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Texture evolution during room temperature ageing of silver
processed by equal-channel angular pressing
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The evolution of texture was investigated using silver samples processed by equal-channel angular pressing for different numbers
of passes and stored at room temperature for up to 4 months. For 1 and 4 passes, only a slight texture intensity change was detected
during storage. For 8 and 16 passes, there was a weakening of components A�2h and Ch and the development of a strong A�1h com-
ponent due to significant recrystallization in the severely deformed samples.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Grain growth and partial recrystallization have
been reported for commercial purity Cu samples pro-
cessed by equal-channel angular pressing (ECAP) and
subsequently stored for long periods at room tempera-
ture [1–5]. By comparison, there are only limited reports
for materials having low stacking fault energies (SFEs).
Specifically, considerable grain growth and changes in
crystallographic texture were observed during room
temperature storage of electrodeposited Ag [6] and there
is also a report that Ag self-anneals several months after
processing by ECAP [7].

It was shown that both recrystallization and recovery
take place in Ag during self-annealing [7]. However,
texture evolution will occur only in the presence of recrys-
tallization where there is significant grain boundary
movement. Accordingly, the present work was initiated
to investigate the evolution of texture as a function of
storage time when pure Ag is processed to very high
strains up to a maximum of 16 ECAP passes. It is
anticipated that a study of texture evolution may contrib-
ute to an understanding of the processes occurring in self-
annealing.
1359-6462/$ - see front matter � 2011 Acta Materialia Inc. Published by El
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High purity 99.995% Ag billets having lengths of
�70 mm and diameters of �10 mm were annealed for
60 min at 741 K to give a grain size of �10 micron;
the billets were subsequently processed through 1, 4, 8
and 16 passes of ECAP at room temperature following
route Bc. The ECAP die had an internal channel angle
of U = 90o and an outer arc of curvature of 20� at the
intersection of the two parts of the channel. Full details
on the ECAP processing were reported previously [7].
After ECAP, the samples were stored in air for 4 months
at room temperature in order to study the stability of the
texture. The texture analysis used Co Ka radiation and it
was performed in the normal direction (ND) of the
ECAP-processed billets corresponding to the Y plane
using the standard notation for ECAP [8]. The texture
was measured over an area of 10 � 10 mm2 at the centre
of the sample along a longitudinal section prepared by
mechanical polishing, grinding and chemical etching.
Four incomplete pole figures, {1 1 1}, {2 0 0}, {2 2 0}
and {3 1 1}, were measured up to a reflection angle of
80o. A weak {1 0 0} texture was present prior to ECAP.

The evolution of texture was characterised through
the orientation distribution function (ODF). The ODFs
were calculated assuming triclinic sample symmetry due
to the apparent monoclinic symmetry of the measured
texture around the Z-axis in the TD direction as defined
sevier Ltd. All rights reserved.
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earlier [9]. Thus, ODFs are presented in the range of
/1 = 0–360o. Ideal orientations in a single ECAP pass
for U = 90o are given in Table 2 of Ref. [9].

The texture determined immediately after different
numbers of ECAP passes is characterised by the ODFs
presented in Figure 1. After 1 pass (Fig. 1a), the main
component is at u1 = 0o and 180o, / = 45o and u2 = 0o

which is close to component A�2h. An additional Ch tex-
ture component can be observed with similar intensity
After 4 passes (Fig. 1b), the overall texture intensity
and the components remain essentially unchanged. After
8 passes (Fig. 1c), the components remain the same but
the overall texture intensity increases to nearly twice
the values measured after 1 or 4 passes. After 16 passes
(Fig. 1d), the component A�2h is situated nearly at the
ideal position with a slight scatter and there is also a trace
of component A�1h. The overall texture intensity for 16
passes is similar to that for 8 passes but with a larger scat-
ter. Figure 1e shows the ideal ECAP texture components
within u1 = 0–180o. It was reported in another study that
Ag samples processed through route A have a strong Bh

texture component with weaker components A�2h and A�1h
[10]. The difference in the present results is probably due
to the use of an alternative processing route.

There were noticeable changes in the overall texture
intensities after 1 month of storage as shown in Figure 2.
In the sample processed by 1 pass (Fig. 2a), there was evo-
lution of both components A�2h and Ch to a higher u1.
After 4 passes (Fig. 2b), the storage gave only an increase
in the texture intensity. After 8 and 16 passes (Fig. 2c and
d), the intensity of the strong components A�2h and Ch de-
creased but the scattering around this texture component
was quite large. For 16 passes, there was also a shift of
Figure 1. u2 = 0o and 45o sections of ODFs for (a) 1 pass, (b) 4 passes, (c) 8
and / = 0–90o.
component A�2h along / but it is possible this shift may
be due to sample misalignment during measurement.

Texture measurements after 2 months showed almost
unchanged texture orientations after 1 pass, whereas
after 4 passes the texture intensities decreased back to
the level observed immediately after ECAP but the orien-
tations remained nearly the same. After 8 passes
(Fig. 3a), components A�2h and Ch further weakened while
a strong A�1h developed, with an angle /1 higher than the
ideal value. After 16 passes (Fig. 3b), the overall texture
intensity was nearly the same as after 1 month but with
the appearance of an additional B/Bh component.

After 3 months of storage, the specimens processed
through 1 and 4 passes again gave similar texture fea-
tures as after 1 month of storage. For 8 and 16 passes
shown in Figure 3c and d, the preferred orientations re-
mained as after shorter storage times but the scatter
around these orientations was smaller and the overall
texture intensity was quite high due to the strengthening
of component A�1h. After 16 passes, the texture compo-
nents were shifted to higher / after 2 months, but after
3 months they were observed at lower / values. This
shift is probably due to a slight change of sample orien-
tation during the texture measurements. No significant
texture changes were observed between 3 and 4 months.

The intensities of the components A�2h, Ch and A�1h are
plotted in Figure 4 for different numbers of ECAP
passes as a function of the storage time. These plots pro-
vide a useful visual presentation of the texture changes.
It is apparent that the main texture components are A�2h
and Ch after ECAP for 1 pass and that during storage of
this sample there is no significant change in the texture.
For 4 passes of ECAP, the texture components remain
passes, (d) 16 passes and (e) ideal orientations. For (a–d): u1 = 0–360o



Figure 2. u2 = 0o and 45o sections of ODFs 1 month after ECAP for (a) 1 pass, (b) 4 passes, (c) 8 passes and (d) 16 passes. For (a–d): u1 = 0–360o

and / = 0–90o.

Figure 3. u2 = 0o and 45o sections of ODFs: 2 months after ECAP for (a) 8 passes, (b) 16 passes, and 3 months after ECAP for (c) 8 passes and (d) 16
passes. For (a–d): u1 = 0–360o and / = 0–90o.
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essentially unchanged during storage for 4 months ex-
cept there is a slight intensity change for the A�2h and
Ch components. For the samples processed through 8
and 16 passes, a strong A�1h component is developed after
2 months at the expense of components A�2h and Ch The
B/Bh components formed only for the sample processed
through 16 passes. This may be due to the formation of
multiple twinning chains as initially predicted [11] and
later observed in AISI 316L stainless steel [12]. The
weakening of the overall texture intensity between 8
and 16 passes, as shown in Figure 4, may also be asso-
ciated with multiple twinning. It is concluded that the
texture changes are stronger for the samples processed
through larger numbers of ECAP passes and the texture
evolution becomes essentially saturated after 3 months
of storage.
Strong evidence for microstructural recovery and par-
tial recrystallization were reported earlier for Ag samples
processed through 4–16 passes and stored for up to 4
months, and there was a saturated dislocation density
after 8 passes [7]. The saturation value of the dislocation
density in Ag was very high by comparison with the dislo-
cation densities achieved by ECAP in other pure face-
centred cubic metals and this is explained by the very
low SFE of Ag which leads to difficult cross-slip or climb
of these highly dissociated dislocations. Due to this high
dislocation density, self-annealing occurred during
storage of the ECAP-processed samples. It was noted
earlier that some volumes of the samples were recrystal-
lized, while in other regions there was only recovery [7].
The rate of recovery increased with the dislocation density
measured after ECAP and therefore it was highest in the
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Figure 4. Variation of intensity for texture components A�1h, A�2h and Ch

during storage of the Ag samples processed by different numbers of
ECAP passes.
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sample processed by 8 passes. The rate of self-annealing
increased with increasing numbers of passes as revealed
by hardness measurements. Despite the lower dislocation
density after 16 passes compared to 8 passes, the former
sample showed faster self-annealing due to the more rapid
recrystallization, a finding that was attributed to the
formation of twinned volumes with small dislocation
densities that can act as nuclei for recrystallization. After
4 months of storage, the samples processed by 8 and 16
passes have similar hardness as before ECAP. It is noted
that the texture evolution during storage, as a function of
time and numbers of ECAP passes, shows similar tenden-
cies to the self-annealing of the microstructure.

Considering the texture evolution presented in these
experiments, it is possible to provide an explanation for
the self-annealing behaviour. In the early stage of recrys-
tallization, the component A�1h is developed while compo-
nent A�2h becomes weaker. In the sample processed by 16
passes, a weak component A�1h is formed in addition to
component A�2h, suggesting the occurrence of partial
recrystallization at very high strains. This is consistent
with the decrease in dislocation density between 8 and
16 passes measured immediately after processing by
ECAP. The existence of recrystallization nuclei after 16
passes accelerates the overall recrystallization during
storage, giving the highest rate of self-annealing for 16
passes and strengthening of component A�1h. The recrys-
tallization and texture changes in this sample are proba-
bly facilitated by the high fraction of mobile high-angle
grain boundaries usually observed at very high strains.
When the recrystallization proceeds, the other texture
component of B/Bh develops in the sample processed
by 16 passes. It is noted that this component was also ob-
served, in addition to the weaker components A�2h and
A�1h, in an Ag sample processed by 3 passes of ECAP
through route A [10]. For 99.95% pure Cu processed
through route Bc up to 12 passes, the recrystallization
during annealing resulted in texture randomization [13]
and the degree of randomization increased with increas-
ing numbers of passes. There is a report that the recrys-
tallization texture after annealing of 99.98% pure Cu
processed by 15 ECAP passes through route A is weaker
and more scattered than the texture immediately after
ECAP [14]. This texture weakening was attributed to
multiple twinning. There is also a report of a weak tex-
ture where the few prominent components were
{0 0 1}h0 1 0i and {0 4 1}h3 �1 4i [15].

In summary, there are texture changes during storage
of Ag samples processed by different numbers of ECAP
passes. It is shown that the stronger changes in texture
during ageing occur in samples processed by larger num-
bers (8 and 16) of ECAP passes. For the samples pro-
cessed by 1 and 4 passes, there is no change in the
texture components but their intensities vary during stor-
age due to a low level of self-annealing in these samples.
After 8 and 16 passes, the component A�1h became stronger
during storage at the expense of components A�2h and Ch

developed during ECAP. Additionally, a weak B/Bh com-
ponent was also formed during storage after 16 ECAP
passes. It is concluded that these texture components de-
velop due to the occurrence of recrystallization during
storage of samples processed by 8 and 16 passes. After
periods longer than 3 months, no texture changes were
observed.
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