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Abstract: The relationship between the microstructure and mechanical properties of the spark plasma sintered
AA2024-Y composites subjected to cryo-rolling was investigated. Yttrium addition enhances the mechanical properties
of the composites by promoting grain refinement and precipitation. However, there is a clear trend of initial increase
and later decrease in the properties. Also, it is observed that 0.3 wt.% of yttrium is the optimum amount of
reinforcement content to obtain the highest mechanical properties. To further improve the tensile strength of the
composites, cryo-rolling was performed on the composites under standard cryogenic conditions by several passes up to
a reduction of 25%. The mechanical properties and the corresponding microstructures of composites after cryo-rolling
were correlated. The SEM and TEM microstructures reveal that the samples exhibit dual size grains, i.e., nanograins are
formed as sub-grains within the actual grain. Due to the grain size reduction and the increase in the dislocation density,
the tensile properties are remarkably improved compared to those of the composites before cryo-rolling. The highest
mechanical properties like hardness, YS and UTS are found to be 153 HV, 539 MPa and 572 MPa, respectively, with a
reasonable ductility in the composite with 0.3 wt.% Y.
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1 Introduction

Currently, there is a rapid rise in demand for
light metals and alloys. Light metals like aluminium
have the potential to play a vital role in the
development of the automotive industry due to their
lower density and high specific strength compared
to steel [1]. Aluminium has been increasingly used
in several applications such as engine blocks,
chassis, and rims [2]. However, on earlier, the
application of aluminium has one objective, i.e., to
reduce weight or replacing thicker sections of the
same weight compared to the weight of steel which
occupies much space [3,4]. This created new
challenges for manufacturers to reach the current
demand of providing high-strength, low density and
cheap aluminium metals and alloys [4]. However,

there are still some drawbacks regarding the use of
aluminium metals and alloys. To overcome these
drawbacks, many attempts have been made to boost
the properties of aluminium. Examples include
alloying [5], the addition of grain modifiers [6,7],
the addition of hard ceramics [8—11] to make
aluminium composite, heat treatment [12—15], etc.
In addition, secondary processes like severe plastic
deformation (SPD) such as accumulative roll
bonding [16,17], cryo-rolling [18—21], cryo-forging
[22,23], hot forging [24], forging [25], equi-channel
angular processing [26,27], and high torsion [28,29]
have also become necessary to reduce grain size.
SPD processes have been developed as early as the
1990s to produce bulk ultra-fine grained (UFG)
metals and alloys.

Recently, rapidly solidified RS-AI-TM (TM=
Transition metal) composites have been reported to
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exhibit a tensile strength of 1200 MPa, which is
more than double the strength of a commercial
aluminium alloy [30].

The behavior of aluminium and its alloys has
been extensively studied concerning their

mechanical properties under cryo-rolling conditions.

However, very little or no literature is available on
the behavior of cryo-rolled aluminium composites.
Therefore, the present study focuses on the effect
of cryo-rolling on the spark plasma sintered
AA2024-Y micro composites. A pure spark plasma
sintered AA2024 was also cryo-rolled as a
benchmark for comparison.

The micro composite samples developed
through SPS with AA2024 as the matrix material
and varying contents of yttrium as the
reinforcement were further subjected to SPD to
improve their strength. The method of SPD
employed in the present study was rolling at
cryogenic temperature (cryo-rolling).

2 Experimental
2.1 Starting materials

In the present work, the powders of AA2024
and micro yttrium were selected as the matrix and

composite sample (c) and composite samples after SPS (d)

reinforcing material, respectively. The approximate
elemental composition of the as-received AA2024
starting powder is given in Table 1.

Table 1 Chemical composition of as-received AA2024
powder (wt.%)

Si Cu Fe Zn Mg Ti V  Mn Al
0.16 4.67 047 0.14 1.71 0.05 0.001 0.8 Bal.

This AA2024 powder with an average particle
size of 60 um was purchased from Alfa Aesar
(United States), which was processed through gas
atomization. Figure 1 shows the starting as-received
powders of AA2024, yttrium, schematic diagram of
the intended spark plasma sintered composite
sample and composite samples after SPS.

The as-received powders of AA2024 and
yttrium were examined by SEM and their
microstructures are shown in Figs. 1(a) and (b),
respectively. The microstructure reveals a near-
spherical morphology of Al particles, as seen from
Fig. 1(a). Yttrium powder with the largest particle
size of 420 pum is used as reinforcement. This
yttrium powder (99.6% in purity with a maximum
of 0.4% rare earth oxide impurities) is procured
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from Alfa Aesar (United States). The microstructure
of loose yttrium powder is shown in Fig. 1(b). From
Fig. 1(b), it can be observed that the morphology of
yttrium particles is like ribbons or chips having
three different dimensions.

2.2 Preparation of composite and cryo-rolling

Five AA2024 matrix composite samples
reinforced with different proportions of yttrium
have been prepared along with a pure AA2024
specimen. These SPS specimens were developed in
our previous work [31] and the details of results and
discussion are not given here. The intended
compositions of the composite samples are given in
Table 2.

Table 2 Intended compositions of different composite

samples
Sample Content/wt.%
No. AA2024 Yttrium
1 100 -
2 99.9 0.1
3 99.8 0.2
4 99.7 0.3
5 99.6 0.4
6 99.5 0.5

For the uniform mixing of the matrix and the
reinforcement powders, a planetary ball-milling
machine is used. The planetary ball mill is operated
at 50 r/min for 2 h with a ball to powder ratio of
1:1. From Fig. 2, it can be observed that the powder
particles were not deformed plastically, but were
mixed properly during milling of powders in the
ball mill. The blended composite powders were
consolidated into samples with diameter of 30 mm
and thickness of 7 mm by SPS with the parameters
given in Table 3. SPS process was carried out using
Dr. Sinter SPS—625, Fuji Electronic Industrial Co.,
Ltd. (Japan).

The composite samples developed through
SPS were further subjected to cryo-rolling. The
samples were cryo-rolled to a 25% reduction at
—196 °C. The samples were carefully rolled with a
1% reduction in each pass. After each pass, the
composite samples were immersed in liquid
nitrogen to attain and maintain the cryogenic
temperature.

Fig. 2 FE-SEM microstructure of SPS sintered sample
with 0.3 wt.% yttrium addition

Table 3 SPS parameters employed to sinter composite

powders
Parameter Value
Heating rate/(°C-min ') 50
Sintering temperature/°C 450
Holding time/s 180
Cooling rate/(°C-min ") 100
Pressure/MPa 50
In the present study, the metallurgical

characterization was performed by OM, FE-SEM
and TEM. After SPS and cryo-rolling, the SPS
samples were cut into convenient pieces and were
polished using 800, 1200, 1600 and 2000 grade SiC
emery papers. Then, the samples were cloth
polished using a diamond paste until mirror polish
was obtained. The mirror-polished samples were
etched for 30—40 s with a modified Keller’s reagent
which was prepared by mixing 10 mL HNOs;,
1.5 mL HCI, 1 mL HF and 87.5 mL distilled water.
The etched samples were observed under various
microscopes to obtain appropriate microstructures.
The optical microscopy was carried out
using a LEICA DMI 5000M (Leica Microsystems,
Baffalo Grove, IL) microscope. To observe the
microstructures at higher magnification, a field
emission scanning electron microscope (FE-SEM)
(Model: Carl Zeiss ultra plus) equipped with EDS
was used. Further, the samples were examined
through a high-resolution transition electron
microscope (HR-TEM) to investigate the
nanograins and dislocation densities. Samples for
TEM analysis were prepared by slicing a thin
section from the cross-section of the composite



1442 CH. S. VIDYASAGAR, D. B. KARUNAKAR/Trans. Nonferrous Met. Soc. China 30(2020) 1439—-1451

samples by slow diamond cutting which was further
thinned down gradually to 100 um by slow hand
polishing. Then, circular discs of 3 mm in diameter
were cut from the thinned slice and the discs were
further thinned by using a dimple grinder with
diamond paste. Finally, the dimpled discs were
electropolished using a twin-jet electro polishing
set-up with 75% CH;OH and 25% HNOj; solution at
12 V and —35 °C.

3 Results

3.1 Microstructure observation

Based on our previous work, the sample
with 0.3 wt.% yttrium addition showed better
mechanical properties. Figure 2 shows the
microstructure of the sample with 0.3 wt.% yttrium
addition.

The mechanical properties of the SPS sintered
composites before cryo-rolling developed in our
previous study are given in Table 4.

Figure 3 shows the FE-SEM microstructures
of the cross-sections of the cryo-rolled composite
sample with varying amounts of yttrium.

It can be observed from Fig. 3 that cryo-rolling
induced severe stress and strain through the action
of compression in the composite samples. The
grains got compressed and took the shape of a
honeycomb with an approximate hexagonal
structure. Almost all the grains were of similar
shape and size in each composite sample. Cryo-
rolling also introduced high dislocation density,
which can be seen along the grain boundaries. From
Fig. 3(c), it can be observed that the matrix grains
tended to become smaller with 0.2 wt.% yttrium
reinforcement as encircled in white on the
microstructure. As yttrium reinforcement content
reached 0.3 wt.%, the number of smaller grains

increased and spread throughout the matrix, as
observed in Fig. 3(d) encircled in white. With
further increase in yttrium content, the smaller
grains disappeared. The grain sizes of the cryo-
rolled composite samples were calculated by the
linear intercept method and confirmed by IMAGE J
software. The calculated grain sizes were 8, 4, 3, 1,
4 and 5 um for the samples 1-6, respectively.
Figure 4 shows the optical microstructures of the
longitudinal sections of the samples.

Although all the microstructures look alike,
from Fig. 4, it can be observed that the grains were
elongated in the rolling direction (shown by a black
arrow) in Fig. 4(a) and the induced strain was also
able to cut the eclongated grains as the yttrium
content was increased up to 0.3 wt.%. Rolling
induced a high number of dislocations in the
composite samples and the generated dislocations
piled up at the grain boundaries as observed in the
microstructures. The elongated grain size tended to
decrease in the composite samples up to 0.3 wt.%
yttrium addition. Upon further increase in yttrium
reinforcement, the grain size increased.

For further analysis, the FE-SEM micro-
structure of the composite sample reinforced with
0.3 wt.% yttrium was considered. The micro-
structure was taken in the direction perpendicular to
the rolling direction, as shown in Fig. 5. Due to the
severe plastic deformation achieved in the
composite sample by cryo-rolling, the grains and
the subgrains were compressed. As a result of the
compression action in the composite sample,
subgrains were formed within the normal grains,
and nanograins were formed within the subgrains as
highlighted with a red circle in Fig. 5. Since the
cryo-rolling process suppressed the dynamic
re-crystallization, the shape and size of the grains
were retained after rolling.

Table 4 Mechanical properties of SPS sintered samples before cryo-rolling

Sample No. Composition Hardness (HV) YS/MPa UTS/MPa Elongation/%
1 AA2024 101+7 143+11 226+16 14.3£1.3
2 AA2024-0.1wt.%Y 108+3 221425 287+31 14.94+2.2
3 AA2024-0.2wt.%Y 112+4 262+23 315+42 17.1£2.7
4 AA2024-0.3wt.%Y 11443 343+26 388+32 18.4+3.1
5 AA2024-0.4wt.%Y 110+£3 337+12 359+18 16.5+2.6
6 AA2024-0.5wt.%Y 109£5 311425 342+35 16.24£0.9
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Fig. 3 FE-SEM microstructures of cross-sections of SPSed and cryo-rolled composite samples in direction
perpendicular to rolling: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6 (White

circles in (c) and (d) show sub-grains)

Figure 6 shows the TEM nanostructures of
the cryo-rolled composite samples with varying
amounts of yttrium reinforcement.

From Fig. 6, the formation of nanograins due
to cryo-rolling can be observed. The nano grain size
decreased from a few tens of nanometers to a few

nanometers with variation in yttrium content from
0.1 to 0.3 wt.%. With further increase in the yttrium
content, the grains tended to coarsen. The
dislocation density achieved in the composite
samples by cryo-rolling can be observed as dark
clouds in the nanostructures.
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Fig. 4 Optical microstructures of SPSed and cryo-rolled composite samples in longitudinal rolling direction: (a) Sample
1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6 (Black arrow in (a) shows rolling direction)

For further investigation of the shape and size
of the nanograins, the TEM nanostructure of
the composite sample with 0.3 wt.% yttrium
reinforcement was taken at a higher magnification.
Figure 7 shows the TEM nanostructure of
the composite sample with 0.3 wt.% yttrium

reinforcement at higher magnification.

The black arrow on the nanostructure indicates
the cryo-rolling direction. From the nanostructure in
Fig. 7, it can be observed that the nanograins had an
ellipsoid shape and were about 10 nm in size.
Almost all the grains had similar shape and size.
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Fig. 5 FE-SEM microstructure of SPSed and cryo-rolled
composite sample reinforced with 0.3 wt.% yttrium
showing formation of nanograins (Red circle and arrows
denote nanograins and grain boundaries, respectively)

3.2 Evaluation of mechanical properties

The mechanical properties of the cryo-rolled
composite samples such as hardness, UTS, YS and
elongation were determined as per the standard
procedure. The hardness was taken on the rolled
surfaces and the tensile testing was done on the
samples in the rolling direction.

Figure 8 shows the hardness variation of
the cryo-rolled composite samples with varying

amounts of yttrium. Rolling induced a large number
of dislocations in the composite, whose movement
became difficult with the reduction in grain size,
dispersion of reinforcement and precipitates, hence
increasing the hardness of the composite samples.
The cryogenic temperature played an important role
in suppressing the recrystallization and grain
growth, retaining the grain size during and after
rolling by absorbing the heat energy responsible for
grain growth.

The hardness of the cryo-rolled composite
samples followed the same trend as the hardness of
the composite samples developed through other
processing techniques, as discussed earlier. The
hardness achieved can be attributed to the increase
in dislocation density due to rolling. The highest
hardness of 153 HV is achieved for the spark
plasma sintered and cryo-rolled composite sample
with 0.3 wt.% yttrium addition. With further
increase in yttrium content, the hardness tended to
decrease. Compared to the hardness of the
composite samples developed through stir casting,
cold compaction and spark plasma sintering,
cryo-rolled composite samples exhibited a
significant increase in hardness.

Three tensile samples were cut from each
sample of the spark plasma sintered and cryo-rolled

% o8 _- 4

Fig. 6 TEM nanostructures of cross-sections of SPSed élhd cryo;rolled composite sampies in direction perpendicular to
rolling: (a) Sample 1; (b) Sample 2; (¢) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6 (White circle in (a) denotes

a triple grain boundary junction)
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Fig. 7 TEM nanostructure of SPSed and cryo-rolled
composite sample reinforced with 0.3 wt.% yttrium at
higher magnification (Black arrow shows direction of
rolling)

170

160
150
140
L

130

120

Vickers hardness (HV)

110 +

100

0 01 02 03 04 05 06
Content of yttrium/wt.%

Fig. 8 Hardness variation of SPSed and cryo-rolled

composite samples reinforced with varying contents of

yttrium

composite and the tensile test was done according
to the standard procedure. The UTS and YS of the
cryo-rolled composite samples are shown in Fig. 9.
It can be noted that both the hardness and tensile
properties of the cryo-rolled composite samples
followed the same trend of wvariation as the
un-rolled composite samples. The UTS and YS of
the spark plasma sintered composite samples
increased remarkably by cryo-rolling. Compared to
unrolled spark plasma sintered composite samples,
there was an increase in both UTS and YS of the
cryo-rolled composite samples. However, unlike the
un-rolled composite samples, the decrease in tensile
strength was steep.

The highest UTS and YS reached up to
572 and 539 MPa, respectively, for the cryo-
rolled composite sample with 0.3 wt.% yttrium
reinforcement. With further increase in yttrium
content, the UTS and YS decreased. The variation
in the elongation of the cryo-rolled composite
samples with yttrium addition is shown in Fig. 10.
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Fig. 9 Variation of UTS and YS for SPSed and
cryo-rolled composite samples reinforced with varying
contents of yttrium
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Fig. 10 Variation of elongation of SPSed and cryo-rolled

composite samples reinforced with varying contents of

yttrium

From Fig. 10, it can be observed that the
elongation increased up to 0.3 wt.% yttrium
reinforcement and tended to decrease thereafter.
The highest elongation achieved in the cryo-rolled
composite  sample with 0.3 wt%  yttrium
reinforcement was 13.6%. Compared to the
un-rolled spark plasma sintered composite samples
and the composite samples developed through stir
casting and cold compaction, the elongation of the
cryo-rolled composite samples at fracture was
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considerably less. Hence, cryo-rolling should be
followed by heat treatment to increase the ductility
of the composite samples to a reasonable level.

4 Discussion

Relative density >99.75% was achieved in the
composites developed through SPS. The SPS
parameters employed in this study could yield
densities up to 99.8%, as reported by YAMAOGLU
et al [32]. The use of cryogenic treatment to
improve the mechanical properties of metals and
alloys has been developed during the period
1960—1970 [19]. Recently, the application of cryo
treatment, especially cryo-rolling, has spread in
developing various metal alloys. In the present
study, cryo-rolling is applied
composites sintered through SPS.

The main drawback encountered in the
products processed through powder metallurgy is
the porosity [33]. In conventional sintering methods,
a decrease in the green density due to improper
application of pressure and decrease in the sintered
density due to poor sintering conditions lead to an
increase in the porosity and a decrease in the
density [34]. Consolidation of the AA2024—yttrium
powders through spark plasma sintering has
dramatically increased the density of composite
samples due to the simultaneous application of
rapid heat and high pressure. When rapid heating
and high pressure are applied simultaneously,
localized melting and evaporation occurs at the
particle interfaces leading to high densification.
Moreover, the higher heating rates do not provide
enough time and room for recrystallization and
grain growth during sintering. Further, in the
present study, cryo-rolling of these spark plasma
sintered composites led to the suppression of the
voids, and hence, it is believed that the samples
achieved full densification.

The mechanical properties such as hardness,
UTS, YS and elongation of the spark plasma
sintered samples (AA2024-Y) before cryo-rolling
followed a trend of initial increase and later
decrease as seen from Table 4. These properties
increased with an increase in the yttrium addition
up to 0.3 wt.% and decreased later on. The variation
in the properties of the spark plasma sintered
samples can be attributed to the grain refinement,
fine precipitation and increase in the dislocation

to aluminium

density. Beyond 0.3 wt.% yttrium addition, the
effect of grain refinement fades away leading to the
grain growth, the Al,Cu precipitation in the a(Al)
matrix coarsens, and therefore, the mechanical
properties reduce [31]. Hence, it can be concluded
that 0.3 wt.% yttrium is the optimum amount that is
capable of creating favorable conditions for grain
refinement, precipitation and dislocation growth
during sintering.

From Figs. 3 and 4, the grains and grain
boundaries of the composite samples after cryo-
rolling can be observed. Compared to the starting
powders that had an average size of 60 um and
irregular shape and the SPS sintered samples that
exhibited spherical grains, the cryo-rolled grains
exhibited a typical hexagonal shape due to rolling.
The hexagonal structures of the grains denote
the uniform pressure/compression applied during
rolling. The formation of smaller and equal-sized
grains increased the strength of the composite
according to the Hall-Petch relation. Rolling
includes compressive stress on the material, which
crushes the larger grains into several smaller grains.
The grains also tended to elongate in the direction
of rolling and broke into several smaller grains, as
shown in Fig. 4. During rolling, a high amount of
heat develops in the material which helps the grains
to retain their original size and shape to an extent
by the dynamic recrystallization followed by
grain growth. In cryo-rolling, the material was at
cryogenic temperature, and hence, all the heat
developed during rolling was dissipated according
to the third law of the thermodynamics, suppressing
the dynamic recrystallization.

It is well known that rolling is a type of severe
plastic deformation (SPD). Whenever a sample
undergoes rolling, it is subjected to a high level of
deformation. Due to this deformation, a large
number of dislocations [35] are induced in the
composite after rolling. The movement of these
dislocations became difficult as the overall
grain boundary length and the dispersion of
reinforcement and precipitates increase. Hence, the
mechanical properties of the composite samples
increase. When the sample reaches cryogenic
temperature, it becomes very brittle, and is difficult
to roll without breaking. Therefore, very low
reductions were employed in the present work. As
the sample is brittle, due to the rolling-induced
load, the grains in the matrix tend to break into



1448 CH. S. VIDYASAGAR, D. B. KARUNAKAR/Trans. Nonferrous Met. Soc. China 30(2020) 1439—-1451

several smaller grains. These small grains further
break into several nanograins. However, during
cryo-rolling, the broken grains do not recrystallize,
diffuse or grow into bigger grains as those in room
temperature or hot rolling. The steps of dynamic
recrystallization and grain growth are completely
bi-passed in cryo-rolling. Cryogenic temperature
plays an important role in suppressing the
recrystallization and grain growth, retaining the
grain size during and after rolling by absorbing the
heat energy responsible for grain growth. The
sample with 0.3 wt.% yttrium addition exhibited the
highest degree of grain size reduction, which
favored the formation of nanograins during
cryo-rolling due to the increase in the number of
grains and grain boundary length per unit area.
Moreover, with 0.3 wt.% yttrium addition, finely
distributed AlL,Cu precipitates were found in the
matrix, which could have acted as nodal points for
the formation of new smaller grains during
cryo-rolling. Beyond 0.3 wt.% yttrium addition, the
precipitation coarsened and the number of
precipitates per unit area also decreased.

It has been observed that the reinforcement of
yttrium to AA2024 matrix and processing through
spark plasma sintering caused grain size reduction
in the composite samples. The same composite
samples after cryo-rolling also exhibited a great
deal of grain size reduction. The hardness of
the cryo-rolled composite samples increased with
an increase in the yttrium reinforcement up to
0.3 wt.% and tended to decrease with a further
increase. There was a clear trend of increase and
subsequent decrease in the hardness after the
cryo-rolling, besides, the cryo-rolling parameters
being the same for all the composites. The variation
in the hardness of the samples followed the same
trend as that of the samples before cryo-rolling, i.e.,
the samples exhibited the same hardness trend
before and after cryo-rolling. However, cryo-rolling
enhanced the hardness of the samples as compared
to that of the samples before cryo-rolling. Hence,
the change in the hardness was clearly because of
the yttrium reinforcement. The effect of yttrium
reinforcement on the mechanical properties was
discussed in our earlier paper [31]. However, the
hardness variation can be explained by the
Hall-Petch relation. The grain size of the
cryo-rolled samples reduced with the addition of
yttrium content up to 0.3 wt.%, and hence, the

hardness increased. Beyond 0.3 wt.% yttrium
content, the grain size tended to increase and so, the
hardness also decreased.

The tensile properties of the cryo-rolled
composite samples followed the same trend as the
hardness of the composite samples after
cryo-rolling. The tensile properties achieved can be
attributed to the increase in the dislocation density
and grain size reduction achieved by cryo- rolling.
The highest tensile properties were achieved in the
spark plasma sintered and cryo-rolled composite
sample with 0.3 wt.% yttrium addition. With further
increase in yttrium content, beyond 0.3 wt.%, the
tensile properties tended to decrease. From Fig. 9, it
can be observed that the UTS and YS also have
increased remarkably by cryo-rolling. The tensile
strength achieved in the cryo-rolled composite
samples was almost twice that of the un-rolled
composite samples as seen from Fig. 9 and Table 4.
Due to cryo-rolling, a homogeneous microstructure
was achieved with equal size grains throughout.
The main mechanisms involved in the
strengthening of the cryo-rolled composites were
grain boundary strengthening and dislocation
strengthening. Both the mechanisms were greatly
initiated and activated by cryo-rolling. Cryo-rolling
decreased the grain size and induced a high density
of dislocations in the composites. Compared to
the composite samples developed through stir
casting [36] and spark plasma sintering, the SPS
sintered samples that were cryo-rolled exhibited a
significant increase in the mechanical properties.

Although the tensile properties of the
cryo-rolled samples increased, the ductility of the
samples decreased drastically. Hence, cryo-rolling
should be followed by a heat treatment to increase
the ductility of the composite samples to a
reasonable level. However, the reason for the
retained ductility in the present work could be
anyone or a combination of the following reasons:

(1) Bigger grains and nanograins are present
together as the smaller grains contribute to strength,
and the bigger grains contribute to ductility [37].

(2) It is well known that the slip plane of
aluminium in {111} and the formation of more
density of dislocations (seen as a black cloud in
Fig. 4) around the slip plans could hinder the slip
and crack propagation [36,38].

(3) The high density of the composites (full
density) does not give an easy opportunity for the
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slip or crack propagation, which leads to failure as
there are no voids. Although the above arguments
are properly sited, they also seem to be our
hypothesis. The study is not complete and it gives
ample scope for researchers for further
investigations. Also, further annealing could
improve the ductility but only at the cost of
strength.

5 Conclusions

(1) Cryo-rolling induced a high amount of
dislocation density and significantly decreased the
grain sizes throughout the microstructures of the
composite samples.

(2) Dual grains of different sizes were
observed in the cryo-rolled composite samples. A
combination of ultrafine grains and nanograins was
present together in the microstructures. The grain
sizes of both the ultrafine grains and nanograins got
reduced with the reinforcement of yttrium up to
0.3 wt.% and increased with further increase.

(3) The tensile properties of the composite
samples increased due to cryo-rolling. The hardness,
UTS and YS of the composite samples varied with
the variation in respective grain sizes. The highest
hardness, UTS and YS achieved were 153 HYV,
572 MPa, and 539 MPa, respectively, with an
elongation of 13.6% for the cryo-rolled composite
sample reinforced with 0.3 wt.% yttrium.

(4) The highest hardness, UTS and YS
achieved for the cryo-rolled composites were 115%,
132% and 134% higher compared to those of the
unreinforced cryo-rolled sample and 134%, 147%
and 157% higher compared to those of the unrolled
composite reinforced with 0.3 wt.% yttrium.
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 OE: FABUESEE Thgs AA2024-Y BAMEMRIRALHI S 1 R RS W RE ISR . I INELE 1R Fobe
AT HHIPER, TR S E GBI i3 tERe: (AL S8, J15YEae 8 B0 e in 5 w0
o MECEEN 03%RESEON, EEMEHI I F TR R E. AT H—DREE MR RE, 7EARHE
BAAE T AWM RBHT Z B IRARELLH], SR TERN 25%. SHRELLHE S A HHRH 122 68 KA R e
SUIATRR T . R AR AN A S B WA SR I, R B SURST kL, BITE SEBR kL P9 30T AR R 4% 1) 0 i
RIRFLEE, BT R R s N AL & g I, 2 AR R M RE B AR T IR0 0.3% I E &M RLR
AR 2 rtRe, HAERE. JEIRGRFEE R BRBTRI R 4> 79 HV 153, 539 MPa Al 572MPa, #ERMEEH
KEEIR: SOOI MREALH UK RIS SURST R BURS B T Ress
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