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a b s t r a c t

A 99.995% pure Ni sample, compressed to 25%, was annealed in a SEM chamber and changes in the
density of annealing twins were monitored in situ during recrystallization and grain growth. In addition
to average microstructural measurements, the evolution of individual grains was also observed. Both the
average annealing twin density in the recrystallized domain and the annealing twin density per grain
increased during recrystallization. The rate of increase in twin density correlates with the velocity of the
recrystallization front. During grain growth, however, the average annealing twin density decreased. The
in situ EBSD observations showed both the formation of new twins and the extension of existing twins
during annealing. The observations reported here suggest that the existing models for annealing twin
formation are incomplete.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In 1926, Carpenter and Tamura [1] reported on annealing twin
formation and annealing twins were commonly mentioned in
articles containing metallography before this. Since then, anneal-
ing twins have been observed in almost all deformed and subse-
quently annealed F.C.C. metals except for aluminum.

Annealing twin boundaries affect many properties such as
corrosion and fatigue resistance in a large variety of materials [2]
because of their low energy [3]. Annealing twin boundaries,
especially coherent twin boundaries, are fundamental for ‘Grain
Boundary Engineering’ [4–6]. Even today metallurgists still do not
agree on the mechanism of their formation.

There are four schools of thought on annealing twin formation:
(i) the grain encounter model [7–9], (ii) the stacking fault model
[10] where stacking fault packets formed during grain boundary
migration generate annealing twins [11], (iii) the grain boundary
dissociation model [11–13] which involves a general high angle
boundary dissociating into a coherent twin boundary, an incoher-
ent twin boundary and a low energy boundary to decrease the
overall interfacial energy, and (iv) the growth accident model
[1,14–17]. The growth accident model, which asserts that a
coherent twin boundary forms at a migrating grain boundary
because of a stacking error, is supported by a majority of recent
experimental results [18–21].

In the growth accident model, the grain boundary migration
distance and the grain boundary migration velocity are two key
factors promoting the generation of annealing twins. Gleiter [14]
and Pande [15] derived models for predicting annealing twin density
which are consistent with this idea. Gleiter0s formulation was shown
to be capable of accurately determining the annealing twin density
[19]. The effect of prior deformation was introduced into Pande0s
model [21] but this and other prior work has mainly focused on the
average annealing twin density evolution in the grain growth
regime. The purpose of this work is to analyze annealing twin
formation in individual grains during recrystallization and to quan-
tify annealing twins during both recrystallization and grain growth.
We present evidence that the annealing twin density increases
during recrystallization, but decreases during grain growth.

2. Experimental details

Commercially pure nickel (99.995 wt%) was used in this experi-
ment. A cylindrical sample, 5 mm in diameter and 3 mm in height,
was first compressed at room temperature to a 25% height
reduction. After deformation, the sample was metallographically
prepared with a final mechanical polish using a 0.5 mm colloidal
SiO2 suspension and a 200 mm thick slice was extracted for study.
The sample was annealed in situ at 400 1C in a FEI XL30 ESEM
microscope equipped with a TSL EBSD system. The heating device
was a thin tantalum foil on which the sample was spot-welded
[22], which allows to achieve very high heating and cooling rates
(100 1C/s) and enables precise control of short annealing times.
EBSD orientation maps were recorded with a 0.5 mm step size to
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compromise between spatial resolution and acquisition time. To
capture the initial stages of the recrystallization regime, short
annealing times (2 s) were used at the start of the experiment. The
heat treatment sequence is detailed in Fig. 1. The OIM™ software
was used to analyze the EBSD data. The influence of sample
thickness on grain boundary migration was not considered here.
Annealing twin density, defined as the number of twin boundary
intercepts per unit length, was calculated using Eq. (1) [23],

Twin density¼ Ltb
S
2
π
; ð1Þ

where Ltb is the twin boundary length and S is the corresponding area.
Note that measuring intercepts are not relevant for evaluating twin
boundaries inside recrystallizing grains only and therefore lengths of
twin boundaries detected inside the recrystallized grains provided the
basis for the results reported here. Also, all Σ3 boundaries are included
in order to avoid the uncertainty associated with estimating whether
any given boundary segment is a coherent or incoherent twin.

Following typical practice, the recrystallized grains were defined
in the EBSD maps by a criterion that the Grain Orientation Spread
(GOS) was less than 11 [24]. GOS is defined as the average of the
misorientation between the orientation of each point inside a grain
and the average orientation of that grain. For grain detection, the
minimummisorientation angle to define a grain boundary was set to
51 and twins were ignored. Additionally, isolated pixels were not
considered as grains. No additional clean up was performed.

3. Experimental results

3.1. Recrystallization

The series of EBSD maps in Fig. 2 illustrates the microstructural
development during recrystallization. The white lines mark the

annealing twin boundaries, which are defined by a misorientation
of 601 about the 〈111〉 axis with a tolerance of 8.661, according to
Brandon0s criterion [25].

The first map, recorded before the heat treatment, shows the
heterogeneity of deformation. Recrystallizing grains first appeared
and grew rapidly in the most deformed areas where the quality of
Kikuchi patterns were initially low (Fig. 3), and accordingly the
reliable-indexing rate was low. The Kikuchi pattern quality index
map suggests the existence of deformation substructures in the
form of submicron cells. Unfortunately, those cells are not well
resolved under the acquisition settings that were used and the
indexing reliability in those regions is too poor to analyze precisely
the local crystallographic texture of the highly deformed areas and
relate it to the orientations of the new grains. In addition it is
worth mentioning that new grains may nucleate below the
observed surface. For both reasons, the influence of the deforma-
tion substructures on recrystallization and twin generation was
not analyzed at this small scale. As recrystallization progressed,
the first recrystallization nuclei grew together and formed clusters
while new grains continued to appear in less deformed areas. The
recrystallized grains and grain clusters began to impinge before
the end of recrystallization. The overall recrystallization kinetics is
illustrated in Fig. 4. In the early stages, the recrystallization nuclei
grew independently and the recrystallization fraction increased
rapidly. As impingement occurred, the recrystallized grains formed
clusters, and recrystallization fronts migrated at the rim of the
clusters only, effectively reducing the transformation rate. The
incubation time for recrystallization was negligible in this case.

3.1.1. Annealing twin density evolution in individual grains during
recrystallization

For the purpose of tracking the evolution of individual grains,
four recrystallized grains (colored red in Fig. 5) were selected.
Annealing twins were generated very early in the recrystallization
process. As the recrystallized grains grew into the deformed
matrix, new annealing twins were generated (see Fig. 5). However,
after impingement of the recrystallized grains, far fewer annealing
twins were generated.

The change in the size (equivalent circle diameter) of the four
sampled grains with time is described in Fig. 6(a). Despite their
different size ranges, the individual grains exhibit the same trend
of first increasing in size and then stagnating before the end of
recrystallization. The annealing twin density per grain was calcu-
lated with Eq. (1) with the twin boundary length in the grain and
the area of the grain at each of the annealing steps (Fig. 6(b)).

The twin densities in the first three selected grains exhibit a
non-linear relationship with the equivalent circle diameters (Fig. 6
(c)). More precisely, the twin density increased most rapidly at the
beginning of recrystallization and the rate of increase decreased
monotonically with increasing recrystallized fraction. Meanwhile,
the twin density in the fourth individual grain seems to exhibit a
different trend from the others in that the twin density increased
rapidly until the end of recrystallization. The reasons for this are
shown by the small circles on Fig. 5 (grain 4 after 18 s annealing).
The small grain in the yellow circle forms a twin boundary with
grain 4, only visible after 90 s annealing. In the blue circle the
short annealing twin boundaries already existing after 18 s extend
as the recrystallization front migrates into the deformed matrix.
These two local phenomena increased the annealing twin density
in the fourth grain without resulting in a significant increase in
grain size. Such local events are responsible for the sharp increase
in annealing twin density in the fourth grain till the end of
recrystallization in Fig. 6(c).

Fig. 7 shows the rate of increase of annealing twin density, i.e.
the slope of Fig. 6(b), as a function of the growth rate of
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Fig. 1. In situ heat treatment sequence for the (a) recrystallization and (b) grain
growth regimes. The area average grain sizes corresponding the main annealing
steps are indicated.
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