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Abstract: The mechanical properties and microstructural evolution of zircaloy-4 subjected to cumulative strains of 1.48, 2.96, 4.44
and 5.91 through multiaxial forging (MAF) at cryogenic temperature (77 K) were investigated. The mechanical properties of the
MAF treated alloy were measured through universal tensile testing and Vickers hardness testing equipment. The zircaloy-4 deformed
up to a cumulative strain of 5.91 showed improvement in both ultimate tensile strength and hardness from 474 MPa to 717 MPa and
from HV 190 to HV 238, respectively, as compared with the as-received alloy. However, there was a noticeable decrement in
ductility (from 18% to 3.5%) due to the low strain hardening ability of deformed zircaloy-4. The improvement in strength and
hardness of the deformed alloy is attributed to the grain size effect and higher dislocation density generated during multiaxial forging.
The microstructural evolutions of deformed samples were characterized by optical microscopy and transmission electron microscopy
(TEM). The evolved microstructure at a cumulative strain of 5.91 obtained after MAF up to 12 cycles depicted the formation of
ultrafine grains with an average size of 150—250 nm.
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1 Introduction

There is an ever growing demand on the
development of ultrafine-grained (UFG) [1] metallic
materials for structural applications owing to their
improved mechanical and physical properties as
compared with their bulk alloys. Severe plastic
deformation techniques, such as equal channel angular
processing (ECAP) [1-3], high pressure torsion (HPT),
cyclic extrusion compression (CEC) [1,2], accumulative
roll bonding (ARB) [1,2,4,5] and equal channel angular
extrusion (ECAE) [6,7] with the potential for intense
straining are employed to obtain UFG (<500 nm), or
nanocrystalline (<100 nm) [8] materials. Although these
techniques have been extensively used to produce
thermally  stable  ultrafine/nanostructured  grain
morphology with improved mechanical properties [9],
the short-comings are due to the requirement of
expensive and complicated die design and low
productivity associated with these methods [10].

Multiaxial forging (MAF) is one of the severe
plastic deformation techniques applied in the first half of
the 1990s with the aim of achieving UFG microstructure
in the bulk billets. It is defined as multiple steps of free
forging operations by changing the axes of the applied
load through 90° [1]. This technique has been successful
at room temperature to elevated temperatures for
magnesium and its alloys [11,12].

PADAP et al [13] reported improvement in
mechanical properties with reduction in grain size from
17 to 0.6 pm in warm MAF of AISI 1016 steel. RAO
et al [14] studied multidirectional forging (MDF) of
AA6061 alloy at liquid nitrogen temperature and
observed the enhancement in mechanical properties due
to the formation of ultrafine-grain microstructure with an
average grain size of 250 nm. CHERUKURI and
SRINIVASAN [15] observed the fine grain structure
with similar trends in mechanical properties as obtained
by ECAP in MAF AA6061 at room temperature. TANG
et al [16] studied MDF of Mg—10Gd—4.8Y—0.6Zr
alloy at 773 K. ZHEREBTSOV et al [17] reported UFG
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evolution with 33% increment in strength in two-phase
Ti—6Al-4V alloy. BELYAKOV et al [18] studied strain-
induced grain evolution of pure copper by multiple
compressions at room temperature.

Deformation at cryogenic temperature (CT) has also
been effective in producing UFG structure in various
alloys by suppressing dynamic recovery [19], which in
turn accumulates the high density defects in the
deformed material, leading to an improvement in
mechanical properties. Zirconium and its alloys
deformed at cryogenic temperature through cryorolling
have shown a remarkable improvement in
mechanical properties due to grain refinement as per the
Hall-Petch relation [20]. GUO et al [21-23] reported
improvement in both strength and toughness of Zr
processed at different rolling strain rates using
cryorolling as compared with bulk Zr. They have also
reported substantial improvement in ductility of
cryorolled Zr subjected to annealing and attributed it to
the formation of multimodal microstructure and
increased strain hardening ability in the alloy. SHI
et al [24] also reported improvement in both strength and
ductility due to the multimodal grain structure in
cryorolled pure Zr followed by two-step annealing.
KAMALNATH and SARKAR [25] observed optimum
strength and ductility between 20%—50% cryorolled
zircaloy-2.

Zirconium and its alloys are extensively used in the
nuclear industry as in-core structural components of
nuclear reactors [26]. In order to ensure the reliability of
the components fabricated by Zr alloys under hostile
reactor environmental condition, these alloys ought to
meet the stringent requirement of excellent physical
properties, mechanical properties and close dimensional
tolerances [27]. The in-service performance of zircaloy-4
used for cladding the nuclear fuel pellets depends upon
the grain size distribution, crystallographic texture,
nature and distribution of precipitates and grain
morphology [28]. The evolution of these microstructural
features is associated with the type and the level of
thermomechanical processing of these alloys. Therefore,
it is imperative to have an effective processing route that
may result in suitable microstructure which enhances the
mechanical properties of the alloy. The literature on
severe plastic deformation of zirconium and its alloys at
cryogenic temperature is scarce and there is no attempt
so far on the grain refinement of zircaloy-4 by using
MAF at cryogenic temperature. Therefore, the aim of the
present work is to achieve the maximum grain
refinement in zircaloy-4 via MAF and to study its
mechanical behavior through hardness and tensile test.
The microstructural evolution of MAF treated zircaloy-4
is characterized by optical microscopy and TEM.

2 Experimental

2.1 Sample preparation

Zircaloy-4 used in the present study was procured
from NFC, Hyderabad, India. The alloy was procured as
hot-extruded rods with an initial average grain size of
58 um. The chemical composition of the alloy is listed in
Table 1. The samples were machined in prismatic shape
of 33 mm X% 31 mm X 28 mm from the extruded rods.

Table 1 Chemical composition of zircaloy-4 (mass fraction, %)
Sn Fe Cr Zr
L.5 0.2 0.1 Bal.

2.2 Multiaxial forging (MAF) procedure

MAF at CT was performed on friction screw
forging machine at a strain rate of 10 s~'. Successive
axial compression of £=—0.16, which was calculated as
an equivalent true strain in one pass (Ag)=In(1/1.18)=
—0.16 and a cumulative strain in one cycle
O Ae—1)=|Aei+AertAes|=—0.49  [14] was  applied.
Extrusion direction of the starting sample was chosen as
the first forging axis. Initially, the samples were dipped
in liquid nitrogen for 15 min. The samples were then
repeatedly forged by changing the axis through 90° in
order to maintain the dimensional ratio of 1.18: 1.11: 1.0
at the end of the process. The samples were quenched in
liquid nitrogen for 5—10 min after every pass in order to
attain thermal equilibrium with liquid nitrogen. The
zircaloy-4 samples were subjected to cumulative strains
of 1.48, 2.96, 4.44 and 5.91, respectively. The samples
were prepared under four different conditions, i.e.,
3 cycles (9 passes), 6 cycles (18 passes), 9 cycles
(27 passes) and 12 cycles (36 passes). As the alloy failed
in shear upon MAF up to 14 cycles, 12 cycles were kept
as the highest number of cycles in the present work.
Finally, the deformed samples were subjected to
annealing at 500 °C for 30 min. To compare the effect
at room temperature, the alloy was MAF-treated for the
same number of cycles. Samples for investigation of
mechanical and microstructural evolution were prepared
by sectioning along the plane perpendicular to the last
forging axis. The schematic of MAF for 1 cycle and the
process are shown in Fig. 1.

2.3 Microstructural characterization
2.3.1 Optical microscopy

Optical microscopy was performed on Leica DMI
5000 microscope under polarized light. Samples were
etched with 45% HNO; + 45% distilled water + 10% HF
for 5-15s.
2.3.2 Transmission electron microscopy (TEM)

For TEM analysis, FEI-Tecnai 20 G2S — Twin TEM
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Fig. 1 Schematic of multiaxial forging corresponding to one cycle and MAF process flowchart

operated at 200 kV was used. The samples of zircaloy-4
for TEM study were thinned down to less than 0.1 mm in
thickness using 320 to 2000 grit size emery papers and
subsequently punched to 3 mm in diameter disk. Thinned
foils were twinjet polished at a voltage of 20 V and a
temperature of —48 °C in a 20% perchloric acid and 80%
methanol solution. The linear intercept method was
used to measure the average grain size of the annealed
sample.

2.4 X-ray diffraction (XRD)

XRD analysis of MAF-treated zircaloy-4 at CT was
performed by advanced X-ray diffraction using Cu K,
radiation with a scan rate of 1 (°)/min. The observed
XRD data were analyzed using PANalytical X’Pert
HighScore software. The subgrain size (D) and the micro
strain (¢°)"* were calculated from the integral breadth of
the XRD peaks by applying the Williamson—Hall
technique [29]. The dislocation density was estimated
from the following formula [22,30]:

_ﬁ 2\1/2
=5 (€7 (1)

where b is the Burgers vector and is 1/3[1 120] [31], and
D is the subgrain size.

2.5 Mechanical testing

Tensile tests (H25 K-S Tinius Oslen) of the MAF-
treated samples were performed by preparing
substandard size specimen with a gauge length of 14 mm
at a strain rate of 5x10* s' and room temperature.
Fractographs of tension test specimens were examined

through scanning electron microscopy. Minimum three
measurements for each type of MAF-processed
zircaloy-4 were taken into consideration during the test.
Hardness tests were performed on bulk Vickers hardness
tester with a load of 98 N and a dwell time of 15 s at
room temperature.

3 Results and discussion

3.1 Microstructure

The optical micrographs of as-received bulk alloy
(0 cycle MAF-treated) and MAF-treated alloy up to 6, 9,
12 cycles and 12 cycles followed by annealing at 500 °C
for 30 min are shown in Fig. 2. The 0 cycle MAF-treated
alloy showed elongated grains with an average grain size
of 58 um (Fig.2 (a)). As the strain was applied, the twin
bands were evolved and increased with the cumulative
strain/number of cycles. The alloy MAF treated up to 12
cycles, at a cumulative strain of 5.91 in Fig. 2(d) showed
a fully deformed microstructure with several twin bands.
It is reported that the MAF stimulates the formation of
deformation bands in diverse directions, which is
contrary to the observation made in this alloy. A high
frequency of mutually crossing deformation bands was
observed in copper subjected to MDF at 195 K and
accumulative strains above 6 [32]. Similar features were
observed in MDF of AA6061 alloy at liquid nitrogen
temperature (LNT) by RAO et al [14]. The difference in
microstructural evolution as a result of MAF of
zircaloy-4 at CT might be due to the fact that it is a
hexagonal close-packed (HCP) material which has a
restricted number of slip systems. After annealing the
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MAF-treated zircaloy-4 at 500 °C, it showed a recovered zircaloy-4, as all the peaks in the pattern match with the
microstructure with several twins crossing the grains reference pattern (98-007—1958) reported for a-phase of
(marked with an oval area in Figs. 2(e) and (f)). zirconium in inorganic crystal structure database

Figure 3(a) revealed the presence of a-phase in (ICSD). The comparative study of XRD peak profiles in
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Fig. 2 Optical micrographs of MAF-treated zircaloy-4 subjected to different cumulative strains: (a) 0; (b) 2.96 (6 cycles); (c) 4.44
(9 cycles); (d) 5.91 (12 cycles); (e,f) 12 cycles MAF-treated alloy followed by annealing
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Fig. 3 XRD patterns showing a-phase in MAF-treated zircaloy-4 (0 cycle, 12 cycles and 12 cycles followed by annealing) (a) and
showing effect of MAF on peak broadening and shift (b)
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Fig. 3(b) revealed peak broadening in the MAF treated
samples with the greater broadening in case of 12 cycles
deformed sample. It has been reported that peak
broadening occurs when the crystal lattice becomes
imperfect while cold working. As per the theory of
Kinematical scattering, X-ray peak broadening occurs
either when particle size is less than a micrometer or if
the lattice comprises sufficiently large number of defects,

i.e., dislocation density higher than about 5x10'> m ™~ [33].

The dislocation density estimated for as-received alloy is
7.605762x10"/m*. After MAF up to 12 cycles and MAF
up to 12 cycles followed by annealing, the dislocation
densities observed were 1.762766x10"/m*  and
4.856983x10"/m?, respectively. Further, a small shift in
peak towards smaller angles has been noticed, which is
attributed to the presence of residual high tensile stresses
on application of MAF up to 12 cycles at such a high
cumulative strain of 5.91.

3.2 Microstructure evolution mechanism

The TEM micrographs of MAF-treated zircaloy-4 at
CT subjected to cumulative strains of 2.96, 4.44 and 5.91
are shown in Fig. 4. Initially, at lower strains,
dislocations accumulate in the form of tangles and cell
walls. With increasing strain, the dislocations form
parallel lamellas with a few dislocation cells, suggesting
the effective suppression of dynamic recovery during

MAF at CT. The above discussed characteristic features
of dislocation boundaries suggest that different
deformation mechanisms lead to the evolution of two
types of boundaries, viz. incidental boundaries (IDBs),
which forms by haphazard entrapment of glide
dislocations, and geometrically necessary boundaries
(GNBs), which forms between regions favoring different
slip activity on the same slip system in order to adjust the
co-occurring difference in lattice rotation. The distinction
between IDBs and GNBs has been supported by their
different capacities to accommodate the amount of
misorientations across their boundaries with increasing
strain and scaling behavior. At low strains, misorientation
angle formed for both types of boundaries is significant.
At large strains, dislocations arranged as GNBs can lead
to the development of high angle boundaries [34].

In the present work, zircaloy-4 processed by MAF
up to 6 cycles at a cumulative strain of 2.96 showed
dislocations arranged at cell boundaries, which are also
known as IDBs, and low angle grain boundaries (marked
by triangles). The less elongated spots in the
corresponding SAED pattern in the inset of Fig. 4(a) also
substantiated the presence of low angle misorientations
among the grains. On increasing the cumulative strain
to 4.44 corresponding to 9 cycles, dislocations formed
banded structure with dislocation tangles at some
location while dislocation cells at other locations

Fig. 4 TEM images of zircaloy-4 after MAF treatment at different cumulative strains: (a) 2.96 (6 cycles); (b) 4.44 (9 cycles); (¢) 5.91
(12 cycles); ( d) 12 cycles MAF-treated alloy followed by annealing at 500 °C for 30 min
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(marked by arrows). At the highest cumulative strain of
5.91 at 12 cycles, the width of the bands decreases to
150—250 nm, thus forming parallel dislocation lamellas
(indicated by arrows).

MAF performed at high strain rates stimulated the
generation of high density dislocations and restrained
their dynamic recovery [21,35], leading to the
accumulation and storage of dislocations in the deformed
zircaloy-4. In the meantime, the stored high density
dislocations interplay with each other at high velocity,
thus forming the parallel dislocation lamellas [21,35,36].

The effect of both the forging strain rate and
temperature clearly indicates its significance on the
microstructure evolution in MAF-treated zircaloy-4,
which is defined by a single parameter called Zener—
Hollomon parameter (Z) defined as

Z =€ exp[%j 2)

It is reported that the high value of the Z parameter
promotes a high stress level [35], which favors the
formation and accumulation of dislocations, leading to
the evolution of microstructure,
improvement in mechanical properties of the alloy. It
may be mentioned that MAF at CT in the present work
was performed at a high Z value (77 K and a strain rate
of 10 s"). Further, annealing zircaloy-4 deformed at
12 cycles at 500 °C for about 30 min, in Fig. 4(d), it
undergoes static recovery by
annihilation of dislocations, resulting in the formation of
stress free equiaxed ultrafine grains. The basis for
deciding annealing at 500 °C for 30 min was optimum
hardness value and grain refinement with a high degree
of misorientation observed at this temperature. The
corresponding elongated spots in the discontinuous ring
of SAED pattern in the inset showed the high amount of
misorientations. This confirms the formation of ultrafine
grains of size of 150—-250 nm, which is equal to the
width of the bands observed at a cumulative strain of
591 in the as-deformed alloy. The dynamic
recrystallization has not been observed for the deformed
zircaloy-4 in the present work. The grains (150—250 nm)
with a high density of dislocations were observed after
annealing, which is contrary to the results reported in
the Refs. [18,32], where dynamic recrystallization had
contributed to the grain refinement at cumulative strains
above 6.

resulting in the

rearrangement and

3.3 Mechanical properties

The variation in hardness and tensile properties of
zircaloy-4 processed by MAF at CT is shown in Figs. 5
and 6. With the application of high compressive loads,
the dislocation density inside the grains increases, which
is proved through an increase in hardness and tensile

250
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240 - = RT forged alloy _I_
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Fig. 5 Variation in hardness of MAF processed zircaloy-4 at CT
and room temperature (RT) at 0 cycle, 6 cycles, 9 cycles and
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Fig. 6 Variation in stress of MAF-processed and annealed
zircaloy-4 at various strain cycles (a) and comparative strength
graph of 12 cycles MAF processed alloy at CT and at RT (b)

properties of the deformed samples. Zircaloy-4 MAF
processed up to a cumulative strain of 591
corresponding to 12 cycles showed an increase in
hardness from HV 190 to HV 238 (an increase of 25 %)
and ultimate tensile strength increases from 474 to 717
MPa (an increase of 51%). However, the ductility of the
deformed alloy has significantly reduced from 18% to
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3.5%, which is attributed to the low strain hardening
ability of these severely deformed materials. For
comparative analysis, zircaloy-4 was subjected to MAF
at the same cumulative strains/number of cycles at room
temperature. The 12 cycles MAF-treated alloy at RT
showed an increase in hardness from HV 190 to HV 235
(an increase of 24%) (Fig. 5) and an increase in ultimate
tensile strength from 474 to 682 MPa (an increase of
44%) (Fig. 6(b)) which was, marginally less as compared
with the alloy MAF treated at CT up to the same number
of cycles. After annealing the 12 cycles MAF-treated
zircaloy-4 at 500 °C for 30 min, it showed a decrease in
hardness and tensile strength compared with the same
cycle MAF-treated sample, from HV 238 to HV 235 and
717 to 660 MPa, respectively. A marginal increase in
ductility from 3.5% to 5% is observed due to recovery
which led to the formation of ultrafine grains.
Nevertheless, the hardness and the ultimate tensile
strength of the annealed alloy were still sufficiently
higher (24% and 39%, respectively) than the as-received
alloy (0 cycle). It is observed that there is a remarkable
increase in strength at the expense of ductility due to
grain refinement in metals processed by various severe
plastic deformation techniques according to the
Hall—Petch relationship [20,37].

The yield strength of the alloy deformed up to 12
cycles has increased from 407 to 666 MPa (63%) and in
the case of deformed alloy after annealing; the yield
strength has increased from 407 to 627 MPa (54%)
which is more as compared with the increase in ultimate
tensile strength. On increasing the cumulative strain, the
alloy underwent effective strain hardening, which is
evident from both the decrease in ductility and less
difference between the yield strength and the tensile
strength values observed from the tensile tests. The data
related to mechanical and microstructural evolution of
MATF of zircaloy-4 deformed up to 3 cycles (cumulative
strain=1.48) is not shown, as no significant changes in its
properties have been noticed. Further, it is reported that
the temperature effect on the evolution of strain-induced
high angle grain boundaries is insignificant at cumulative
strains below 2 [32]. Studies reported on the fabrication
of ultrafine grained material via several severe plastic
deformation techniques have shown remarkable
improvement in tensile strength at the expense of
ductility [13,37]. The grain size effect, dislocation
density, and solid solution strengthening have
contributed to the improvement in tensile strength
observed for the MAF-treated zircaloy-4 in the present
work.

3.4 Fractographs
The SEM images of fractured surfaces obtained
after the tensile test of bulk as-received alloy (0 cycle

MAF-treated) and the MAF-treated alloy (12 cycles and
12 cycles followed by annealing) are shown in Fig. 7.
The micrograph of as-received bulk alloy showed large
sized dimples attributed to the high ductility (~18%
elongation). On MAF up to 12 cycles, the alloy showed
dimples all over the surface with reduced size equal to
submicron level. The SEM micrograph of MAF treated
and annealed alloy also depicted a large number of
dimples with a size slightly larger than that shown by
deformed alloy which is due to the annealing effect. It is
reported that the void initiation site and the number of
voids initiated at the grain boundaries are related to the

Y ~
Fig. 7 Micrographs of MAF-treated zircaloy-4 at different
cumulative strains: (a) 0; (b) 5.91 (12 cycles); (¢) 12 cycles
MAF-treated alloy followed by annealing
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dimple size [14,38]. Therefore, grain refinement during
MAF at CT has led to the development of small sized
dimples.

4 Conclusions

1) MAF up to 12 cycles showed improvement in
hardness from HV 190 to HV 238 (25%), while
increment in tensile strength from 474 to 717 MPa (51%)
and yield strength from 407 to 666 MPa (63%) was
observed.

2) The hardness decreases from HV 238 to HV 235
and tensile strength from 717 to 660 MPa after annealing
the alloy deformed at the highest cumulative strain
(5.91) at 500 °C for 30 min, which are still higher (24%
and 39%) than the as-received alloy.

3) The dislocation density increases with the
increase in cumulative strain, with the highest dislocation
density estimated in the alloy deformed at the highest
cumulative strain (5.91). The alloy after annealing
reveals recovery process leading to the formation of
ultrafine grains with sizes of 150—250 nm.

4) Fractured surfaces of the 12 cycles MAF treated
alloy and the alloy MAF treated followed by annealing
exhibit dimple features which are a characteristic of
ductile fracture and the reduction in dimple size
substantiated the grain refinement.
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