
ARTICLE

Development of ultrafine grained Al 7075 by cryogenic temperature
large strain extrusion machining

Xiaolong Yin, Yunyun Pi, Di He,b) Jiayang Zhang, and Wenjun Denga)

School of Mechanical and Automotive Engineering, South China University of Technology, Guangzhou 510641,
China

(Received 5 April 2018; accepted 14 August 2018)

Large strain extrusion machining (LSEM) emerges as an innovative severe plastic deformation
method of fabricating ultrafine grained materials. However, substantial heat generated during
LSEM would sacrifice the mechanical properties of materials. Cryogenic temperature (CT) LSEM
is put forward to overcome this shortcoming. The Al 7075 was processed by cryogenic and room
temperature (RT) LSEM to investigate their comparative effects on mechanical and microstruc-
tural properties. Results indicate that the chip morphology of CT LSEM is featured with better
integrity. Grains are refined to less than 200 nm by CT LSEM. A more complicated
microstructure with high dislocation density is observed in the CT LSEM specimens. The
hardness of cryogenic and RT LSEM specimens increases with the compression ratio and reaches
the highest values of 187HV and 170HV, respectively. Dislocation strengthening is the main
contributor, accounting for the higher hardness of CT LSEM specimens.

I. INTRODUCTION

The Al 7��� series alloys have extensively been
applied in automobile and aerospace structures and other
high strength components owing to their high strength-to-
weight ratio, and high thermal and electrical conductiv-
ity.1–3 It is well known that refining the grain structure to
ultrafine grained (UFG) regime can further enhance the
mechanical properties of these Al alloys. Consequently,
preparation of UFG Al alloys has raised increasing attention
recently. Severe plastic deformation (SPD) is the most
frequently used technique for the production of UFG
materials. However, preparation of UFG Al 7���� alloys
with conventional SPD methods requires large plastic
strains and exhibits limited success by virtue of the
formation of metastable precipitates that restrict the form-
ability of the alloys during processing at room temperature
(RT).4 One alternative way to increase the deformability is
increasing the process temperature, and homogeneous
structures can be produced. However, elevated temperature
will probably give rise to over-aging and dynamic recovery,
thus sacrificing the mechanical properties of the alloys.5,6

Furthermore, large amounts of heat generated during the
SPD process at RT will also exert negative impact on the
material. To obviate this difficulty, deformation at cryogenic
temperature (CT) has been identified as a promising route

of producing UFG Al alloys and eliminating the
temperature-induced effects simultaneously.
To date, cryogenic SPD methods are widely used to

achieve UFG materials in various pure metal and alloys.
Li et al.7 studied the microstructure refinement mechanics
of pure Cu with dynamic plastic deformation and found
that high density of deformation twins induced by CTs
plays a critical role in formation of nanosized precip-
itates. Zhao et al.8 proposed a new strategy for simulta-
neously improving the ductility and the yield strength of
nanostructured Al alloys through cryogenic rolling fol-
lowed by low temperature aging. Fritsch et al.5 imposed
high strains on the difficult-to-work Al 7075 using
cryogenic ECAP and gained UFG alloys with increased
ductility and improved workability. Yu et al.9 used
cryogenic roll bonding to fabricate Al/Ti/Al laminate
sheets. Then, they found that edge cracks occurred in
laminate sheets created by RT bonding while they failed
to appear when subjected to cryogenic roll bonding.
Among these SPD techniques, large strain extrusion

machining (LSEM), an attractive method, is capable of
imposing large strains on materials in a single pass while
overcoming the limitations of conventional SPD meth-
ods.10 However, the side effect of temperature is in-
evitable, the same in LSEM due to the generation of heat
created by plastic work and friction. To overcome this
shortcoming, in this paper, cryogenic temperature large
strain extrusion machining (CT-LSEM), which combines
the advantages of LSEM and cryogenic approach, was
put forward for the first time. As shown in Fig. 1, LSEM
is an alteration of conventional machining by applying
a constraining tool across from the cutting tool to form an
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extrusion channel, in which chip formation is regarded as
a plain-strain process, when td, tch, a, and V represent the
uncut chip thickness, chip thickness, rake angle, and
machining velocity, respectively. The workpiece moves
in the direction perpendicular to the cutting edge with
a speed of V, thus forcing the material to enter the
extrusion channel to acquire a geometrically controllable
chip, as illustrated in Fig. 1. The ratio of tch and td is
defined as the compression ratio k:

k ¼ tch=td : ð1Þ

The shear strain imposed in the chip is calculated by

e ¼ k
cosa

þ 1
k cosa

� 2 tana : ð2Þ

Considerable research related to LSEM has been
accomplished in the last decade. Deng et al.11,12 system-
atically studied the influence of the rake angle and the
chip compression ratio on the deformation behaviors
and material properties in LSEM with finite element
modeling (FEM) and experimental methods. Then, Rao
et al.13 adopted LSEM to produce fine-grained continu-
ous Ti–6Al–4V foils with suppressed shear localization
by suitable altering texture of Ti–6Al–4V. Iglesias et al.14

investigated the wear resistance behaviors of three kinds
of nanostructured OFHC copper created by LSEM and
also found that the wear resistance was direction-
dependent. Efe et al.15 used upper bound, slip line field,
and heat source models to analyze the mechanics of the
deformation field in LSEM and successfully prepared
UFG microstructures of poor workability materials via
controlling the hydrostatic pressure and temperature in
the deformation zone.

To the best of our knowledge, there is no relevant
literature on the characterization of UFG Al alloys

produced by LSEM in the cryogenic environment. In
this paper, the solution-treated (ST) Al 7075 was pro-
cessed by CT-LSEM with different compression ratios.
Room-temperature large strain extrusion machining (RT-
LSEM) was also conducted for comparison. The machin-
ing process and material properties were characterized by
employing FEM, hardness measurements, optical micros-
copy (OM), and transmission electron microscopy
(TEM). The main concerns of this paper include (i)
developing a new strategy to prepare UFG alloys with
enhanced mechanical properties; (ii) exploring the rela-
tionships between hardness and microstructure of the
LSEM specimens; and (iii) revealing the effect of
processing temperature on the machining results.

II. METHODOLOGY

A. Experimental details

Figure 2 shows the setup and associated parameters of
LSEM, in which different values of k can be realized by
changing tch and td through adjusting shims. Three screws
are set to ensure the smooth operation of LSEM. The
commercial Al 7075 circular tube with the outer diameter
of 70 mm and the thickness of 6 mm was served as the
model material. The chemical composition of this alloy is
5.60 Zn, 2.50 Mg, 1.60 Cu, 0.50 Fe, 0.40 Si, 0.30 Mn,
0.23 Cr, 0.20 Ti, and Al balance. A slot was machined in
the end of the workpiece to keep the machining process
working well, as presented in Fig. 2.

The workpiece was ST at 470 °C for 2.5 h and then
quenched in water. Before CT-LSEM, the ST material
was first immersed into liquid nitrogen with a duration of
at least 20 min to reach a steady state. Then, the
CT-LSEM process was immediately implemented to
avert the temperature rise. During CT-LSEM, the work-
piece was dipped into liquid nitrogen for few minutes
prior to the next pass. The machining conditions used in

FIG. 1. Schematic view of LSEM, the material undergoes extrusion
and shear simultaneously when it enters into the extrusion channel
formed by the cutting tool and the constraining tool, obtaining a shape-
controlled chip. The chip thickness tch is determined a prior unlike the
conventional machining in which the chip is formed naturally.

FIG. 2. Photographic view of the setup for LSEM and associated
geometric parameters.
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the experiments are as follows: the uncut chip thickness
td, the rake angle a, and the cutting velocity V were set as
0.5 mm, 20°, and 92 mm/s, respectively, while the
compression ratio k varied with three values, namely
1.4, 1.6, and 1.8, by altering the chip thickness tch to
0.7 mm, 0.8 mm, and 0.9 mm through adjusting shims
mounted on the tools. For each k, at least three experi-
ments were repeated to reduce the experimental errors.
RT-LSEM was also performed for comparison.

Microhardness tests were conducted on the plane
parallel to the tool rake face with a load of 50 g for 15
s. At least 20 readings were taken to calculate the average
hardness of each sample. The microstructure features of
the alloys were acquired by adopting OM. For this
purpose, the samples were mechanically polished with
abrasive paper of 600, 800, 1200, 1500, and 2000 grit in
sequence, followed by fine polishing with the diamond
paste of 1 lm to the mirror finish. Grinding of the chips
was started from the surface coming in contact with the
tool rake face. Keller’s reagent (95 mL H2O, 2.5 mL
HNO3, 1.5 mL HCl, and 1.0 mL HF) was adopted to etch
the specimens. The dislocation network and the micro-
structure of specimens were characterized by TEM using
the FEI Tecani F20 (FEI, Hillsboro, Oregon) equipment
that operates at an accelerating voltage of 200 kV. For
TEM characterization, foils with the thickness of about
1 mm were cut from the center of the cross section of
each specimen, which was parallel to the extrusion
direction. The foils were mechanically ground to the
thickness of about 50 lm. Then discs with the diameter
of 3 mm were punched from the foils, and they were
first twin jet eletropolished (10 vol% HClO4 in ethanol,
20 V, �25 °C) and then polished with an argon ion beam.

B. FEM details

FEM is adopted to simulate machining with great
success. Significant parameters of machining, such as,
cutting forces, chip morphology, temperatures, strains, and
strain rates, can be well predicted and calculated by FEM
prior to any machining that is performed. Accordingly,
FEM has advantages in reducing the manufacturing cost
and saving the processing time over the trial and error
approaches.16 For LSEM, unreasonable cutting conditions
will lead to the failure of experiments or even the
destruction of the apparatus. Therefore, the FEM simu-
lations have been conducted in advance to determine the
suitable parameters. In this paper, a commercial FEM code
DEFORM 2D, based on the updated Lagrangian formu-
lation, is used to simulate the LSEM processes. Chip
separation from the workpiece is realized by adopting
continuous remeshing technique. Figure 3 shows the mesh
and boundary conditions for LSEM, in which meshes in
front of the cutting tool tip are of local high density to
simulate chip formation accurately and catch the larger

deformation in the machining process. The object types of
the tools are regarded rigidly, and the workpiece is plastic.

During machining, the bottom and left boundaries of the
workpiece are fixed in y and x directions, respectively, and
the tools move along the –x direction at a certain velocity.
The LSEM parameters used in FEM are consistent with
the experimental conditions. The contact boundaries be-
tween the tools and the workpiece enable heat to exchange
mutually, while the rest boundaries are able to exchange
heat with the environment. In the machining process, the
heat transferred by radiation is negligible. Therefore, the
emissivity is set zero for all conditions.6 To simulate the
CT-LSEM process as exactly as possible, the heat con-
stants of materials in the cutting zone such as environment
temperature and convection coefficient are set to be
consistent with the cryogenic condition.

A constitutive equation, which is the most versatile
format in flow stress models, is implemented in the FE
code to model the material behaviors. The equation is
defined as follows:

f rð Þ ¼ r e; _e; Tð Þ ; ð3Þ

where r is the equivalent flow stress; e is the effective
plastic strain; _e is the effective strain rate; and T is the
temperature. As the cutting velocity is extremely low
(92 mm/s), the interface between the chip and the tool is
governed by the sliding condition.17 The Coulomb
criterion is therefore used as the friction model, which
is defined as follows:

fs ¼ lp ; ð4Þ

where fs is the friction stress; l is the friction coefficient;
p is the interface pressure between the chip and the tool.
In this study, the same friction coefficient 0.4 through
experiments and calculation is used for all conditions.

FIG. 3. Mesh and boundary condition settings for LSEM. During LSEM,
the workpiece is maintained stationary while the tools move at a speed of
V, the top sides of the workpiece and the lower-left sides of the cutting tool
and the lower-right sides of the constraining tool are set as heat exchange
boundaries between the workpiece and the tools.
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III. RESULTS AND DISCUSSION

A. Chip morphology

The combined effects of workpiece material properties
and machining conditions are main factors that determine
chip morphology.18 In this research, the processing
temperature is the only variable that distinguish
CT-LSEM and RT-LSEM. Accordingly, it is meaningful
to understand the effects of temperature on the chip
morphology. Figure 4 shows the chip morphology differ-
ences between RT-LSEM and CT-LSEM, in which chips
of the former are segmented whereas the latter are
continuous. In the upper surfaces of RT-LSEM chips,
cracks appear and propagate until the chips fracture. By
contrast, the upper surfaces of CT-LSEM chips are
relatively smooth with only few tiny cracks occurring
near the edges of the chip. Obviously, the chip morphol-
ogy of LSEM is temperature dependent, and CT pro-
motes the workability of this alloy because the fracture
strain increases with the reduction of deformation tem-
perature and the ductility of Al alloys at CT is higher than
that at RT.9 In fact, the ductility has a proportional
relationship with the work-hardening capacity.19 Work
hardening is attributed to the generation and accumula-
tion of dislocations, which results in pileups at the grain

boundaries during deformation. Therefore, the ductility
of the alloy is higher due to the increased dislocation
accumulation ability by suppressing the dynamic recov-
ery at CT.

Furthermore, Al alloys are kinds of face-centered cubic
(fcc) structures with a lot of slip systems, and multiple
slip systems are prone to appearing at low temperatures,
which makes the alloys difficult to fracture. The ductile–
brittle transition of the alloys will not occur even at CT.
This result is opposite to what is commonly known, or in
other words, the result is adverse to the situation that
brittle fractures are likely to occur for most metal when
the temperature decreases. In addition, as the temperature
decreases, Al alloys can absorb more energy. As a result,
the fracture of the material is delayed.20

Figure 5 shows the predicted temperature distribu-
tions of RT-LSEM and CT-LSEM for a selected k.
Higher temperatures are concentrated in the region of
the chip root where the adiabatic shear occurs for
RT-LSEM. As for CT-LSEM, temperature values de-
crease sharply compared with RT-LSEM. It is also
interesting to note that a large gap appears between the
chip and the constraining tool as shown in Fig. 5(a),
while the chip in Fig. 5(b) is highly filled in the
extrusion channel. The reason for this phenomenon is

FIG. 4. Chip morphology difference created by (a) RT-LSEM and (b) CT-LSEM with the compression ratio of k 5 1.8.

FIG. 5. Predicted temperature distributions of (a) RT-LSEM and (b) CT-LSEM with the compression ratio of k 5 1.8.
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that the width of the extrusion channel for k 5 1.8
exceeds the upper limit21 that the chip can reach at RT.
In summary, deformation at the cryogenic regime
results in high dislocation density by suppressing the
dynamic recovery process and retains the solutes in the
ST alloys, all of which will lead to an increase of work-
hardening ability and the suppression of strain locali-
zation and crack formation.3,5,22 Therefore, CT-LSEM
possesses an advantage over RT-LSEM in guaranteeing
the integrity of the chips.

B. Microstructure

OM images of the starting material (solution-treated Al
7075) and specimens subjected to CT-LSEM and RT-
LSEM are illustrated in Fig. 6. As can be seen in Fig. 6(e),
the grain size of the starting material is in the range of
10–40 lm, and subgrains of less than 5 lm can be
observed in the microstructure. After being processed by
LSEM, both materials exhibit a homogeneous micro-
structure as shown in Figs. 6(a)–6(d). The microstruc-
tures are highly refined with grains and grain boundaries

FIG. 6. OM images of the (a) RT-LSEM and (b) CT-LSEM samples for k 5 1.4; (c) RT-LSEM and (d) CT-LSEM samples for k 5 1.8, (e) as the
solution-treated Al 7075 alloy (the starting material).

X.L. Yin et al.: Development of ultrafine grained Al 7075 by cryogenic temperature large strain extrusion machining

J. Mater. Res., Vol. 33, No. 20, Oct 29, 2018 3453

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

18
.3

13
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2018.313


being hard to discern. To obtain more detailed informa-
tion on microstructure features, the TEM technique is
indispensable.

Figure 7 shows TEM micrographs of the samples
processed by RT-LSEM and CT-LSEM for compression
ratios of 1.4 and 1.8, respectively. It is obvious to note
that the grain size of samples subjected to LSEM for k 5
1.4 is larger than that for k5 1.8, which indicates that the
degree of grain refinement increases with strains. Then
the phenonmenon is consistent with the observations in
previous research.11 Some better distinguished grains are
equiaxed with the grain size of about 200 nm and
extremely small subgrains can be observed in the
CT-LSEM sample for k 5 1.4. The rest regions are
diffused when grain boundaries are ill-defined. The
microstructure of the CT-LSEM sample for k 5 1.8 is
relatively multiform. In some regions, grains are elon-
gated along the extrusion direction, with a width of
70–120 nm and a length of 220–550 nm. In other regions,
equiaxed grains with a mean diameter of 130 nm are
observed. The grain size and shape of RT-LSEM samples

are similar to that of CT-LSEM samples. The inset shown
in Fig. 7 is the selected area electron diffraction (SAED)
pattern of each TEM micrograph. The SAED pattern of
the RT-LSEM samples consists of discrete diffraction
spots, indicating a refined structure and the misorientation
angles between the subgrains formed in machining are
generally smaller, while the SAED pattern of the
CT-LSEM samples is distorted into discontinuous rings.
In this case, an increase in high angle grain boundaries
appears.

The heavily strained subgrains and elongated grains
with diffused, nonequilibrium, and ill-defined boundaries
are evident in both conditions shown in Fig. 7. However,
a more severe deformed microstructure can be observed
in the CT-LSEM samples due to the accumulation of
dislocations. The dense dislocation cell structures are
frequently shown in the CT-LSEM samples, while the
microstructure of RT-LSEM samples is relatively
“clean”, and the dense dislocation areas decrease to
a lower quantity as indicated in Figs. 7(b) and 7(d). In
brief, CT promotes the formation and retention of high

FIG. 7. TEM images and SAED patterns (insets) of the Al 7075 alloy subjected to (a) CT-LSEM and (b) RT-LSEM for k 5 1.4; (c) CT-LSEM
and (d) RT-LSEM for k 5 1.8; the white-colored and the black-colored arrows in (b) and (d) represent gʹ and g precipitates, respectively.
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density of defects, which also acts as driving forces for
the formation of subgrains followed by ultrafine grains.

In RT-LSEM samples, dislocations are still observed
within several well-defined subgrains. However, the
dislocation density is sharply decreased compared with
the CT-LSEM samples because when LSEM is imple-
mented at RT, the generation of heat induced by friction
and the plastic work inside the alloys activate the
effective dynamic recovery and annihilation of disloca-
tions. As dynamic recovery is mainly controlled by the
dislocation climb and cross slip, temperature rising
increases the dislocation movement and the rate of
dynamic recovery, thus, resulting in annihilation of
dislocations.23–26

However, it should be emphasized that a few needle-
shaped and plate-shaped phases [marked by black-
colored arrows and white-colored arrows in Figs. 7(b)
and 7(d), respectively] are present in the RT-LSEM
samples. Generally, the solute atoms in the ST Al 7075
such as Zn, Mg, Cu, Fe, and Mn are dissolved in the
matrix. Since the Al 7075 alloy is a precipitation hard-
enable alloy, the precipitates are normally formed at the
temperature range of 50–130 °C. During the RT-LSEM
process, the chips are heated up to 100–170 °C which
will trigger the precipitation behaviors inside the mate-
rial. However, the metastable solutes failed to get
sufficient thermal energy to precipitate out from solid
solution during CT-LSEM. Since cryogenic deformation
results in reduced solute diffusivity and therefore pre-
vents strain-induced precipitation.26 It can be deduced
that the plate-shaped and needle-shaped phases are gʹ and
g precipitates, respectively.27

In fact, precipitates are conductive to enhancing the
hardness of alloys by pinning dislocations during de-
formation.28 If these deformed alloys are further pro-
cessed through heat-treatment optimization, large
amounts of precipitates will then emerge out, and at the
same time, the precipitation strengthening may dominate
among the strengthening mechanisms which may be the
focus of our future research.

C. Hardness

Hardness is largely influenced by strains imposed on
the materials during the machining process. Figure 8
shows the variation of e with k for the selected rake angle
20° [Eq. (1)]. This indicates that both reducing k when
k , 1 and increasing k when k . 1 increase e. For
LSEM, the compression ratio k is a reflection of the
strain, when various strains can be achieved by altering k.
The effective strain corresponds to 1.43, 1.56, and 1.71
accordingly, when k is 1.4, 1.6, and 1.8, respectively.
Figure 9 shows the hardness variations of specimens as
the function of k for the rake angle of 20°. With reference
to the hardness of the starting material (120HV), both

methods exhibit high strengthening ability. It is notewor-
thy that the hardness increases with k for the CT-LSEM
and RT-LSEM specimens and the hardness of the former
is higher than that of the latter for each k. The hardness of
the CT-LSEM specimen has increased significantly from
120 HV to 172 HV (43.3% increase), 178 HV (48.3%
increase), and 187 HV (55.8% increase) for k 5 1.4, 1.6,
and 1.8, respectively. As for the RT-LSEM specimens,
the hardness increases linearly with k and reaches the
highest value of 170 HV for k5 1.8, which is even 2 HV
lower than the minimum hardness of the CT-LSEM
specimens. Yu28 has discovered the similar tendency in
the hardness variation of Al 6��� subjected to cryo-
rolling in their studies.

The improvement concerning the strength or hardness
of Al alloys may be attributed to the following: (i) solid
solution strengthening, (ii) precipitation strengthening,
(iii) grain refinement strengthening, and (iv) dislocation

FIG. 8. Shear strains as a function of compression ratios for the rake
angle of 20°.

FIG. 9. Variations in hardness of the Al 7075 alloy processed by
RT-LSEM and CT-LSEM for different compression ratios.
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strengthening. In the present work, the workpiece is ST
and quenched to obtain supersaturated solid solution
materials owing to its higher work hardening rate and
better microstructure refinement capabilities.29 High sol-
ute content in the ST condition can increase the strength
of the alloy by pinning the dislocations and impeding
their motion during deformation. Clearly, solid strength-
ening operates in all conditions. The TEM micrographs
indicate that there is a pronounced grain refinement in the
ST alloys after being processed by LSEM. Grain re-
finement strengthening is generally described by the
Hall–Patch equation in which the strength of materials
is inversely proportional to the grain size. Here, the
hardness version is used instead of the flow stress
version:

HV ¼ H0 þ KHd
�1=2 ; ð5Þ

where HV is the hardness; H0 and KH are the material
constants; d is the average grain size of materials.30 To
examine the Hall–Patch relationship, the Vickers hard-
ness values of the RT-LSEM and the CT-LSEM samples
in Fig. 9 were plotted as a function of d�1/2, which is
shown in Fig. 10. This indicates that both the RT-LSEM
and the CT-LSEM samples follow the linear relationship
described by Eq. (5). Accordingly, grain refinement
strengthening makes significant contribution to the hard-
ness enhancement of all the samples subjected to LSEM.

The TEM micrographs reveal that high dislocation
density exists in all conditions. The dislocations tangle
together, forming dense dislocation cell structures and
tangling zones and resulting in high dislocation density.
The high density of dislocations decreases the mean free
path of mobile dislocations, and the interactions among
them hinder the dislocation slip and movement, thus
causing the dislocation strengthening.31 Hence, the dis-
location strengthening is another critical factor that

contributes to the hardness of the alloy. In high staking
fault energy materials like aluminum, dynamic recovery
is more active at RT, which causes reduction in strength-
ening effect by decreasing dislocation density. However,
processing at CT inhibits dynamic recovery and causes
dislocation accumulation for the higher-steady state level
compared with RT processing. Therefore, the dislocation
strengthening contribution is greater in the CT-LSEM
samples than that in the RT-LSEM samples. The pre-
cipitation strengthening is based on the capacity of
precipitates to retard dislocation motion. In this research,
only few precipitates can precipitate out from the matrix
during LSEM, accordingly, and the effect of precipitation
strengthening is negligible.

Given all that, solid solution strengthening, grain
refinement strengthening, and dislocation strengthening
are the major strengthening mechanisms responsible
for the hardness enhancement of the RT-LESM and
CT-LSEM specimens. In particular, the dislocation
strengthening contribution to the CT-LSEM samples
overweighs that to the RT-LSEM samples, then resulting
in higher hardness in the former.

IV. CONCLUSIONS

In this paper, cryogenic and RT LSEM was conducted
with various compression ratios to investigate their
comparative effects on chip morphology, microstructure,
and hardness of UFG Al 7075 alloys. The main obser-
vations can be summarized in following conclusions:

(1) The chip morphology of CT-LSEM and RT-LSEM
is significantly different, when the former is segmented
and the latter is continuous due to the increased ductility
of Al alloys at reduced temperature. CTs are conductive
to improving the work-hardening capacity and the work-
ability of the alloys.

(2) Grains in the bulk materials are refined to less than
200 nm via CT-LSEM, indicating that CT-LSEM is an
operative approach for fabricating UFG materials. CTs
suppress the dynamic recovery and therefore, lead to
a complicated microstructure with high dislocation
density.

(3) The hardness of the CT-LSEM and RT-LSEM
samples increases with k. Solution strengthening, grain
refinement strengthening, and dislocation strengthening
are responsible for the hardness enhancement. In partic-
ular, dislocation strengthening plays a more significant
role in hardness enhancement of the CT-LSEM samples
when compared with the RT-LSEM samples.
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