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Abstract

Stir casting, and subsequent rolling (room temperature rolling (RTR) and cryorolling (CR))employs to create
AA7075 MMCs reinforced with Al0.5CoCrAgNi high entropy alloy particles (HEAp). The microstructures and
mechanical characteristics of AA7075HEAp MMCs examine in this research. Stir-cast AA7075HEAp MMCs have
an enhancement in ultimate tensile strength compared to AA7075, with the addition of HEAp (6 wt%). The
mechanical characteristics of the cryo-rolling AA7075HEAp metal matrix compositeswere superior to those of
the RTR-obtained MMCs. At increasing rolling deformation and lower HEAp mass percent, the discrepancies in
mechanical characteristics between the CR and RTR-obtained AA7075HEAp MMCs widened. Scanning and
transmission electron microscopy after RTR revealed multiple cavities in AA7075HEAp metal matrix
composites, which were not present in cryo-rolling metal matrix composites. Researchers concluded that
cryogenic temperatures change metal matrix composites' microvoids and mechanical characteristics.

Keywords: Mechanical properties, cryo-rolling, room temperature rolling, scanning electron microscope,
Transmission electron microscope, aluminum.

1. Introduction Al1.0CoCrAgNi HEAp-reinforced AMCs.
Improvements in yield strength and elongation in
AMCs as the temperature raised from 540 to 600°C.
Researchers [7]used friction stir welding to create
reinforcements for AA5083 MMCs made from
Al0.8CoCrFeNi HEAp. When compared to the
matrix, the composites exhibit increased hardness
(by 56%), yield strength (42%), and ultimate
tensile strength (22%), while the mean grain size
of the AAS083HEAp metal matrix composites is
condensed (47%)[8].

Metal matrix composites have gained popularity in
recent years (MMCs). Aluminum matrix
composites (AMC) consume the benefits of high
toughness, reliability, and excellent abrasive
resistance, making them an attractive option as
lightweight materials continue to advance.
Aerospace, transportation, and automotive
industries have significantly used AMCs [1].
Presently, ceramic and metallic particles are
primarily employed to reinforce AMCs[2]. Because
of the increased interface bonding strength Cryogenic temperatures improve the strength and
flexibility of aluminum alloys and certain HEAs
compared to their room temperature values[9],

between the aluminum matrix and the metallic
particle reinforcement, MMCs can benefit from

adding metallic particles as reinforcement[3].
Similarly, a novel metallic substance, high-entropy
alloy (HEA), has recently been incorporated into
AMCs as reinforcement[4].

To increase the hardness and modulus of AA5052
metal matrix composites, the authors[5] used the
vacuum hot-pressing sintering method to
manufacture AA5052 MMCs reinforced with
Al0.6CoCrAgNi HEAp. They used the spark plasma
sintering technique, and the authors[6]created

[10]. Cryorolling (CR) produces ultrafine grain
aluminum alloys and HEA strips. Substantial
suppression of dynamic recovery observed during
cryogenic dislocation
accumulation, dislocation cells, and other

deformation and

microstructure formation were all the direct
results [11]. Researchers[12]used the
microstructure and mechanical characteristics of
AA7075 using CR. Due to dynamic recovery
preventions, CR significantly improved aluminum
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alloy's tensile and yield strength. For their
preparation of AA7075 sheets, the
authors[13]used chemical vapor deposition, and
they found that the material exhibited a higher
density of dislocation cells than was previously
reported. Ultrafine-grained sheets of AA1060 were
obtained by CR and prepared by the authors[14].
To put it another way, the tensile strength(TS) of
materials formed by cryo-rolling is 40% more than
that of materials attained by RTR under the same
deformation situation.

Table 1. Chemical arrangement of AA7075
(wt%).

Si Fe Cu| Mg| Zn | Mn | Cr | Al

0.08| 0.24| 15| 24| 58| 0.06] 0.2 Bal

Table 2. Chemical arrangement of
Al0.5CoCrAgNi HEAps

Chromiun| Silver| Nickel| Aluminun| Cobalt

23.31 24.21| 25.36 5.93 Bal.

Medium-entropy alloy strips make via cryo-rolling,
and the authors discovered that the process
enhanced the alloy's mechanical
characteristics[15], [16]. Recent years have also
seen CR employed in the preparation of composite
strips. According to the authors[17], CR can lessen
the severity of edge cracks in the
Aluminium/Titanium composite strips. Mechanical
characteristics of Al/Cu composite strips generated
by the CR method enhanced by literatures[18]-
[20]. Products made from AMCs may have flaws
due to the usual plastic deformation process
because the elastic modulus of the strengthening is
significantly variant from that of the AMC[21], [22].
Since CR has great cryogenic mechanical qualities,
researchers want to employ it to fix this flaw. This
study used stir-casting and subsequent rolling to
create AA7075HEAp MMCs strips. Researchers
looked at the microstructure and mechanical
characteristics of room temperature rolling and
AA7075HEAp metal matrix
composites. CR testing shows that the mechanical
qualities of AA7075 HEAp strips are superior. We

cryo-rolling
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also go through how CR works to boost mechanical
attributes.

2. Materials and methods

Manufacturing AA7075HEAp MMCs involved using
commercial AA7075 ingot and Al0.5CoCrAgNi
HEAp. Tables 1 and 2 detail the AA7075 and
Al0.5CoCrAgNi HEAp's chemical arrangement. The
particle size distribution of HEApindicates in Fig. 1.
Stir casting is employed to create the AA7075HEAp
MMCs. Stir casting depicts in Fig. 2 as a simplified
diagram. The ingot of AA7075 was melted in a
resistance furnace at a temperature of 1093 K.
HEAp, wrapped in high-purity aluminum foil,and
added to the molten alloy. The mixture was stirred
mechanically for three minutes. The ingots make
by pouring molten AA7075HEAp MMCs into a
heated mold. Ingots of AA7075HEAp MMCs were
made with HEAp mass fractions of 0%, 3%, 6% and
9%.

Frequency (%)

i 2 3 4 S5 6 7 & © 10 11 12 13 14
HEAp diameter (um)

Fig. 1. Particles size distribution of HEap

(=)

Ten Rolling

MMC s She e t—

(b)

MMCs ingot
|
§ e Y

Fig. 2. Diagram of the AA7075-High Entropy
alloy particles: (a) cryo-rolling progression
and b) stir casting technique.

Stir Casting
Process
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Table 3 AA7075-High Entropy alloy particles
Rolling arrangement.

Rolling 1 2 3 4 5 6 7 8 9 10
pass
The
EE‘Ck“eSS of | 182 | 162 | 142 | 118 | 102 | 083 | 059 | 038 | o026 | 011
. +0.03| £0.03( £0.02] £0.02( £0.01| £0.01| £0.02] £0.01| £0.03| £0.01
specimen
(mm)
Wire-cut electrical discharge machining utilizes to ready for transmission electron microscopy (TEM)
cut 2.00 mm thick sheets from AA7075HEAp MMCs analysis.

ingots. After that, RTR and CR were used to process
the sheets. There was a temperature difference of
197°C between the RTR and CR, or 299K and 78K,
respectively. Table 3 details the rotating schedule.
Microstructure and mechanical propertiesconduct
on the rolled specimen with thicknesses of 1.02

@

+ Body-Centered Cubic|

Intensity (a.u)

mm,0.41mm, and 0.12mm rolling reduction e ) Lk
ratiosof 40%,60%, and 80%, respectively. ® - o @ E *
The AA7075HEAp MMCs' microhardness was (b)

+ Body-Centered Cubic|
A Al

measured using a Vickers hardness tester. The
tensile machine with a strain rate of 1x10-s
lemploys for the tensile tests. The testing was
perpendicular to the rolling direction, kept the

Intensity (a.u)

Al+9 wt% HEAD

materials in a similar condition, and repeated three sy A j -
. AL )\ k
times. HEA —
X-ray diffraction employs to evaluate the phase 20

structures of the High entropy alloy particles and
AA7075 HEAp MMCs. The microstructures and
tensile fracture morphology of the AA7075
HEApsmetal matrix composites were analyzed

Fig. 3. XRD of (a) Al0.5CoCrAgNi and (b)
AA7075 -HEAp MMCs with variant HEAp
percentage.

using SEM. EDS performs to calculate the
fundamental and phase dispersals of the AA7075
HEAps metal matrix composites. Electropolishing
to smooth the samples for microscopic analysis.
The researcher may get a high-quality finish with
an electrolytic polishing power supply of 13-19 V,
a density of 0.2-0.6A, and a polishing duration of
the 30s. Transmission electron microscopy
performs characterization of disruptions and other

microstructural analysis in AA7075 HEAps metal Fig. 4. Scanning electron microscopic images
matrix composites[23], [24]. After undergoing and element distribution of high entropy alloy
focused ion beam preparation, the samples were particles in as-cast AA7075-9 wt% HEAps

metal matrix composites.
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3. Results

3.1. XRD analysis of HEApsand AA7075-HEAps
metal matrix composites

The X-ray Diffraction spectrum of the
Al0.5CoCrAgNi high entropy alloy particles and the
AA7075HEAp metal matrix compositesindicates in
Figure. 3. Fig. 3a shows that the Al0.5CoCrAgNi
HEAp has a two-phase structure consisting of face-
centered cubic (FCC) and body-centered cubic
(BCC). The BCC structure's diffraction peaks
observe in the (110), (200), and (211) directions.
When x is between 0.3 and 0.8, the
authors[25]found that Al0.5CoCrAgNi HEA has
two-phase structures that consist of FCC and BCC.
In addition, the authors[26]noted that
Al0.5CoCrAgNi high entropy alloy is a distinctive
two-phase-structural alloy with high toughness
and high ductileness. Figure 3b displays the XRD
outcomes for varying HEAp mass fractions added
to the AA7075 matrix. The XRD spectrum of the
AA7075HEAp MMCs showed the presence of HEAp,
demonstrating that they introduce into the AA7075
matrix the uniquecrystal plane of the
Al0.5CoCrAgNi HEA. The BCC phase's diffraction
peak strength grew progressively with increasing
HEAp mass fraction, whereas this trend was absent
in HEAp-free AA7075.

3.2. Microstructural analysis of AA7075-HEAp
metal matrix composites.

Figure 4 depicts a scanning electron micrograph
image of the High entropy alloy particles in as-cast
AA7075HEAp Metal matrix composites and the
surface scanning outcomes for the same region.
Aluminum, Cobalt, Silver, Chromium, and Nickel
were the five components that made up the HEAp.
Scanning results for the surface indicates in Fig. 4,
where the five elements mentioned above show in
their respective distributions.

SEM pictures of AA7075 HEAp MMCs with varying
degrees of rolling deformation indicates in Fig. 5.
RTR and CR have performed with 40% and 80%
reduction ratios, respectively (see Fig. 5a-d). There
are several microvoids in the AA7075HEAp MMCs
as a result of RTR. The microvoids significantly
increased as deformation went from 40% to 80%.
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The low CR temperature stifled dynamic recovery
during rolling and led to a more consistent material
structure.

Similarly, the authors[27], [28] research on the
topic in a cryogenic setting confirmed this unique
phenomenon. Additionally, as seen in Fig. 5a and c,
although the rolling reduction of the Room
Temperature Rolling and Cryo-rolling were
similar, their distorted microstructural

characteristics were  markedly dissimilar,
indicating that the two materials were not
interchangeable[29]. Since the CR, the HEAp's
reinforcement phase has been more consistent and
prolonged than it was after the RTR.

Fig. 5. Scanning electron microscopic images of
AA7075-6 wt% HEAp metal matrix: room
temperature rolling with reduction of (a) 40%
(b) 80%; cryo-rolling with reduction of (c)
40% (d) 80%.
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Fig. 6. (a) AA7075 —HEAp MMCs; rolled
AA7075 -HEApmetal matrix composites at a
reduced proportion of (b) 40%, (c) 60%, and

(d) 80%Vickers hardness .

3.3. Mechanical characteristics of
AA7075-HEAp metal matrix composites.

The microhardness range of cast and rolled
AA7075 HEAp MMCs shown in Fig. 6. Figure 6a
demonstrates that the inclusion of HEAp
significantly increased the toughness of the
AA7075 HEAp MMCs. Incorporating four distinct
types of HEAp resulted in microhardness ranges of
27.2,41.3,56.1, and 69.8 HV. After totaling 9wt%
high entropy alloy particles, the microhardness
ranges of the AA7075 HEAp MMCs rise by 164.2
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percent. Microhardness runs for the AA7075 HEAp
metal matrix compositesare attained via room
temperature rolling and cryo-rolling at varying
degrees of deformation, asshown in Fig. 6b-d. The
CR AA7075 HEAp MMCs have more microhardness
than the RTR. The AA7075 HEAp MMCs showed
more microhardness value rise than the AA7075
under identical deformation conditions. The
ultimate tensile strength, shown in Fig. 7,
corroborated these findings.

Figure 7 depicts the transitional tensile mechanical
characteristics of AA7075 HEAp MMCs. With a rise
in HEAp, the as-cast mechanical characteristics of
AA7075 MMCs may have improved. As for
AA7075's ultimate tensile strength, it measured in
at 75.1MPa. Adding 6% HEAp increased the
AA7075 MMCs' ultimate tensile strength to
118MPa. Simultaneously, the elongation reached
33.2%. However, the ultimate tensile strength is
slightly improved when the HEAp mass fraction
improves to 9wt%. The Vickers hardness
measurements agree with this. Figure 7a-d
demonstrates that following CR, all mechanical
properties of the materials enhance compared to
RTR. The CR AA7075 6 wt percent HEAp MMCs in
Fig. 7c had an ultimate tensile strength of 195 MPa
and an elongation of 16.4 percent at 40%
deformation, while the RTR MMCs had values of
171MPa and 12.2%, respectively. The elongation of
the Cryo-rollingmetal matrix composites was
34.2% greater than that of the Room temperature
rollingmetal matrix composites, and their ultimate
tensile strength was 16.1% greater. Mechanical
property variations between RTR and CR samples
were also minimal when HEAp constituted a minor
percentage of the total mass[30]. The enhancement
of the CR samples' mechanical characteristics was
especially noticeable once the mass fraction of high
entropy alloy particles raised to 3 wt %. For rolled
MMCs, the addition of 9 wt % HEAp resulted in
generally poorer mechanical characteristics than
AA7075-6wt %HEAp metal matrix composites.

3.4. AA7075-HEAp MMCs Fracture surface

Tensile fracture morphology of the AA7075 -9%
HEAp metal matrix composites following room
temperature rolling and cryo-rollingindicates in
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Fig. 8. Composites' elongation is strongly linked to
fracture morphology [31]. As the rolling distortion
increased, the number of dimples in the crack
dropped dramatically. Additionally, the size and
depth of the dimples shrank, and the torn edges of
the dimples were visible[32]. It conformed to the
rule that the AA7075HEAp MMCs' elongation
decreased as deformation increased. The
mechanical properties showed that the CR
AA7075HEAp MMCs had superior elongation
properties to the RTR MMCs. Figure 8a and d
display that the CR MMCs had a much higher
dimple count than the RTR MMCs. This
microstructural difference accounted for finding
CR MMCs extended further than RTR MMCs. A high
no. of tearing limits and quasi- cleavage
crackstructures emerged in the room temperature
rolling metal matrix composites, shown in Fig. 8c
and f. Though, the quantity and thicknesses of the
tear edges in the cryo-rollingmetal matrix
composites were far lower than those of the room
temperature rolling metal matrix composites,
further demonstrating the elongation of the cryo-
rollingmetal matrix compositeswas superior[33].
One interesting finding was that the HEAp broke off
at the tensile fracture in the room temperature
rolling metal matrix composites. The high entropy
alloy particles and AA7075 matrix in the cryo-
rollingmetal matrix compositesdisplay superior
bonding capacity and resist peeling.
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(a)

Fig. 8. Fracture morphology of AA7075 - 6
wt% high entropy alloy nanoparticles: Room
temperature rolling with reducedproportion

of (a) 40%, (b) 60%, (c) 80%; cryo-rolling with
reducedproportion of (d) 40%, (e) 60%, (f)
80%.

4., Discussions

4.1. Impact of cryogenic deformation on
fracture morphology and microvoid in metal
matrix composites

Figure 8 shows that the RTR MMCs, and CR MMCs,
experienced HEAp coming off during tensile
fracture. Meanwhile, Fig. 5 indicates more flaws in
the RTR MMCs compared to the CR MMCs. The
AA7075HEAp MMCs
contraction at the CR temperature of 78 K,
formulated:

underwent volume

Vp = Vye®T-To) 03]

whereasa is the thermal expansion coefficient.
When moving from a temperature of,Tyto T, the
associated volume shifts from,V, to V;. The above
calculation demonstrates the dramatic effect of a
temperature shift on a solid's volume. When
cryorolling (CR) perform at a temperature of 78 K,
a substantial temperature differential (221K)
causes a significant volume shrinking impact. The
author [34]described thatvolume shrinkage
significantly altered materials' microstructures
and mechanical characteristics. Both the aluminum
alloy matrix and HEAp undergo volume reduction
during CR. Since the thermal coefficient of the
AA7075 matrix was more significant than that of

Vol 44 No. 7
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the HEAp matrix (68.1 X 107°K™1)Vs.(11.8 X
107°K™1), the degrees of volume shrinkage for the
two matrices were distinct.

Since aluminum alloy undergoes a more significant
volume shrinkage than other metals, the alloy's
matrix forms a stronger bond with the HEAp. The
HEAp will be less prone to separate with better
adhesion during a tensile fracture. The HEAp is less
stable when the RTR lacks this effect, increasing the
likelihood that it may detach from the aluminum
alloy matrix. Figures 9(a, b) also show that fracture
was discovered close to high entropy alloy particles
in the Room Temperature Rolling metal matrix
composites. The volume shrinking effect of CR
allowed for avoiding these flaws, leading to
improved mechanical characteristics. Fractures
and other faults are not visible in CR, as seen in
Figures 9c and 9d. The SEM findings depicted in
Fig. 5a-b and c-d corroborate the presence of this
microstructural flaw.

Furthermore, cryogenic environments enhance the
flexibility of Al alloys and HEA compared to
ambient environments [35], [36]. A possible factor
in the MMC strips' flawless quality after CR is their
improved deformation performance in the cold.

4.2. Impactof mechanical properties of Metal
matrix composites on cryogenic deformation

The cryogenic situation has significant dislocations
[37] and substructures [38]. Since the atomic
energy is less during cryogenic deformation,
dynamic recovery is significantly impeded [39]. As
the dislocations continue to amass and entangle, a
cellular structure begins to take shape.
Displacement cells generated by more density
displacement tangles are visible in CR materials, as
shown in Fig. 9c. Figure 9d shows that as the
deformation of CR rises, sub-crystalline structures
form as a result of the exceptionally high
dislocation density. Improved global mechanical
characteristics in AA7075HEAp MMCs attributed
to high densities of dislocations and
substructures[40], [41].

It hypothesized that materials exposed to
cryogenic settings obtain a great deal of stored
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energy with high-density dislocations, enabling the
rolling of polished grains [42]. Figure 10
represents the statistical data on the effect of
rolling distortion on the grain size of AA7075 HEAp
MMCs. Figure. 10a-b and c-d illustrate the
considerable variation in grain size between room
temperature rolling and Cryo-rolling-produced
AA7075 HEAp metal matrix composites, even
when the rolling deformation setting is constant. At
40% rolling deformation, RTR produces AA7075
HEAp MMCs with a grain size of 594 nm, while CR
produces AA7075 HEAp MMCs with a grain size of
342 nm. Standard grain size has shrunk by 43.2%.
Grain refinement is noticeable in the CR-obtained
AA7075 HEAp MMCs. The Hall-Petch formula
indicates that a more refined grain size results in
greater material strength. Since CR MMCs have a
far smaller grain size than RTR, they are much
more powerful.

Figures 5 and 9 show that the elongation of cryo-
rollingmetal matrix composite strips is greater
than that of RTR MMCs because there are fewer
faults in the former. A further consequence of
volume contraction is an increase in the material's
internal stress, which causes dislocations. The
resistance to dislocation movement increases
when a displacement contacts another disruption
on the slip plane during dislocation movement, as
predicted by dislocation strengthening theory
[43]-[45]. Since this strengthens the material,
volume shrinking is beneficial.

Fig. 9. Transmission Electron microscopic
images of the room temperature rolling
AA7075 - 9 wt% HEAps metal matrix
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composites at (a) 40% and (b) 80%
deformation and the cryo-rolling AA7075 -9
wt% HEAps metal matrix composites at (c)
40% and (d) 80% deformation.
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Fig. 10. Grain size at room temperature rolling
AA7075 - 9 wt% HEAps metal matrix
composites with a reduced proportion of (a)
40% (b) 80%; cryo-rolling AA7075 - 9 wt%
HEAps metal matrix composites with rolling
reduced proportion of (c) 40% (d) 80%.

5. Conclusions

(1) Compared to MMCs obtained by RTR,
AA7075HEAp MMCs received using CR have fewer
flaws. During tensile fracture, the HEAp in the cryo-
rolling AA7075 HEAp metal matrix composites did
not detach from the AA7075 matrix as it did in the
RTR.

(2) The as-cast AA7075HEAp MMCs had an
ultimate tensile strength of 118 MPa, an increase of
75.1% compared to that with no extra HEAp, and
an elongation of 33.2%.

(3) Compared to RTR, CR AA7075HEAp MMCs
exhibited superior mechanical characteristics. At
40% deformation, the CR AA70756 wt percent
HEAp MMCs had strength and elongation that were
16.1 and 34.2% more excellent, respectively, than
RTR.

(4) The CR can potentially increase the mechanical
characteristics of AA7075- HEAp MMCs during
deformation. It also has the advantage of reducing
defects in these materials relative to RTR, making
it a novel strategy for creating high-performance
MMCs free of defects.
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