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REOBSERVATIONS OF RECRYSTALLIZATION AND ITS EEFFECT ON MECHANICAL AND MAGNETIC PROPERTIES

IN ASEVERELY COLD-ROLLED Ni-BASED SOFT MAGNETIC ALLOY

Despite of extensive researches for decades, there are many unclear aspects for recrystallization phenomenon in the cold
rolled Ni-based alloys. Hence, different thermal cycles were conducted in order to determine microstructural evolutions and its
effect on the magnetic and mechanical properties of a 90% cold-rolled thin sheet of a Ni-Fe-Cu-Mo alloy (~80 um). The obtained
results revealed that the recrystallization was started at a temperature of 550°C and was completed after 4 hours. An increase in the
number of annealing twins was observed with an increase in annealing temperature, which was due to a bulging and long-range
migration of grain boundaries during the discontinuous recrystallization. Ordering transformation occurred in the temperature
range of 400-600°C and as a result, hardness, yield strength, and UTS were increased, while with an increase in the annealing
temperature these mechanical properties were decreased. Maximum toughness was obtained by annealing at 550°C for 4 hours,
while the highest elongation was obtained after annealing at 1050°C, where other mechanical properties including toughness, hard-
ness, yield strength, and UTS were decreased due to the grain growth and secondary recrystallization. Moreover, coercivity and
remanence magnetization were decreased from 4.5 Oe and 3.8 emu/g for the cold rolled sample to below 0.5 Oe and 0.15 emu/g

for the sample annealed at 950°C, respectively.
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1. Introduction

The soft magnetic alloys are used in a wide range of
commercial and industrial products [1]. Among these alloys,
the Ni-Fe-based alloys are particularly utilized in the various
industries such as electrical industry [2-5]. For instance, these
alloys are used in rotor and stator laminations, stepping motors,
relay parts, audio heads, high quality transformers, unipolar
pulse transformers, magnetic shielding, magnetic amplifiers,
inverters, converters, and other saturable reactors [1,6], which
is due to their excellent magnetic properties including low core
loss, very low coercivity (H.), and high initial and maximum
permeabilities [7,8].

These alloys have been developed in three categories; (a)
alloys containing about 30 wt.% Ni with a curie temperature close
to room temperature and maximum resistivity; (b) alloys contain-
ing about 50 wt.% Ni with a maximum saturation magnetization
(Mj); and (c) alloys containing about 80 wt.% Ni with anisotropy
and magnetostriction constants close to zero [9] and maximum
permeability [10-13]. Hence, a numerous studies [14-17] have

been done to develop this class of the alloys. As a result, it is
known that the addition of alloying elements (i.e. Cu [5,6,18,19],
Mo [5,6,18,19], Cr[5,6,18], Co [6], and Mn [6,18,19]) can be as
one of the most effective method to improve the mechanical and
magnetic properties of these alloys. On the other hand, it is no-
table that to achieve the optimum magnetic properties, amounts
of the electronegative (N, O, and S) or electropositive (Al, Mg,
Ca, and Ti) elements as well as the impurities with a small
atomic radius (i.e. C and N) should be minimal [9]. Therefore,
the permalloys are annealed in an inactive atmosphere such as
argon or hydrogen [20,21].

Magnetic properties of the ferromagnetism materials is
dependent to the behavior of magnetic domains in an external
magnetic fields, which can be affected by various parameters
such as magnetocrystalline anisotropy and magnetostriction
[10,22], grain size [23,24], inclusions [25], texture [22,26],
production processes [27,28], and the presence of alloying
elements [29-34]. Therefore, by controlling these parameters,
a wide range of magnetic properties can be created in this cat-
egory of alloys [1,6]. In this case, some articles have reported
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that the order-disorder is as one of the main effective parameters
on the magnetic properties in these alloys, so that if a critical
degree of SRO forms, both the anisotropy energy and mag-
netostriction constants are simultancously reduced to small
values (near to zero) [4,6,20]. On the other hand, it is reported
that the rate of ordering transition in these alloys is very slow,
so that to approach the maximum value of order phase (L1,),
an annealing process at 450°C for one week is required [35].
Numerous researchers have focused on this transformation and
the obtained results revealed that by adding alloying elements
such as Cu [5,6,18,19], Mo [5,6,18,19], Cr [5,6,18], and V [35],
the ordering kinetics slowed down, which leads to decrease in
the degree of long-range order. Moreover, it is shown that the
addition of Mo and/or Cu can reduce the cooling rate required
to achieve magnetocrystalline anisotropy (K;) = 0 [36,37]. On
the other hand, mechanical properties of these alloys are affected
by structural evolutions such as texture evolution [1] due to the
changing process parameters [37].

Although, extensive researches for decades have been done,
but there are many unclear aspects for recrystallization phenom-
enon in cold rolled Ni-based alloys and its dependent mechanical
and magnetic properties. Hence, the Ni-14Fe-5Cu-4Mo ultra-thin
foils are produced by thermomechanical method in the present
study. Then, recrystallization and its effect on the mechanical
and magnetic properties in this severely cold-rolled Ni-based
soft magnetic alloy are investigated.

2. Materials and methods

The material under study was a Ni-Fe-Cu-Mo alloy with the
chemical composition as follows: 14 wt% Fe, 5 wt% Cu, 4 wt%
Cu and balanced with Nickel, which was measured by the atomic
absorption spectrometry (AAS). The composition of the used
alloy is listed in table 1. The alloy was melted in a vacuum fur-
nace with the use of pure charge materials (99.99%). The as-cast
ingots were homogenized by annealing at 1100°C for 10 h under
high purity Ar atmosphere. Then, the homogenized ingots were
subjected to hot rolling in a temperature range of 1050-1150°C
to prepare sheets with the thickness of Imm (~90% reduction).
After eliminating the surface layer using sand paper grinding,
the hot-rolled sheets were annealed at 950°C for 4 h under high
purity Ar atmosphere. Then, these sheets were subjected to cold
rolling to achieve a 92% reduction in thickness (80 um).

TABLE 1

Chemical composition of the studied alloy in wt.%

Element Fe Cu Mo
wt.% 14.49 4.94 3.94

Other elements Ni
<0.01

Balanced

The cold rolled ultrathin foils were annealed in a high purity
vacuum at a temperature range from 400°C to 1100°C for vari-
ous times (30, 120, and 240 min), followed by quenching in the
cooled Ar atmosphere. Phase analysis was performed by using

XRD (X’Pert MPD Philips diffractometer) method, fitted with
diffracted-beam monochromator set for cobalt Ka (A =0.17890
nm) radiation operated at 40 kV and 40 mA in the back-reflection
mode and a step size of 0.02°. Microstructural observations
were carried out using an OM (Olympus PMG3) and a FE-SEM
(MIRA3 TESCAN). For this purpose, the surfaces of samples
were mechanically polished and then were etched in 5 g FeCl; +
40 ml Ethanol + 10 ml HCI (37%) solution. Also, mechanical
properties of the samples were measured using tensile (Instron
5586) and microhardness (MH3 KOOPA) tests. The sub-size
flat tensile test specimens used in the tests is plotted in Fig. 1.
Three tensile specimens were tested for each condition and the
average was reported as a result. Tensile tests were carried out
at room temperature in the rolling direction by an initial stain
rate of 0.001 s™'. Moreover, the fracture surface were analyzed
using a FESEM. Microhardness was measured under a load of
1 N for 10 s owing to low thickness of samples and the average
of 5 measurements with 2 mm distance between each point on
the surface of samples was considered in calculations.

15mm

Fig. 1. Schematic of the used sub-size tensile test specimen

3. Results
3.1. Microstructural observation and phase analysis
3.1.1. Recrystallization

Figs. 2(a) and (b) show OM micrographs of surface and
cross-sectional views of the hot rolled sample. As seen, the
microstructure characteristic of the sample with different posi-
tions is almost the same. The presence of equiaxed grains in the
microstructure confirms the occurrence of dynamic recrystalliza-
tion (DRX) during the hot rolling process at temperature range
of 1050-1150°C. Fig. 2(c) represents microstructure of elongated
grains of the cold rolled sample, which shows the grain bounda-
ries and deformation bands. It is accepted that during the severe
plastic deformation, regions with various directions are devel-
oped by strain heterogeneity taking place due to compatibility
requirements of neighboring grains or any intrinsic instability of
grain during plastic deformation [38]. These grain subdivision or
grain fragmentation (ranging from nm to mm scale) can produce
various orientations inside the grains (as seen in Fig. 2(c)). The
coarsest form of grain subdivision are deformation bands which
simply are recognizable by optical microscope, while narrow
regions between deformation bands are called transition bands,
which can be clear or unclear inside the microstructure [39].
Moreover, deformation bands are formed on various slip systems
[40]. In fact, deformation leads to a stored energy which act as
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Fig. 2. OM micrographs related to (a) surface and (b) cross section of the hot rolled samples, and micrographs of (c) the cold rolled sample and

the samples annealed at (d) 450°C and (e) 500°C for 4h

driving force for recovery and recrystallization during annealing
[41-43]. However, it is notable that elongation of grains along the
rolling direction leads to increasing the density of dislocations
distribution around the grain boundaries, which can prevent to
distinguish between boundaries in microstructure [17].

Figs. 2(d) and (e) show the microstructures of the samples
annealed at 450 and 500°C for 4h. These microstructures are
similar to microstructure of the cold rolled sample (Fig. 2(c)),
indicating that recrystallization has not yet begun. On the other
hand, it is well known that microstructural evolutions during
recovery process are not significant and take place in a small
scale. These changes usually do not affect the boundaries of
deformed grains [40]. However, shear bands are shown with
higher resolution in Figs. 2(d) and (e) due to the decreasing of
dislocations density during the recovery. However, shear bands,
independent of the grain structure, often occur at 35 to 45° to
the rolling plane and parallel to the transverse direction [44,45].

Metals/alloys with cubic crystal structure are deformed by
slip and twinning mechanisms [46], where the slip is the main
plastic deformation mechanism for metals/alloys with a high
stacking fault energy (SFE) [47,48]. The SFE of Ni-Fe alloys is
reported in the range of 70 mJ/m? [49], and therefore the main
plastic deformation mechanism in these alloys is slip.

Fig. 3 shows the shear micro-bands and fish bone pattern
in the cold rolled sample. As seen, at high strains, shear bands
form colonies with a set of parallel bands (Fig. 3(a)) and/or with
a pattern known as fish bone pattern (Fig. 3(a)), which is in good
agreement with that obtained by others [50].

Fig. 4 shows microstructure of the samples annealed at
550°C for 10 and 30 min. These micrographs reveal that recrys-
tallization begins at 550°C.

Recrystallization process occurs by either a continuous or
discontinues mechanism [40]. The continuous recrystallization is
based on the diffusion and rearrangement of dislocations to form
sub-grains, which is followed by coalescence of these sub-grains
and converting to a high angle boundary. In this case, the driving
force to form a strain-free grain is decreasing the strain energy
due to replacement of several sub-grain boundaries by a single
high-angle boundary [51,52]. While, in discontinues recrystalli-
zation, the new strain-free grains (crystallized grains) are formed
in certain parts of the sample, such as initial grain boundaries.
The subsequent growth of these grains leads to promote the
consumption of deformed and/or recovered microstructure, so
that before the end of the recrystallization, the microstructure
is divided to the recrystallized and non-recrystallized grains
[40,53]. As presented in Fig. 4, the occurrence of discontinuous
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Fig. 3. FE-SEM micrographs of (a) shear micro bands, (b) higher magnification of (a), (c) fish bone pattern and (d) higher magnification of (c),
formed in the cold rolled sample
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Fig. 4. OM micrographs related to the samples annealed at 550°C (a) for 10 min, (b) and (c) for 30 min



recrystallization is proved in this alloy. As seen, nucleation of
the recrystallized grains originates at inhomogeneities in the
deformed microstructure, such as deformation bands (Fig. 4(b)),
transition bands (Fig. 4(c)), or at pre-existing microstructural
defects (i.e. grain boundaries (Fig. 4(b))). In addition, it can be
seen that average size of the crystallized grains varies in differ-
ent inhomogeneities regions depending on the amount of energy
stored in them.

Fig. 5 represents microstructure of the samples annealed at
550°C for 2 and 4 hr. As observed in Fig. 5(a), no recrystalliza-
tion occurs in some regions, while with the increasing annealing
time to 4 hr, recrystallization process occurs in the whole sample
(Fig. 5(b)). Also, Fig. 5(b) shows that in the areas where the
recrystallization started in the previous stages, the grain growth
stage has now started.

Fig. 6 shows that with the increasing annealing temperature
to 600 and 700°C, not only recrystallization occurs at a higher
rate but also larger grains is formed, which is in good agreement
with that obtained by others [54,55]. Furthermore, annealing
twins are observed in these samples, which are indicated by
yellow arrows. As reported, these twins could be formed during
recovery [56], recrystallization [57] and/or consequent grain
growth [58].
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It is observed that the twins become larger and wider inside
the recrystallized grains with an increase in annealing tempera-
ture up to 950, 1000 and 1100°C (Fig. 7). As seen in Fig. 7, the
annealing twins are formed in parallel layers, where in FCC
metals/alloys, these layers are connected by {111} plains with
the coherent boundaries [40].

It is reported that in the grain growth stage of ultra-thin
foils, if grain size is sufficiently increased (more than 0.1 of
thickness) [42], the “thermal grooving” can be appeared due
to the intersection of the grain boundary with the free surface
[59]. This phenomenon can greatly reduce the grain growth rate.
Therefore, at the higher temperature range, where the grains are
large enough, these grooves can form at the intersection of the
grain boundary with the free surface of sample. Fig. 8 shows
the formed thermal grooving for the samples annealed at 1000
and 1100°C. It is notable that these micrographs are prepared
without any polishing and etching. Grain boundary grooves act
as barriers to the grain boundary movement and decelerate the
grain growth [60].

The variation of grain size versus annealing temperature is
shown in Fig. 9. As seen, the grain growth rate is reduced from
900°C that it is due to the formation of these grooves. However,
remarkable grain growth is observed at above 1000°C (Fig. 8(b)),

¥
.t

Fig. 6. Microstructure of the samples annealed at (a) 600 and (b) 700°C for 4h (some twins are indicated by yellow arrows)
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Fig. 8. Optical micrographs of the samples annealed at (a) 1000 and (b) 1100°C for 4h without any polishing and etching



which is attributed to secondary recrystallization. However, the
grooves are still observed inside this structure.

This remarkable grain growth usually occurs at tempera-
tures higher than temperature associated with initial recrystal-
lization. Typically the driving force for secondary recrystalliza-
tion has been assumed to be due primarily to surface energy
considerations only and not related to prior work or stored strain
energy [60,61]. Therefore, inhibition of normal grain growth
by grooves can be a main factor for the occurrence of abnormal
grain growth phenomenon (secondary recrystallization). The
significant increase in the average grain size at 1100°C (Fig. 9)
confirms the occurrence of secondary recrystallization.
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Fig. 9. The variation of grain size versus annealing temperature

3.1.2. Ordering transition

The ordering transition is the main parameter affecting
other transformation (i.e. recovery, recrystallization, and grain
growth), and mechanical/magnetic properties [62-64]. For in-
stance, it is reported that kinetics of recrystallization in a semi
hard magnet Fe-50Co-10V alloy is slowed down as a result of
this transition [65,66], due to the restriction of the dislocations
and grain boundaries mobility. As reported, ordering transition
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Fig. 10. XRD patterns of the samples annealed at various temperatures
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occurs in the temperature range from 300 to 600°C in this alloy
[67], so that can be identified by using the XRD method. XRD
patterns of the samples annealed at 400, 500, and 600°C for
4 hr are shown in Fig. 12. As seen, there are typical diffraction
characteristic peaks of a single FCC phase (JCPDS card No.
03-065-0380) for all samples, which is in good agreement with
binary phase diagram of Ni-Fe [68]. As demonstrated in Fig. 12,
this superlattice reflections can be observed at 20 = 42° (as indi-
cated by an arrow) for the samples annealed at this temperature
range, which is due to the formation of long-range ordered
(LRO) phase. On the other hand, formation of the short-range
order (SRO) phase also occurs in this temperature range, which
can greatly affect the properties [64].

3.2. Mechanical properties assessment
3.2.1. Microhardness

Fig. 11 represents microhardness evolutions (HV) of the
cold rolled sample and the samples annealed from 400 to 1100°C
as a function of annealing times. As seen, microhardness is
increased with annealing temperature up to 400-450°C. After
that, microhardness decreases with annealing temperature up
to ~600-800°C. No significant change is observed with further
increase in annealing temperature to 1100°C.
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Fig. 11. Microhardness evolutions of the cold rolled sample and the
samples annealed from 400 to 1100°C for various times (CR: cooled
rolled sample)

XRD patterns represented in Fig. 10 shows that the ordered
phase is present in the samples annealed between 400 and 600°C,
so that the maximum degree of ordering in the studied alloy is
achieved by annealing at ~500°C. As seen, microhardness is
increased due to an increase in the degree of LRO/SRO by an-
nealing at 400°C, which is in good agreement with that obtained
by others [40,69]. An ordered structure contains superdisloca-
tions, which consist of two unit dislocations separated by a strip
of antiphase boundaries (APBs). Hence, microhardness can be
increased in the ordered structure. On the other hand, the mi-
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crostructural observations (Fig. 4) revealed that recrystallization
and formation of fine grains occurs at 550°C, which can become
larger with an increase in annealing time, which is in good
agreement with that shown in Fig. 11. Hence, microhardness
decreases by an increase in annealing time from 30 min to 4 hr.

3.2.2. Yield strength (YS) and Ultimate tensile
strength (UTS)

Fig. (12) shows the YS and UTS of the samples annealed
from 400 to 1100°C as a function of annealing time, respec-
tively. A similar trend is observed in these two figures with the
microhardness changes (Fig. 11). As seen, these both YS and
UTS increase with annealing at 450°C and decreases again
at higher annealing temperatures. Since recrystallization has
not yet begun at 400°C, ordering transition is the cause of this
increase. It is notable that at temperatures lower than 550°C,
various transformations including recovery and ordering are
occurring simultaneously. Therefore, the evolutions observed at
these temperatures for various annealing times are not regularly.
For instance, the YS increases with increasing annealing time
up to 2 hr at 450° C, but with 4 hr of annealing at this tempera-
ture decreases again, which can be the result of more recovery
in this sample. Similar behaviors have been reported by other
researchers [40].

However, a sharp decrease in the YS and UTS in the tem-
perature range of 500-550°C can result in the onset of recrystal-
lization and a decrease in the degree of order. By increasing the
annealing temperature (from 550 to 1100°C) and completing the
recrystallization process and starting the grain growth, reducing
the YS and UTS seems reasonable.

3.2.3. Elongation and toughness
Elongation and toughness of the samples annealed at vari-

ous annealing temperatures for 4 hr are illustrated in Figs. 13(a)
and (b), respectively. As seen. These mechanical properties are
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minimum for the cold rolled sample due the high dislocation
density. Although the elongation and toughness do not change
significantly with the annealing up to 500°C, which can be due
to the interaction between the ordering transformation (as SRO
[70]) and recovery [40], these properties are greatly enhanced
with increasing the annealing temperature to 550°C. As men-
tioned in the section 3.1.1, the fine equiaxed grains are formed
at this temperature due to the beginning of recrystallization.
However, it is observed that the trend of changes in elongation
and toughness is reversed with an increase in the annealing tem-
perature above 600°C, so that the elongation shows an increase
in trend with the increasing annealing temperature (Fig. 13(a)),
while the toughness has a downward trend with the increasing
annealing temperature (Fig. 13(b)). It is accepted that the elon-
gation is increased by recrystallization as well as disappearance
of ordered phase above 600°C. Also, the results show that the
toughness, the area under the stress-strain curve, of the samples
annealed at temperatures above 600°C decreases (Fig. 13(b)).
It is worth noting that the maximum toughness is depends to the
elongation and strength, simultaneously. It can be seen that with
increasing annealing temperature from 600°C, the amount of
strength reduction (Fig. 12) is greater than the amount of elonga-
tion increase (Fig. 13(a)). The maximum toughness is achieved
for the sample annealed at 550°C, where the fine recrystallized
grains are formed. However, the cold rolled sample has the
minimum toughness due to the both high dislocation density
and cold rolling residual stresses. On the other hand, it is known
that ordering transition affects these mechanical properties [71],
so that in the disordered structure, sharp slip bands with large
offsets on the primary system are observed in the early stages
of deformation, and at later stages sharp bands appear on other
systems. In the ordered condition, the unit dislocations cannot
cross-slip individually and also it is unlikely that cross-slip of
the associated pair can occur, because this would require the
second dislocation to follow exactly in the wake of the first one.
Therefore, it is expected that the mobility of the dislocations be
decreased in the ordered condition. Nevertheless, the obtained
results in the present study show that recrystallization and grain
growth process are more effective than ordering.
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Fig. 12. (a) YS and (b) UTS evolutions of the cold rolled sample and the samples annealed from 400 to 1100°C for various times (CR: cooled
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Fig. 13. (a) elongation and (b) toughness evolutions of the samples annealed from 400 to 1100°C for 4 hr (CR: cooled rolled sample)

3.2.4. Fractography mechanism, which is well known as “cup and cone”, is shown in

ductile fracture surface in uniaxial tensile test for polycrystalline

Fractography of the fractured samples shows in Fig. 14. As  metals as demonstrated by Orowan [72]. When uniaxial tensile
seen, necking is observed for all samples even for the cold rolled  loading is applied to a ductile material, deformation becomes
sample (Fig. 14(a)); indicating a ductile fracture mechanism. This  localized on a small part of the gauge length of the specimen,

Fig. 14. SEM fractography of (a) cold rolled sample and annealed samples at (b) 550°C for 0.5 hr, (¢) 550°C for 4 hr, (d) 750°C for 4 hr, and

(e) 1100°C for 4 hr
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Fig. 14 continued. SEM fractography of (a) cold rolled sample and annealed samples at (b) 550°C for 0.5 hr, (c) 550°C for 4 hr, (d) 750°C for

4 hr, and (e) 1100°C for 4 hr

and necking begins and therefore micro-voids are formed in
grain boundaries [73]. Most of fracture energy is consumed by
micro-voids growth [74], so that fracture energy is increased
by increasing depth and width of micro-voids [75]. Therefore,
the morphology of fracture surface is dependent to the loading

direction [76]. For instance, in the studied specimens, as the de-
formation continues to higher strains and formation of necking,
the load bearing area becomes so small and then fast propagation
occurs on a plane inclined to the fracture surface by 45° (shear
lip) (Fig. 14). Orowan [72] reported another fracture mechanism,



which is based on the formation of a polyhedral transverse chan-
nel in the neck. It is well-known that in plane-strain tension, the
deformation localizes along the characteristics (slip lines) of
perfect plasticity; these are aligned along lines inclined at 45°
with respect to the direction of tension. In addition, the growth
and coalescence of micro-voids can occur on the maximum shear
stress plane and due to unequal triaxial stresses, some dimples
are elongated in one or other directions. These appearances are
the characteristics of a typical ductile fracture [77,78].

Fig. 14(b) represents a small number of fine dimples in the
center of the sample without any cleavage facets, which confirms
the beginning of recrystallization in the sample annealed at 550°C
for 0.5 hr. Furthermore, a different morphology (a terraced ap-
pearance) is also observed in this fractography. This appearance
suggests that the failure on the shear planes is occurred due to the
Orowan’s alternating slip mechanism. This mechanism is known
by the formation of a polyhedral transverse channel in the neck.
By increasing the annealing time at 550°C to 4 hr, a significant
increase in dimples is observed (Fig. 14(c)), which is due to the
recrystallization progress and formation of the fine recrystal-
lized grains. The Orowan’s alternating slip mechanism is the
dominant failure mechanism in the sample annealed at 750°C
for 4 hr (Fig. 14(d)). As the annealing temperature increases, the
grain size increases, and therefore the density of grain boundaries
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decreases, thus the formation of dimples can be reduced, so the
predominant mechanism of fracture is the Orowan’s alternating
slip mechanism (Fig. 14(e)).

3.3. Magnetic properties

Magnetic properties of the 90% cold rolled sheet of Ni-
14Fe-5Cu-4Mo (wt.%) permalloy and its annealed sheets at
various temperatures were investigated by VSM. The changes in
the magnetic parameters extracted from M-H loops, are shown
in Fig. 15. It is acceptable that magnetic properties are divided
into two groups: structure-insensitive and structure-sensitive. The
M, and the Curie temperature are the two prominent structure-
insensitive properties, while the remanence magnetization (M,.)
and coercivity (H,) are structure-sensitive. As seen, despite
the M, (Fig. 15(a)), the M, and H,. change during the annealing
process (Fig. 15(b) and (c), respectively). As seen, maximum
values of the M, and H,. are observed for the cold rolled sample
due to shape, stress, and cold rolling anisotropies and elongated
grain boundaries as well as high dislocation density, while by
annealing process, soft magnetic properties are improved due
to the recovery, recrystallization, and grain growth as well as
eliminating mentioned anisotropies.

120 5
110 (a) (b)
4 { CR
100 - )
= 90 A @ " e |
3 e . . 57
;é, 80 - *e ., . ¢ . g
Em 70 4 a E,_.2 4
60 - 1 .
50 - * o * Se,
e @ 3% o,
40 T T T T T T T T T T T T T T T T T T T T T T 0 L] T T T T T L T T T T T L T L T T L] T T T T
0 100 200 300 400 500 600 700 800 900 10001100 0 100 200 300 400 500 600 700 800 900 10001100
Annealing temperature (°C) Annealing temperature (°C)
5
CR
(c)
4
i
=)
-4 7
1 * .
] . "
L] ° Py [ ] é Y > [ 2N
0 T T T T T T T T T L T T T T T T T ? T T T

Fig. 15. Values of (a) M,, (b) M,, and (c) H, for the cold-rolled and annealed specimens at various temperatures for 4 hr

0 100 200 300 400 500 600 700 800 900 10001100
Annealing temperature (°C)



714

Fig. 15(b) and (c) show that by annealing at 400°C, the M,
and H, decrease and then increase again at 450°C, which can be
due to the formation of ordered structure. Similar results have
been reported in previous research [26]. On the other hand, high
angle boundaries (HAGBs) of the fine recrystallized grains,
which are formed at 550°C-4 hr, act as barriers to the mobility
of magnetic domains [79]. Therefore, this increment can be
due to the beginning of recrystallization [23,26,80-82]. With
initiation of the recrystallization at 550°C and following grain
growth up to 950°C, grain boundaries reduce, which can lead to
a decrease in H, and M, at this annealing temperature range, so
that the minimum values of M, and H,. are achieved by anneal-
ing at 950°C (Fig. 15(b) and (c)). However, the soft magnetic
properties of this alloy are deteriorated again at higher annealing
temperatures (above 950°C), which can be related to changes in
texture components at these temperatures [20].

4. Conclusions

In the present study, the microstructural evolution occur-
ring during the recrystallization process in a 90% cold-rolled
thin sheet of a Ni-Fe-Cu-Mo alloy was clarified. In addition, the
effect of order-disorder transition on the magnetic/mechanical
properties of this alloy was investigated. The most important
findings are as follows:

*  Recrystallization process began at 550°C, particularly in
deformation, transition, and shear bands, which are con-
sistent with a discontinuous mechanism. By increasing the
annealing temperature/time, the recrystallization progressed
and then followed by the abnormal grain growth during the
“secondary recrystallization” above 1000°C.

*  The “thermal grooving” phenomenon was taken place after
annealing above 900°C due to intersection of grain bound-
ary and free surface, when approaching the grain size to
the thickness of sample. The grooves acted as barriers to
the mobility of grain boundaries, which results in reducing
the grain growth rate.

e The ultra-thin foils annealed at temperatures lower than
550°C had highest strength and hardness with minimum
elongation. The mechanical properties including YS, UTS
and hardness decreased due to the recovery, recrystalliza-
tion, and grain growth by raising the annealing temperature
above 550°C.

*  Appearance of necking, dimples, and shear lip in the frac-
ture surfaces of tensile samples showed a ductile failure.
Maximum number of dimples was observed in 550°C —4 h
sample owing to finest microstructure. However, with rais-
ing annealing temperature higher than 700°C, the number of
dimples is reduced due to the grain growth and following
secondary recrystallization, so that the predominant fracture
mechanism in the samples annealed at high temperatures
was Orowan s alternating slip.

*  The values of M, and H,. seem to have strong relationship
with the grain size and order/disorder transformation. In the

alloy, the ordering transition occurred within temperature
range of ~400-550°C. However, by annealing the cold-
rolled sample, the soft magnetic properties was improved
due to the removing the shape, stress and cold rolling ani-
sotropies. The best soft magnetic properties (minimum of
H_ and M,) were achieved by annealing at 950°C.

Data availability statement

The raw/processed data required to reproduce these findings cannot be

shared at this time as the data also forms part of an ongoing study.
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