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Resume

Microstructure and texture evolution of Fe-36%Ni (wt. %) alloy after 1, 5 and
10 accumulative roll-bonding (ARB) cycles and annealing at 600 °C up to
3600 seconds were studied using electron backscatter diffraction. Microstructural
and textural changes after ARB and annealing were compared to those existing
in the literature after conventional rolling. The microstructure was not stable
at 600 °C for all ARB samples even after 3600 seconds of annealing.
The recrystallization texture was dominated by the Cube {001}<100> texture
component. Recrystallization kinetics were determined using microhardness
measurement and were close to those after cold rolling with Avrami time
exponent around unity. The texture evolution at high strain was discussed
interms of grain boundary migration obstruction by the formation of layer
interfaces and small recrystallized grains near the bonded interfaces.
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1. Introduction

Thermo-mechanical processing of alloys
is of great importance for industrial specific
needs. The recrystallization microstructure,
texture, nature and geometry of grain
boundaries are key factors influencing
the mechanical properties of materials.
The understanding of recrystallization kinetics
and texture evolution during severe plastic
deformation, especially Accumulative Roll
Bonding (ARB), allows the possibility to ensure
optimal conditions during thermo-mechanical
processing of alloys.

Ultrafine-grained metals or alloys have
demonstrated a higher combination of strength
and ductility than the coarse-grained ones [1].
After ARB processing, Fe-36%Ni (wt. %) alloy
samples were strengthened up to 200 % relatively
to the non-deformed initial state and exhibited

an ultrafine microstructure with grains having
elongated shape in the rolling direction [2, 3].

Despite the numerous papers dealing with
microstructure and texture evolution analysis
of Fe-36%Ni alloy after conventional rolling
and recrystallization annealing [4 — 8], there
is a lack of knowledge on the thermal stability
of the ultrafine grained Fe-36%Ni (wt.%) alloy
severely deformed by ARB. In this paper
we present the detailed results of electron
backscatter diffraction (EBSD) measurement
on the evolution of the microstructure texture
as well as recrystallization  kinetics
of the Fe-36%Ni (wt. %) alloy processed
by ARB and annealed at 600 °C.

2. Experimental procedure

The fully recrystallized Fe-36%Ni
(wt. %) alloy was kindly provided by APERAM
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alloys society, France. The ARB processing was
carried out at 550 °C to 1, 5 and 10 cycles.
The results of deformation texture and
microstructure of the as deformed state were
published by Tirsatine et al. [2]. Sheets of 1 mm
thickness were cut from the ARBed samples
and  subsequently isothermally  annealed
at 600°C for 120, 600, and 3600 sec under H2
flux protection. The annealing temperature was
selected by taking into account the results
of [5].

Microstructure and microtexture was
characterized using a FEG-SEM SUPRA 55 VP
scanning  electron  microscope  operating
at 20 kV with the TSL Orientation Imaging
Microscopy, OIMTM software. The samples
were mechanically polished and then electro-
polished for EBSD measurements. EBSD maps
were recorded on 100 x 100 pm zones
on the RD-ND (rolling and normal directions)
plane of the annealed samples with a step size
of 0.1 mm. The grain size data were obtained
using a grain tolerance angle of 5° and
the minimum grain size was chosen
to be 2 pixels.

Quantitative texture analysis was carried
out by calculating the Orientation Distribution
Function (ODF) using the “Harmonic Method”
implemented in the MTex software [9].

The micro-hardness of the specimens was
measured with a Vickers microhardness tester
SHIMADZU type HMV-2 wusing a load
of 0.05 kg (HV0.05). Five hardness indentations
were performed in the central area
of the samples.

3. Results and discussion

3.1 Microstructure evolution after annealing
of ARBed Fe-36%Ni alloy

Fig. 1 shows the orientation imaging
micrographs (OIM) of Fe-36%Ni (wt. %) alloy
samples after ARB processing to 1, 5 and
10 cycles and annealing at 600 °C for 120, 600
and 3600 sec. As reported earlier [2],
the  severely  deformed  microstructure

of Fe-36%Ni (wt. %) alloy was characterized
by elongated ultrafine grains. The grains
underwent a strong refinement (down to 0.5 and
0.2 pm for length along RD and thickness along
ND respectively) after 10 ARB cycles [2].
As can be seen from Fig. 1, a substantial
evolution of the microstructure is noticed during
annealing. The OIM of 1 ARB sample show
a color gradients inside some grains which
indicates that the recrystallization is not
complete after annealing for 3600 sec.
Contrarily, the evolution of the microstructure
for 5 and 10 ARB samples looks similar and
is associated to the apparition of massive and
progressive recrystallization and subsequent
grain growth.

Fig. 1 shows that the microstructural
change during the annealing is similar to that
reported in ARBed pure Cu that was associated
with a typical discontinuous recrystallization
mechanism [10] (Figs. 1e and f). Indeed,
annealing process of pure Cu that is known
to have a low stacking fault energy is different
from that of materials with high stacking fault
energy that are categorized as “recovery-type”
[10]. Zaefferer et al. [5] reported that,
Fe-36%Ni (wt. %) alloy has a relative stacking
fault energy in between those of Cu
and Al wyrela(Cu):yrela(FeNi):yrela(Al)=1:3:7,
yrela=y/Gb (y, stacking fault energy; G, shear
modulus and b length of the Burgers vector).
The authors showed a deformation and
recrystallization texture behavior similar to that
of pure Cu. Moreover, this alloy recovers very
little during cold rolling (dynamic recovery)
owing to its high melting temperature and high
concentration of Ni.

In the peculiar zones shown by inserts
in Figs. 1j-l, a spread of small grains all over
the bonded interface between layers is clearly
seen. The black colored areas (non-indexed
points) in the inserts of Figs. 1j, k and |
correspond to holes at the mid-thickness
interface obtained after the last ARB cycle
(Figs. 1a, d and g).

The presence of clustered small grains
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near the bonding can be associated with
the shear strain induced at the sheet surfaces,
in contact with the rolls, at the cycle before
the last one or can be due to the wire-brushing.
In both cases, this strain induces a strong
germination rate that results in a so small grain
size. Takata et al. [10] have already mentioned
that the presence of fine grains in the bonded
interface was due to the redundant shear
deformation or/and wire-brushing. In our case,
we used a lubricated ARB process that probably
limited shear strain, and it can be supposed that
the fine grains, in the bonding area, are mainly
due to the wire-brushing.

After 10 ARB cycles, the strip thickness
is around 0.97 pum. The mean grain size
measured by the line-intercept method is around
10 um. This result shows clearly that a good
bonding is achieved and the grains can cross
the layer boundaries and grow all over the layer
thickness. In fact, whatever the cycle number,
the low bonding quality of the mid-thickness
interface inhibits the boundary migration and
thus the grain growth.

Fig. 2 shows the evolution of the grain
diameter of all grains as  well
as the recrystallized grains of Fe-36%Ni alloy
after ARB processing and annealing at 600 °C
up to 3600 sec. The grain size was estimated
from the equivalent circle diameter. Concerning
the global grain size (all grains), it is clear that
the grain diameter increases significantly upon
annealing after 5 and 10 ARB cycles especially
after 600 sec whereas it remains quite
constant after 1 ARB cycle. In this alloy,
the recrystallization mechanism corresponds
to a discontinuous recrystallization as it can be
observed in Fig. 1. This recrystallization
consists in nucleation followed by nuclei growth
into the deformed matrix by Strain Induced
Boundary Migration (SIBM) mechanism [10]
and it leads to equiaxed grains. In the special
case of 1 ARB cycle, the appearance
of recrystallized grains is delayed (Fig. 1g)
because of the lower energy stored during
the deformation processing. The grain size

of 1 ARB sample remains constant because
the recrystallized grains have the same
equivalent diameter than the all grains at this
special recrystallization time (Fig. 2, dotted
lines). In the case of 5 and 10 ARB cycles,
the grain size notably increases after annealing
for 600 sec. Note that after 1 ARB cycle,
the microstructure is partially recrystallized
after 3600 sec annealing. On the contrary, for
the same annealing time, the recrystallization
is complete for the two largest cycle numbers.
It has already been observed in the literature
that the growth rate of the grains in the fine-
grained material (like in 5 and 10 ARB samples)
IS some times faster than that of the coarse-
grained material (like in 1 ARB sample)
at the same temperature. Such difference
in the recrystallization kinetics could be
ascribped to the stored energy during
the deformation [11]. Moreover, the achieved
grain diameter after annealing for 360 sec is
close to the initial grain size of the unprocessed
material (8 <d < 10 um) [2]. Unfortunately, this
ARB processing route does not maintain
a refined microstructure after complete
recrystallization, contrary to the ECAE
processing of a Copper alloy (3 um) [12].

Furthermore, it can be observed that
the achieved grain size is slightly more
important after 5 ARB cycles (11 pm) than after
10 ARB cycles (8 um). This can be explained
by the fact that after 10 ARB cycles
the deformation amount is larger, thus
the nucleus number is increased and,
as a consequence, the final grain size is smaller.

Fig. 3 shows the evolution of the twin
fraction as a function of ARB cycle number and
annealing time. The increase of twin fraction
is consistent  with the occurrence
of the discontinuous recrystallization and
the associated grain growth [13]. Additionally,
it is seen that twin fraction after complete
recrystallization is similar (around 40 %)
whatever the ARB cycle number 5 or 10.

Fig. 4 presents the evolution of high
angle grain boundary (HAGB) fraction
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of the Fe-36%Ni (wt. %) alloy after ARB recrystallization for 5 and 10 ARB samples
processing and annealing at 600 °C for 120, 600 (annealing for 3600 sec), which indicates that
and 3600 sec. The evolution of HAGB the alloy is not isotropic (HAGB > 95 %).

fraction shows an increase after 1600 sec The low HAGB fraction (about 40 %)
as recrystallization develops. The HAGB for 1 ARB sample is due to the partial
fraction reaches 80% after complete recrystallization of the sample.

ND

Fig. 1. OIM of Fe-36%Ni (wt. %) alloy after ARB processing to 1cycle and annealed at 600° C for (a) 120 sec,
(b) 600 sec, (c) 3600 sec, 5 cycles and annealed at 600 °C for (d) 120 sec, (e) 600 sec, (f) 3600 sec and 10 cycles
and annealed at 600 °C for (g) 120 sec, (h) 600 sec, (i) 3600 sec. Peculiar zones near bonding zones are shown

as inserts.
(full colour version available online)
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Fig. 2. Evolution of the grain diameter of all grains and the recrystallized grains of Fe-36%Ni (wt. %) alloy
after ARB processing and annealing at 600 °C up to 3600 sec.
(full colour version available online)
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up to 3600 sec.
(full colour version available online)
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Fig.5 Recrystallized volume fraction versus annealing time of the Fe-36%Ni (wt. %) alloy after ARB processing

and annealing at 600 °C. Data from Reference [5] are shown for comparison.
(full colour version available online)

Table 1

The JMAK parameters variation determined in the present study. Results from Zaefferer et al. [5] are also
reported for comparison.

n k

1 cycle 1.65 -13.36

5 cycles 0.80 -5.33
10 cycles 0.90 -5.33
69 % [5] 1.17 -8.62
85 % [5] 1.38 -9.50
94 % [5] 1.06 -6.92

3.2 Kinetics of recrystallization during they are plotted together for comparison.

annealing of ARBed Fe-36%Ni alloy

Fig. 5 presents the recrystallized volume
fraction, X, versus annealing time deduced from
the microhardness measurements using standard
equation [14] (2):

X (1) = Hv,,, —Hv(t)
Hv, ., —Hv.,

(1)

Where Hv(t) stands for hardness value
attime t, Hvmax IS the maximum hardness
of the as-severely deformed sample (at t = 0)
and Hvpin is the minimum hardness of the
fully recrystallized sample.

Zaefferer et al. [5] have published data

on the kinetics of recrystallization of the same
alloy after cold rolling and annealing at 600 °C,

It can be clearly seen that the 5 (¢ = 4) and 10
(e 8) ARB samples kinetics are close
to the 64 % (e 1.2) cold-rolled sample
kinetics. For only the 1 ARB sample,
kinetics are slower. The recrystallization
of the Fe-36%Ni (wt. %) alloy sample after
5 ARB cycles occurs lately than for the cold
rolled sample despite the closest equivalent
strain (95 % thickness reduction, &€ = 3.45).
The explanation of these findings could be
associated with the processing temperature.
Indeed, material stores more energy during
cold rolling than during hot ARB.

It can also be observed that after
300 sec, the recrystallization in the 5 ARB
sample seems to be more effective than in the
10 ARB cycles. This finding is in line with
the observation made by Beck et al. [15], who
found that the grain boundary migration rate
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was slower in the specimen containing strips.
In our case, the 10 ARB sample accumulated
1024 strips instead of 512 in the 5 ARB
sample.

The kinetics of recrystallization could

also be discussed using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) relationship [16

— 18] (2) that gives the variation
of the recrystallized fraction  versus
the annealing time:

X (t) =1—exp(—kt") 2

Where X is the recrystallized fraction,
t is the annealing time, k is temperature
dependent and n is the Avrami time exponent.
The n and k parameters can easy been
obtained from the linearization of the JMAK
equation. Table 1 presents the n and k values
obtained for 1, 5 and 10 ARB samples.
Results from Zaefferer et al. [5] are also
reported in Table 1 for comparison.

It can be seen from Table 1 that
the values of the Avrami time exponent n are
around 1 for all samples which indicates
the presence of heterogeneous site saturated
nucleation of recrystallized grains [19].
The n values obtained in this study are
slightly different from those calculated from
data of Zaefferer et al. [5]. This difference
may be due to the processing conditions that
influence the kinetics of the recrystallization.
Indeed, the data of Zaefferer et al. [5] were
obtained for a cold rolled and annealing
samples at 600 °C while in the present study,
they were deduced for hot ARBed samples
(at 550 °C) and annealed at 600 °C.

3.3 Texture evolution after
of ARBed Fe-36%Ni alloy

Fig. 6 shows the calculated ODF sections
at 92 =0, 45 and 65° of Fe-36%Ni (wt. %) alloy
after ARB processing for 1, 5, 10 cycles and
annealing at 600°C for 120, 600 and 3600 sec.
The location of ideal orientations is also

annealing

indicated on the ODF sections. The main ideal
texture components positions of FCC alloys and
their descriptions are given in Table 2.
As already reported by Tirsatine et al. [2],
the texture of as deformed samples showed
the presence of FCC dominant rolling texture
components (Copper, S and Brass). Those
components with a certain grain orientation
distribution affect material proprieties during
the thermomechanical treatment, yielding
valuable information on them properties.
It is worth noting that the texture of the samples
after 1, 5 and 10 ARB cycles and annealing
at 600 °C for 120 sec looks similar to that prior
to annealing (presented in Reference [2]). With
increasing annealing time, a more or less
sharpening of Cube component accompanied by
gradual decrease of Copper, S and Brass
components are depicted. The variation of Cube
fraction as function of annealing time in 1, 5
and 10 ARB samples is shown in Fig. 7.

After one hour annealing at 600 °C
of 1 ARB sample, the Copper, S and Brass
deformation texture components remain present.
There is also a small amount of Cube retained
from the initial state of the alloy (before
deformation) [2]. Figs. 6 and 7 confirm
indubitably that annealing of the 1 ARB cycle
did not affect totally the deformation texture
components that exhibited a sort of stability
even after 3600 sec. At low deformation
straining, the texture is retained because all
the texture components may nucleate.
Moreover, the texture tended to be isotropic
because the twining might operate for all
he texture components and hence generated new
orientations. The global weakening
of the texture should be ascribed
to the occurrence of multiple twinning
as discussed by [20]. This multiple twinning has
already been observed in Al and Cu
monocrystals and did not lead to a random
texture but rather to a noticeable failing
of the texture.

Annealing the samples after 5 and
10 ARB cycles modifies the texture components
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Table 2
Main ideal rolling texture components of FCC alloys.
Component {hkl}<uvw> Euler Angle
91 () 92
H Brass {110}<112> 35° 35° 45°
A Goss {110}<001> 0° 45° 0°
o Cube {001}<100> 0° 0° 0°
'S Copper {112}<111> 90° 35° 45°
v S {231}<346> 59° 29° 63°
60
r | —#—1cycle Y
S50 @ 5cycles
L | —4&—10 cycles
g 40 - A
g 30
g L
& 20F
o/
= 10F ‘.
© o= "1—
Op&— v

or 1 10

100 1000 10000

Annealing time (sec)

Fig. 7. Cube fraction in Fe-36%Ni (wt. %) alloy afier ARB processing and annealing at 600 °C up to 3600 sec:
(a) 1 ARB cycle, (b) 5 ARB cycles and (c) 10 ARB cycles.
(full colour version available online)

volume fractions and shows an overall decrease
of the Copper, S, Brass deformation texture
components and a net increase of the Cube
component. The development of the Cube
texture after conventional cold and hot
deformation has been well studied in Fe-Ni
system [21-23]. It is worth noting that
annealing of samples after 5 and 10 ARB cycles
leads to the development of a weak (with
volume fraction ranging between 5 % and
2.5 %), Twin Cube (122)<221> (45°, 70.53°,
45°) component as can be seen in Fig. 6. It is to
be noted that this component did not exist in
the deformed material but developed during
the recrystallization annealing.

Extensive  observations by means
of X-ray texture measurements and transmission
electron microscopy (TEM) observations,
including orientation measurement, of first
stages of recrystallization were performed by [5,
20] in cold-rolled Fe-36%Ni alloy. Three

deformation-induced  heterogeneities  that
are lamella bands (LB), cube bands (CB) and
shear bands (SB) were analyzed in relation
to cube texture development. It has been
explicitly shown that LB and SB did not play
any role in recrystallization nucleation
or texture formation. The CB were very
appropriate for the nucleation of cube grains
owing to their high orientation gradient, high
misorientation across the band and well
recovered cells [5, 20]. Since the texture
evolution and kinetics of recrystallization
of Fe-36%Ni alloy after processing by ARB
(present study) and cold rolling [5, 20] are quiet
close, it can be assumed that the same
mechanisms of cube grain formation and
evolution may operate.

After annealing for 600 sec, the Cube
volume fraction in 5 ARB cycles is around
12 % but in the 10 ARB cycles it is just 6 %.
This anomalous effect has already been reported

Materials Engineering - Materialové inzinierstvo 24 (2017) 56-66



K. Tirsatine et. al.: On the recrystallization and texture of Fe-36%Ni alloy 65

after accumulative roll bonding and annealing at 600 °C

in pure Cu processed by ARB and annealed
at 150 °C up to 600 min [10]. These authors
have reported the existence of large amount
of small recrystallized grains formed around
the bonded interfaces and having several
different orientations (similar observations are
reported in Fig. 1). These small grains were
considered hence as principal weakening factor
of the Cube texture development. These
interfaces were previously wire-brushed which
can induce a local area of severe plastic
deformation, an origin of submicronic grain
creation as for example in SMATed alloys [24].
These small grains contain low energy and have
the same probability as Cube grains to nucleate.
As the interface number increases, from 5 to
10 ARB cycles, the random nucleation increases
and leads to a decrease of the Cube fraction.
This texture dispersion can be verified during
the first step of recrystallization (600 sec) and
persists up to the final recrystallization (50 %
and 35 % Cube fraction for 5 and 10 ARB
cycles respectively).

To sum up, the ARB process does not
allow developing a sharp Cube texture
contrarily to what was obtained after high cold-
rolling and annealing knowing that this sharp
texture is often desired for superconductor
applications [25]. An attempt to perform
the ARB process at lower temperatures could
permit increasing this Cube fraction. It remains
to be checked whether a lower temperature
could limit the grain growth. Moreover, it could
be interesting to increase the ARB cycle number
to increase the severe plastic deformation and
then the nuclei number, in order to decrease
the grain size after complete recrystallization.

4. Conclusion

The  microstructure  and  texture
of Fe-36%Ni (wt.%) alloy severely deformed
by ARB up to 10 cycles and annealed at 600 °C
up 3600 sec has been investigated using EBSD,
the main results are summarized below:

- The microstructure of Fe-36%Ni (wt.%)
alloy was not stable during annealing at
600°C.

- The recrystallization kinetics and
texture after  Accumulative Roll
Bonding were similar to those after
conventional cold rolling. The Cube
texture component dominated but with
weaker intensity and volume fraction.

- The recrystallization Kinetics was
expressed by the Avrami time exponent
around 1 for all samples. This value
indicates heterogeneous site saturated
nucleation of recrystallized grains.

- The decrease in Cube fraction between
5 and 10 ARB cycles was probably due
to the presence of small grains at the
wire-brushed interfaces induced by
severe plastic deformation.
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