
absolute maximum, and after 24 h it adjusted roughly
to the value of the strength immediately after deforma-
tion. Strongly deformed ZnAg (Fig. 2b) showed the
most drastic effects: here the strength first decreased
by a factor of 2.3 within a few minutes, and then again
increased by a factor of 2.5 within 14 h before reaching
a constant value.

3.1.2. Optical investigations

Observations were performed by light microscopy
(LIM) as well as electron microscopy (TEM) prefer-
ably in ZnAg, parallel to the measurements of mech-
anical properties. Preparation time for TEM was kept
< 2 h after deformation in order to avoid annealing
effects before investigation. Together with some prior
findings of our group [18, 19] we resume some evid-
ence for the existence and growth of distocation loops.
After an annealing time, ¢, = 2 h after deformation
€ <015 the loops had an average diameter
d ~ 0.2 um and a density N, ~ 8 loops/um? (Fig. 3a, b),
whereas for ¢, > 5 h they grew to diameters d = 0.5 pym
and densities N, ~ 3.5 loops/um® (Fig. 3c). These re-
sults were revealed to be rather insensitive to the sort
of solved atoms, deformation temperature as well as
the kind of crystals used. Although due to the oxida-
tion- problems only a very small number of samples
could be evaluated (which especially led to rather
uncertain values of N,), and in spite of some un-
doubted loop growth effect by heating through the
electron beam, it seems important to mention that
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Figure 1 Stress isotherms at T, = 293 K, after deformation at 7' = T, to low strains, ¢, as indicated. A denotes the stress level of the annealed

state. (a) Zn, {b) Zn0.4Ag.

160

140

100

Stress, o (Microhardness, /# (MPa))

80

60

T T T T ] T T T T T T
(b)
o e ——
. O0=H3 PR ry i
o o’i—’;
W’
° ° /// £€=38
B ° g 7
// -3
P - A s
/
I 7
/ -
/
/
/
/ a ¥
4 s —
- 7 -
/ €=38
1
- ) .
[}
I
[}
L i -
N
!
]
- 1
!
b 1 —
/
/
/
/0
o5 _
1 ) I | i B 1 I 1L Il
2 10 26

Annealing time, #4 (h)
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Figure 3 Loop formation and coarsening in deformed Zn alloys
(polycrystals, true strain g single crystals, shear strain a).
(a) Zn0.4Ag, € =0.15, T=T,=293K, t, =2 h; arrows indicate
loops; (b) Zn0.2Ga, a =005 T=77K, T,=293K, t,=15h
[19); () Zn0.2Ga, a =004, T=77K, T, =293 K, t, > Sh [18].

both loop sizes and loop densities match well several
previous findings in the literature for pure Zn
[20-22]. The average size of cells as well as that of
grains did not change within the observation time.

3.2. Isochronal annealing

3.2.1. Mechanical properties

The mechanical properties were studied partially by
yield stress tests, but mainly by microhardness tests
for the reasons given in Section 2. Isochronal anneal-
ing characteristics were followed by temperature steps
of 10 K with samples that had been deformed to
various strains, for both Zn and Zn0.4Ag. In principle,
three annealing stages were found, of which Stages II
and IIT shifted to lower temperatures with increasing
applied strain (Table I, and Fig. 4a, b for low strains,
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Fig. 5a, b for large strains). In pure Zn, however, nei-
ther a Stage II, nor a distinct shift to lower temper-
atures of any stage could be observed.

3.2.2. Resistivity measurements

In pure Zn, the most distinct annealing step was
observed at temperatures close to that of Stage III
using the terminology of microhardness results
(Fig. 6a). However, in Zn0:4Ag, some Stage I/State II
annealing behaviour was also found (Fig. 6b), al-
though this is not so well developed as in the case of
the microhardness isochrones. Again a shift of Stages
IT and III to lower temperatures with increasing strain
could be clearly identified for Zn0.4Ag, but not for
pure Zn (see Table I). To obtain more information on
Stage I, a single isochrone in Zn was performed in the
following way. The sample was stored at — 196°C
immediately after rolling at 7'=293K, and then
measured isochronically between 7, = — 180°C and
T, = 140°C (Fig. 6¢c). Here, a rather high and wide
Stage 1 resulted, and also Stage I1I could be observed
(see Table I).

3.2.3. Optical investigations

Similar to isothermal treatment, observation by light
microscopy (LIM) as well as electron microscopy
(TEM) was performed parallel to microhardness
isochrones. The LIM investigation revealed the grain
size, d,, of both materials, Zn and Zn0.4Ag, to be
roughly constant up to temperatures 7, = 170°C
(dg = 17 pm for Zn, d, = 30 pm for ZnAg), and then
showing a slight tendency to grow (by a factor 1.5)
close to temperatures 7T, =200°C. Using TEM
(Zn0.4Ag, € = 0.15), a cell structure of dislocations was
observed; the average cell size, d., was found to stay
constant (d. = 2 pm) up to about T, = 130°C (Fig. 7)
which coincides with the occurrence of Stage II at
corresponding values of applied strain. Beyond that
temperature, the cells converted into subgrains (sharp
contrast of cell wall arising from single dislocations),
their size now reaching d; = 8 pum on average (Fig. 8).
The-subgrains frequently exhibited groups of single
dislocations in their interior. At approximately
T, = 170°C (indicating Stage III), a uniform struc-
ture of coarsened subgrains was observed, together
with a few groups of single dislocations in their in-
terior once more. The typical subgrain size now
amounted to d, = 15 pm being already close to the
grain size revealed by LIM at this annealing temper-
ature (for comparison with the above measurements,
see Table I).

4. Discussion

4.1. Isothermal annealing

The variations in strength observed on annealing at
293 K deviate strongly from usual recovery effects, e.g.
in fcc metals [231, with respect to both the amount of
annealing and its characteristics. According to the
discussion of analogous features in previous papers of
our group [9, 18, 197, it seems worthwhile to consider



TABLE I Temperature positions, 7,(i) of annealing stage (i), in Zn and Zn0.4Ag, as a function. of applied strain, ¢, for the various methods
quoted for isochronal investigation (deformation temperature 7 = 293 K)

Method Material € T,(I) 7,(II) T,(11IT)
0 4] Q)
Microhardness Zn 0.05 20-60 - 110-230
(yield stress) Zn 3.8 20-50 - 110-160
Zn0.4Ag 0.15 20-50 120-130 170-200
Zn0.4Ag 38 20-50 80-100 140-160
Resistivity Zn* 0.15 (— 180)-20 - 50-140
Zn 0.5 - - 100-170
Zn 3.8 - - 100-190
Zn0.4Ag 0.05 20-50 90-170 170-250
Zn0.4Ag 0.15 20-50 50-170 170-230
Zn0.4Ag 0.5 20-50 70--100 100-220
TEM Zn0.4Ag 0.15 70 130 170
cell, cells cells and subgrain
subgrain : subgrains coarsening
size (pm) 2 8 15
misorientation (deg) 2 6 6
*Sample stored at 77 K after deformation; evaluation from resistivity isochrorie in Fig. 6c.
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Figure 4 Stress isochrones for T, > 293 K, after deformation at 7 = 293 K to low strains, g, as indicated. The arrows denote the onset of the

annealing stages. (a) Zn, (b) Zn0.4Ag.

the deformation-induced generation of point defects
(namely vacancies) and their accumulation to defect
clusters, which could affect the strength behaviour as
observed. The occurrence of vacancies is strongly con-
firmed by the’ resistivity characteristics shown in
Fig. 6¢ (for further details see next section): Here, in-
tensive defect annealing is indicated at temperatures
T, > 110K where various experiments in irradiated
Zn [24-26] and deformed Zn [27, 28] report the onset
of vacancy migration. Moreover, this peak has been
equally found by calorimetric measurements [29]
which revealed an activation enthalpy Q = 0.30eV
very close to the migration enthalpy of vacancies in Zn

[30]. Fig. 6¢ also exhibits some evidence for vacancy
clustering: the annealing temperatures of the first step
span quite a large range of temperatures (reaching
~ 293 K) which is typical of the combined annealing
of single vacancies and vacancy clusters (loops*) of
various sizes. In contrast to single vacancies [31],
vacancy loops act as certain barriers to dislocation
movement and thus can cause drastic effects to macro-
scopic strength, as is well known from isothermal
behaviour of metals after rapid quenching [32] (see
also next paragraph). Kirchner [11] formulated a
theory based on an Orowan-like mechanism which
calculates the strength increase, At, from vacancy

* From TEM observations [20, 21] as well as from positron-annihilation studies [27, 28], the formation of three-dimensional vacancy clusters

can be ruled out.
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loops also during loop coarsening, as demonstrated in
Fig. 9. The analogies to Figs 1 and 2 are quite evident,
thus giving motivation for a rough check of the
theory’s main relations by the actual experimental
values. For example, the theory predicts a minimum in
At to occur when

N;WBd b~ 6 (1)

where d is the average loop diameter, and N, is the
number of loops per unit volume. From the step
height of the resistivity in Fig. 6c, a vacancy concen-
tration ¢, = 4.1 x 107> results; Transmission electron
micrographs from samples deformed &=0.15 at
T =293K and annealed for ¢, = 2 h (which corres-
ponds to the minimum (Equation 1) in strength)
yielded values of d ~ 0.2 um, N, ~ 8 loops/um?; be-
cause these values give ¢, = 5x 1072 in good accord-
ance with the above resistivity result, they may be
inserted into Equation 1: a value of 2.3 for the product
results. This is in good agreement with the theory, in
view of the difficulties in TEM preparation quoted in
Section 2, which especially lead to rather uncertain
values of loop density, N,. '

Kirchner’s theory also provides a check of the
strength increase by Equation 8 of his paper [11].
Taking the correct values for k and a in this equation
with respect to the certain value of Ny '3 d~!, and
using the experimental results for ¢,, N, from above,
and 'd = 0.2-0.5 um, the loop-induced strength in-
crease can be calculated to be about a factor of 5; this
is also in good agreement with the actual experiments
which give a result of up to a factor of 2.5, bearing in
mind that in the experiment the volume fraction of
vacancies/vacancy loops would certainly not stay con-
stant because of some annealing at 293 K.

Comparison with other experimental features con-
firms this picture of the supersaturated vacancies play-
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ing a dominant role in strengthening processes in Zn
(and in hcp metals generally).

(i) Strength investigations by Fegredo [33] which
were made immediately after quenching Zn from near
the melting point, revealed the vacancy-induced hard-
ening effect to reach almost a factor of 10; additional
hardening by a factor of 1.2 occurred during isother-
mal annealing at 293 K, followed by an equal-sized
decrease down to about the quenched-in strength;
based on the above discussion, conclusions of analogy
to coarsening of loops are justified.

(i) The recovery effect during relaxation of Zn at
293 K is of the order of At = — 20% ([, 2], and

‘present work), which markedly exceeds the value of

— 10% usually observed for fcc metals at compar-
able temperatures T = 0.4 T, [23] (T, is the melting
temperature, K): this difference is suggested to be due
to the différent effect deformation-induced vacancies
have on the dislocation rearrangement in h ¢ p metals,
where it is enhanced by both the favoured site of
vacancies (loops) in basal planes as well as favoured
slip of dislocations therein, compared to fcc metals.
In the ZnAg isotherms investigated, the related
effects become even more drastic; thus, an}?‘ recovery
will be covered (low €) or even greatly overcompen-
sated (high &) so that the stress will increase strongly
and finally remain constant (strength increase of a fac-
tor of 2.5 for high &, Fig. 2b). A similarly large effect
(factor of 2.5 in strength) has already been observed by
Mikulowski et al. [9] after annealing single-crystal
Zn0.2Ag at T, = 293 K, which had previously been
weakly deformed at T = 77 K. We conclude that the
clusters formed from originally single vacancies would
be distinctly more stable in the alloy than in pure Zn,
at least at an annealing temperature T, = 293 K. These
facts are once more confirmed by the experiments of
Fegredo [33] who found the strength caused by



quenched-in vacancies and clusters to be -stable
against storage at 293 K.

4.2. Isochronal annealing

4.2.1. Stage |

Stage I is developed markedly in samples of ZnAg,
and slightly in those of Zn, and appears more dis-
tinctly in the isochrones of microhardness than in
those of resistivity (Figs 4-6, except for the 77K
isochrone). Electrical resistivity measurements in de-

T T T T T

Lt e I A A S B B

Zn 04Ag

Relative change of resistivity (p — pg)/po (%)

formed crystals mainly reflect the number of crystal
defects (actually, vacancies, and dislocations for dens-
ities N > 10°cm2), regardless of their specific
dilatation fields [34]. This, in principle, enables the
determination of deformation-induced vacancy con-
centration and/or dislocation density as a function of
strain, ¢, for both materials, the results of which are
presented in Table I1.

As a consequence of the discussion in Section 4.1,
we are led to the opinion that Stage I is represented
by the annealing of deformation-induced surplus
vacancies/vacancy loops. This view is corroborated by
two further facts.

(i Via the concentration of the ‘deformation-
induced vacancies, the size and, thus, the stability of
the loops could be enhanced at extended strains, &,
particularly in the case of coexisting impurities. This
explains why the step height in the 293 K isochrones
increases with increasing applied strain; this fact, how-
ever, is more evident from microhardness (Figs 4, 5)
than from resistivity (Fig. 6). On the other hand, the
sensitivity of microhardness to the size of loops is
much larger than that of resistivity, so that the above
picture of a largely coarsened vacancy loop structure
is confirmed. '

(ii) Stage I does not shift to lower temperatures for
increasing applied strain; thus the annealing kinetics
of the defects in question cannot be greatly assisted by
local stress, which agrees with the fact that the stress
field of vacancies/vacancy clusters falls with 1/r2, in-
stead of 1/r (r is the distance from the defect) of, for
example, dislocations, -as discussed in Section 4.2.3.

Figure 6 Resistivity isochrones, after deformation at 7= 293 K to
low and high strains, €, as indicated. The arrows denote the onset of
the annealing stages. p, is the resistivity of totally annealed state,
po = 116 pQcm. (a) Zn, 7, > 293K, (b) Zn04Ag, T, > 293K,
(c) Zn, T, > 77 K.
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Figure 8 Transmission electron micrographs of dislocation subgrains after isochronal arineal up to 7, = 130°C (Zn04Ag, & = 0.15). On the
right, note the considerable number of extra dislocations in the subgrain interior.

This fact has been equally observed in a calorimetric
study of low-temperature deformed Zn single crystals
[291.

4.2.2. Stage ll

Stage II was also mainly observed in ZnAg
(Figs 4b, 5b, 6b), at temperatures that became lower,
with increasing applied strain. Values of resistivity at
the temperatures in question, mainly reflect the evolu-
tion of dislocation density after annealing of deforma-
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tion-induced vacancies; because the resistivity neither
decreases strongly nor changes its rate of decrease
significantly, we conclude that structural reorganiza-
tions of dislocations will take place without a marked
loss in average dislocation density. This picture is
confirmed by the TEM investigations which demon-
strate the onset of subgrain formation at this stage
(Fig. 8) from the original cell structure (Fig. 7). In our
opinion, the fact that in pure Zn this stage has not
been observed, even at the microhardness isochrones,
again hints at some effect of friction stress in the Zn



TABLE II Densities of deformation-induced lattice defects
(c, = vacancy concentration, N = dislocation density), evaluated
from measurements by electrical resistivity and by TEM (deforma-
tion temperature T = 293 K)

Method Material g ¢, (x107%) N (10'°cm™?)

Resistivity Zn* 0.15 4.1 1.57
Zn 0.15 0 0.32
Zn 0.5 0 1.61
Zn 2.0 0 4.03
Zn 38 0 4.83
Zn0.4Ag 0.05

015 1.2-1.3 2.2-39

Zn04Ag 05 13 7.38
Zn0.4Ag 2.0 ? 7.83

TEM Zn0.4Ag 0.15 5 1.17

? Sample stored at 77 K after deformation; evaluation from resistiv-
ity isochrone in Fig. 6c.

Coarsening ———— +— Depletion ——

ta

Figure 9 Sketch of loop hardening, At, as a function of annealing
time, t, {from [11]). The relative minimum is reached for a loop
size/distribution as given by Equation 1 (see text).

alloy: it implies an enhanced stability of deformation-
induced dislocation structures resulting in a more
selective annealing response compared with pure Zn.

4.2.3. Stage Il

The drastic decrease in both strength (Figs 4, 5) and
electrical resistivity (Fig. 6) should be ascribed to a sig-
nificant loss in dislocation density. First, this would be
in accordance with recent findings by positron
annihilation [27, 28] and calorimetry [29]; secondly,
our experimental results from TEM (Figs 7, 8) confirm.
this interpretation. For the case of Zn0.4Ag and
e = 0.15, we could ascertain a subgrain-dominated
structure and its coarsening by TEM (Table I), and
found a factor of 2 in subgrain size increase between
annealing temperatures 7, = 130-170°C. By using
the well-known Burgers relation giving the dislocation
density, N, from misorientation, 8, between adjacent
subgrains of size d,, and by using the respective values

in Table, one gains N ~ 1.17x10'°cm ™2 as the
difference of dislocation densities before Stage II
and beyond Stage III. This value for N lies below
that calculated from resistivity —measurement
(N ~ 3.9 x 10'° cm 2, Table II), although the heights
of Stages II and IIT have again been taken as
a measure of N. The remaining difference may be
explained by the fact that, in some grains, comparably
high densities of individual dislocations were observed
(Fig. 8). In our opinion, these could emerge during the
cell’s transformation to subgrains, reflecting the fact
that not all cell dislocations can be used to form new
subgrains, especially in cases of strongly anisotropic
slip, as in the Zn and ZnAg materials investigated
here.

Similar to Stage II, a deformation-induced shift of
Stage III to lower temperatures occurred. As men-
tioned, this is a well-known effect in dislocation an-
nealing which results from internal stresses of the
dislocations themselves, their level being expected to
increase with growing deformation strain [17, 35, 36].
Again, in ZnAg the lattice defects (dislocations here)
appear to be somewhat pinned compared with pure
Zn, leading to ~ 30-60 K higher temperatures of the
Stage Il annealing.

4.3. The dependence of annealing effects
on applied strain

Strain-dependent effects can be roughly subdivided
into vacancy- and dislocation-dominated ones. These
have been exhaustively treated in the last two sections
and can be separated by means of selective step ana-
lysis with isochronal annealing. The stress—strain
characteristics of both Zn and ZnAg in principle
undergoes a sharp maximum at about the same strain
value (Fig. 10) and then falls off drastically, even
reaching strength values mostly lying below* those of
the undeformed state. This effect has already been
found by Deighton and Parkins [37], which they
interpreted in terms of dynamic recovery. The present
experiments yield additional information from elec-
trical resistivity measurements giving the strain de-
pendence of dislocation density, N (Fig. 11): with re-
spect to & N increases monotonically so that one
cannot interpret the maximum stress, ¢, by means of
a similar maximum of N. Although being more
marked, the nature of softening appears to be quite
similar to that found previously in Al and Cu [17].
Thus, the present softening is also suggested to be
a consequence of stress-aided energy-lowering re-
arrangements of dislocations without substantial
losses in N, typically being rather a static than dy-
namic process. This may be additionally confirmed in
the actual case by the strain shift of the maximum
strength and by the lowering of its extent during
isothermal annealing at T, = 293 K, particularly in
pure Zn (Fig. 10a). Nevertheless, these rearrangements
need dislocation climb in order to operate and thus
can be realized only by assistance of coexisting surplus

* Except for loop-formation effects (Fig. 10b, arrow), which have already been discussed in Section 4.2.
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vacancies [17], with some critical minimum concen-
tration to launch the climbing. In fact, this concentra-
tion may be reached here at ¢ = 0.15, close to the
strain where the maxima emerge.

Thus, the observed softening effect implicitly
requires the occurrence of large concentrations of
deformation-induced surplus vacancies, of the same
order as thermally-induced ones at the melting tem-
perature. One could object that it is impossible to
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differentiate between direct effects (strengthening ef-
fects by vacancies/clusters themselves) and indirect
ones (vacancy-assisted climb of dislocations enabling
dislocation rearrangement). However, it should be re-
marked that in most cases the direct effect implies
a hardening, whereas vacancy/cluster annealing and
rearrangements of dislocations always lead to soften-
ing. This is in agreement with the curves in Fig. 10;
their shapes are not affected qualitatively by annealing



time, or, in other terms, any differences in shape of the
fat and thin lines can be attributed solely to direct
effects of vacancies/loops on the strength.

4.4. Alternative explanations of the effects
observed

In the related literature, some objections have been
raised that loop formation results from surface oxida-
tion: O, atoms at the surface attract Zn atoms from
the bulk which leave a growing number of vacancies
here at increasing thickness of the surface layer thick-
ness [16]. Although this process could doubtless be
identified by X-ray topography in both bulk and foil
samples [13, 14], it is improbable that it accounts for
the actual results.

(i) The concentration of the loops shows a unique
correlation with the amount of strain applied [19, 22];
the latter would have no detectable effect on loops
caused by oxidation from the surface.

(i) The “oxide” loops exhibit typical sizes of at least
3 um, being a factor of 3—-10 larger than those ob-
served by our group (Figs 3a, b) and other authors
[18-227 who have studied loops in deformed Zn crys-
tals.

(iii) The growth rate of loops is at least a factor of
2 smaller than those observed in our investigations
(Section 3.1.2 [9, 18, 19] and other comparable works
[20, 217; the whole growth process lasts up to a few
months, largely exceeding the time intervals typical of
actual anneal-hardening effects.

One could also consider some thermally activated
processes of dislocation movement for the interpreta-
tion needed (pseudo-Peierls and cross-slip [38—40]).
However, because of the constancy in temperature,
none of these processes nor a combination of them can
account for the complex isothermal behaviour ob-
served (Figs 1, 2). Moreover, the increase in At* of the
thermal stress component t* for fixed rate change Aé
remains unchanged before and after annealing treat-
ment at T, =293 K [9]. This demonstrates that
changes could occur in the athermal stress component
only which strongly hints at some long-range interac-
tion, e.g. the Orowan mechanism suggested in pre-
vious sections.

In the measurements in ZnAg, our interpretation by
loop formation and/or coarsening may be criticized in
view of other possible effects arising from local
changes in concentration, single-phase transforma-
tions or precipitation of a second phase in the matrix.
We sensibly restrict the discussion to these effects
which do not resemble those of pure Zn; i.e. the strong
increase of o of heavily deformed Zn0.4Ag with an-
nealing at 7, = 293 K. First, due to the coincidence of
temperature of strength isotherms with that of defor-
mation, neither a change in volume fraction of any
second phase, nor a matrix concentration change,
seem to be probable. Second, a rise of temperature (e.g.
with annealing experiments as in [9]) should imply the
dissolution of particles rather than the formation, re-
sulting in a softening process in contrast to the drastic
hardening observed instead.

4.5. Caiculation of deformation-induced
vacancy concentration, and comparison
with experimental results

In principle, two types of model exist which yield the

concentration of deformation-induced vacancies, c,,

as a function of strain, g; these are

(I) the moving-jog (jog-dragging) models (e.g. by
van Bueren [41, 42]), where the point defects arise
from non-conservative movement of jogged screw
dislocations

F ~ eLN{/b* 2

(IT) the more general ones like that of Saada
[43, 44] which are based on the reaction of Hirsch
[45] in considering the recombination of an edge
dislocation dipole over a certain length

F = (4/Gb*)[ode 3)

where F is the number of vacancies per unit volume,
L is the maximum distance between moving disloca-
tions, N is the forest dislocation density, 4 a constant
amounting to A &~ 0.1 [46], G the shear modulus, b the
Burger’s vector and o is the actual stress applied.

Model I may appear somewhat unreal because the
conservative movement of jogs is much more favour-
able from an energetic point of view. Nevertheless,
when applying Models I and II in Stage I of deforma-
tion (see, for example, stress—strain curves in [9]), in
both cases vacancy concentrations ¢, =~ 3x 1077
result which fits well to measured values of forest
dislocation density Ny = 107 3cm ™2 [3-6] and dislo-
cation mean free path L = 0.2 cm [1, 2]. They fit the
TEM investigations less well (Fig. 3b, ¢, and [22]),
from which ¢, resulted to be 1-2 orders of magnitude
larger: this, however, may again be caused by the
strongly inhomogeneous distribution of vacancy
loops in the deformed samples rather than by addi-
tional loop generation mechanisms as discussed in
Section 4.4.

It should be emphasized here that the above value
of ¢, (although low) does suffice to yield a loop-
induced hardening effect up to a factor of 2.5 even in
Stage I, as has been observed in [9]: This ¢, value and
d ~ 0.3 pm (on average) yield N, ~ 1.34 x 101°cm 3.
On inserting this into Equation 8 of Kirchner’s paper
[11] with the correct values of a and k, a strength
increase by a factor of ~ 2.5 results. Thus, any suspi-
cion that the forest dislocation density and, conse-
quently, the loop density would be too small to ac-
count for the observed hardening, can be denied.

For the actual case of polycrystal deformation,
Stage II versions of both models exist. Taking the
most relevant part of Fig. 10a (solid line, ¢, = 15 min)
for a comparison with the resistivity experiment
shown in Fig. 6c, the calculation according to Model
I yields ¢, =34x10"° (by choosing constant
A = 0.1) which agrees very well with the ¢, value from
resistivity. However, the moving jog-model of van
Bueren [41, 42] gives ¢, values almost two orders of
magnitude higher, and also cannot be applied in de-
formation stages higher than Stage II; considering
Fig. 10, these ranges certainly are reached or even
exceeded.
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In conclusion, Saada’s model is revealed as that
most suitable to describe the actual polycrystal experi-
ments; it also accounts satisfactorily for the experi-
ments quoted above on single crystals [1, 2, 97.

5. Conclusions

1. Fffects of anneal hardening on strength iso-
therms after intermediate-temperature/large-strain
deformation are very similar to those after low-
temperature/low-strain deformation, with regard to
both shape and amount of the hardening observed.

2. Anomalies in isothermal annealing character-
istics of strength can be related to an Orowan-type
interaction of basal glide dislocations with prismatic
vacancy loops, which undergo coarsening and/or
depletion.

3. The measured amount of hardening/softening is
in good correlation with the single vacancy concen-
trations obtained from resistivity measurements, and
is also compatible with the loop diameters observed.

4. Saada’s model is revealed to be the best in
achieving the correct single vacancy concentrations.

5. Oxidation-induced loop formation can be ruled
out, because of significant differences in size and
growth kinetics compared with deformation-induced
loops; phase transformations are shown to cause
softening in all cases, and thus they cannot account for
the hardening effects repeatedly observed.

6. Deformation-induced surplus vacancies not only
affect the stress—strain relationship by loop formation,
but also help dislocations to climb and may induce
a general dislocation rearrangement, which leads to
marked softening effects in ranges of large strain.
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