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Large strain extrusionmachining (LSEM) is one of the severe plastic deformation (SPD)methods that can improve the mechanical
properties of materials.*e purpose of this experiment is to study the surface hardness andmicrostructure of the pure copper chip
strips. It was found that most of the grains of the chip strips had been refined to the ultrafine grain grade. Finite element analysis
(FEA) simulations were conducted to predict the von Mises equivalent strains. Based on the analysis of variance (ANOVA),
further study indicated that the surface hardness of the chip strips was decided by several key parameters including the chip
thickness compression ratio, rake angle, and uncut chip thickness during LSEM. *rough this analysis, a set of parameters which
have the greatest impact on the properties of the material can be found.*is set of parameters helps us to achieve the strip with the
best performance.

1. Introduction

*e severe plastic deformation (SPD) methods mainly in-
troduce large strain during the deformation process and
change the performance of the metal materials [1]. *e
traditional SPD methods include equal-channel angular
pressing (ECAP) [2], high-pressure torsion (HPT) [3], cyclic
extrusion-compression (CEC) [4], accumulative roll bond-
ing (ARB) [5], and repetitive upsetting (RU) [6].

Cutting is also a kind of SPD methods. During the
cutting process, the maximum single shear strain can reach
15 [7]. Compared with traditional SPD methods such as
ECAP, the strain after single processing is about 1 which is
much smaller than that in cutting, and the advantage of
cutting is very obvious [8]. However, ultrafine-grained or
nanocrystalline materials prepared by free cutting usually
have small chip sizes and irregular shapes, and it is difficult
to control their geometrical shapes [9], which makes their
subsequent processing and application inconvenient. In
order to effectively control the chip size and shape, Moscoso
et al. combined the cutting and extruding processes and
proposed a method called large strain extrusion machining
(LSEM) that could be used to produce ultrafine-grained or

nanocrystalline strips with uniform shape and microstruc-
ture [10]. In recent years, there have been many types of
researches on LSEM. Efe et al. found that the application of
the LSEM method could use MgAZ31B bulk material to
prepare MgAZ31B plate material without preheating, the
grain size of the obtained material was refined to the level of
ultrafine grains, and the mechanical properties were also
greatly improved [11]. Sevier et al. performed finite element
simulations on LSEM and studied the effects of equivalent
strain and equivalent strain rate on the diversity and
interactivity of the microstructure and properties of the
material [12]. Sevier et al. also found that when the tool rake
angle was constant, the strain was completely controlled by
the chip thickness compression ratio [13]. Bai et al. found
that the hardness of 6013-T6 chips produced by free cutting
and LSEM decreased with the increase of the cutting speed
[14]. Klenosky et al. studied the LSEM and found that the
hardness in the middle of the strip increased with the in-
crease of the cutting speed. Meanwhile, the cutting became
unstable and side curling appeared when the chip thickness
compression ratio decreased [15].

Figure 1 shows the working principle of the LSEM.
During cutting, the chips are cut and extruded through the
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channel formed by the main tool and the constraining tool,
thereby obtaining chip strips with regular shapes through
severe deformation. In the LSEM process, the shear strain
generated by the chip can be represented by ε, and its
calculation formula is [16, 17]

ε �
λ

cos α
+

1
λ cos α
− 2 tan α, (1)

where λ is the chip thickness compression ratio; λ � tch/t0 in
which tch is the chip thickness and t0 is the uncut chip
thickness; and α is the tool rake angle. It can be seen that the
magnitude of the shear strain ε depends on the tool rake
angle α and the chip thickness compression ratio λ.

According to the existing literature analysis, there are
many factors that a�ect LSEM such as tool rake angle,
cutting speed, uncut chip thickness, and chip thickness
compression ratio [13, 18–22]. However, few papers have
conducted in-depth studies on the extent of these factors in
the process of LSEM. �erefore, on the basis of previous
studies [23, 24], this paper used pure copper as the work-
piece material, and a series of experiments were conducted
to study the variation of the surface hardness and micro-
structure of the chip strips and the degree of in�uence of
various processing parameters. �e �nite element analysis
software Deform2D was used for the simulation to analyze
the distribution law of the equivalent strain under di�erent
tool rake angles, di�erent chip thickness compression ratios,
and di�erent uncut chip thicknesses.

2. Experimental Procedure and
Simulation Model

2.1. LSEM Experiment. �e purpose of the LSEM experi-
ment was to analyze the e�ect of the tool rake angle, the chip
thickness compression ratio, and the uncut chip thickness
on the surface hardness of the chip strips and then analyze
the in�uence of the tool rake angle and the chip thickness
compression ratio on the microstructure of the chip strips.
�e LSEM parameters used in the experiments are shown in
Table 1.

�e LSEM experiment was performed on a CA6140
lathe, as shown in Figure 2. �e self-designed combined tool

is made of high-speed steel. �e workpiece material is a pure
copper pipe with an outer diameter of 70mm and a wall
thickness of 5mm.�e workpiece speed is 92mm/s. In order
to maintain the experiment results in accordance with the
simulation results, it is necessary to maintain the uncut chip
thickness constant at the initial stage of the LSEM instead of
increasing with the feed.�erefore, a part of the pure copper
tube structure was removed.

�e surface hardness of the chip strips was measured by
an instrumented indentation method (HVS-1000 digital
microhardness tester).

2.2. Simulation Model. �e LSEM �nite element model was
selected as a two-dimensional orthogonal cutting mesh
model of plane strain [20]. In this study, the commercial
�nite element software Deform2D was used to perform the
LSEM simulation based on the updated Lagrangian for-
mulation. As shown in Figure 3, the geometry of the
workpiece is set to 100 (length)× 30 (width) mm2, and the
workpiece adopted a four-node isoparametric plane strain
element [25]. �e initial mesh number was 6481. In order to
accurately simulate chip formation and obtain large strain
deformation during machining, the mesh in front of the
cutting tool tip was set to a local high density. �e separation
criterion between the chip and the workpiece was realized by
adopting continuous remeshing technology.

Constraining tool

Main tool

Workpiece

γ

γ

α

t0

tch

vc

Figure 1: Schematic view of LSEM.

Table 1: Experiment and simulation parameters.

Cutting
condition

Chip thickness
compression ratio λ

Rake angle
α (°)

Uncut chip
thickness t0 (mm)

C1 1.5 15 0.6
C2 1.5 20 0.6
C3 1.5 30 0.6
C4 1.5 20 0.6
C5 2 20 0.6
C6 2.5 20 0.6
C7 1.5 20 0.4
C8 1.5 20 0.6
C9 1.5 20 0.8

Workpiece

Constraining tool

Chip

Main tool

Figure 2: A view of the LSEM experiment setup.
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In the simulation, the main tool and the constraining
tool were set as rigid types, and the workpiece was set as a
plastic type; the movement of the bottom and left boundaries
of the workpiece in the X and Y directions was fixed, and the
tool moved to the left at a constant speed of vc.*emain tool
and constraining tool speed were 92mm/s. *e clearance
angles c (Figure 1) of the main tool and the constraining tool
were set to 5°. *e simulation parameters are shown in
Table 1. As can be seen from Figure 3, the workpiece and the
tool could exchange heat with each other, and the rest of the
boundaries exchanged heat with the environment. Pure
copper was selected as the workpiece material, and the J-C
constitutive model was adopted as follows:

σ � A + B(ε)n
  1 + C ln

_ε
_ε0

   1−
T−Troom

Tmelt −Troom
 

m

 ,

(2)

where σ is the equivalent stress; ε is the equivalent strain; _ε is
the equivalent strain rate; T is the temperature; A, B, C, n,
and m are the material constants; _ε0 is the reference strain
rate; Troom is the ambient temperature; and Tmelt is the
melting point of the material. *e J-C material constants are
shown in Table 2 [26].

*e damage model adopted the Deform2D default
normalized C&L model. In this simulation, the mechanical
and thermal constants of pure copper are shown in Table 3.
*e friction between the main tool and the chip, and the
constraining tool and the main tool was defined as the
Coulomb friction. According to the experiment derivation,
the friction coefficient was 0.4.

2.3. LSEM Orthogonal Experiment with ANOVA. In this
section, a LSEM orthogonal experiment was used to obtain
the optimal processing parameters, which provided a
theoretical basis for obtaining the highest surface hardness
chip strips [27, 28]. To carry out the LSEM orthogonal
experiment smoothly and to select the tool rake angle and
the chip thickness compression ratio as the process pa-
rameters, the influence of the chip thickness was also
considered. We used the L9 orthogonal array to arrange the
test. ANOVA was used to analyze the effect of the selected
parameters on the test index. *e best combination of
processing parameters in this orthogonal experiment was
predicted. *e level of selected parameters is shown in

Table 4. Table 5 shows the header design of an orthogonal
array.

3. Results and Discussion

3.1. Surface Hardness of the Strip. According to the Hop-
kinson formula, the finer the grain size, the higher the
hardness. *erefore, it is necessary to study the hardness of
the chip strips prepared by LSEM under different processing
parameters. *e surface hardness of the chip strips was
studied under the processing conditions as shown in C1 to
C3 in Table 1. Table 6 shows the surface hardness values of
the pure copper chip strips processed by different rake angle
tools. *e corresponding surface hardness values for the 15°,
20°, and 30° rake angle tools were 133.69 HV, 112.18 HV, and
110.89HV, respectively, which were 57.3%, 32.0%, and
30.5% higher than the hardness value of 85 HV for pure
copper raw materials. As α increased, the surface hardness
value decreased. When the rake angle increases, the internal
deformation of the chip material becomes more gradual, the
dislocation density within the material gradually decreases,
and the degree of grain refinement weakens, so the surface
hardness value decreases.

*e surface hardness of the chip strips was studied under
the processing conditions as shown in C4 to C6 in Table 1.
Table 6 shows the surface hardness value of the pure copper
chip strips at various chip thickness compression ratios.
When the chip thickness compression ratio was 1.5, 2, and
2.5, the surface hardness values of the pure copper chip strips
were 112.18 HV, 117.70 HV, and 136.15 HV, respectively. It
is very clear that the change of the chip thickness com-
pression ratio has a great impact on the surface hardness of
pure copper chip strips. When λ was increased to 2.5, the
degree of grain refinement increased.

*e surface hardness of the chip strips was studied under
the processing conditions as shown in C7 to C9 in Table 1.
*e surface hardness values of the pure copper chip strips at
different uncut chip thicknesses are shown in Table 6. When
the thicknesses of the uncut chips were 0.4mm, 0.6mm, and
0.8mm, the surface hardness values of the pure copper chip
strips were 130.47HV, 112.18HV, and 130.93HV, re-
spectively, which did not show a specific change rule. When
t0 was 0.4mm and 0.8mm, the difference in the surface
hardness of the pure copper chip strips was only 0.46HV,
while when t0 was 0.6mm and 0.8mm, the difference in the

Vx=0, Vy=0

V x
=0

, V
y=

0
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Constraining tool

Main tool vc

vcWorkpiece

Figure 3: Two-dimensional orthogonal cutting mesh model of
LSEM.

Table 2: J-C model parameters for pure copper.

A (MPa) B (MPa) n C m
90 292 0.31 0.025 1.09

Table 3: Mechanical and thermal constants of pure copper.

Young’s
modulus
(MPa)

Poisson’s
ratio (MPa)

*ermal
conductivity
(N/sec/mm/

C)

Heat
capacity

(J·Kg−1·K−1)
Emissivity

105000 0.33 122.61 3.16 0.7
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surface hardness of the pure copper chip strips reached 18.75
HV. *e results showed that the uncut chip thickness was
not a key parameter affecting the surface hardness of the
material. *erefore, to obtain a chip strips with the desired
surface hardness, it is difficult to meet the requirements by
changing t0.

3.2. Strain Distribution and Strip Microstructures. Strain
plays a key role in the formation of ultrafine-grained ma-
terials during LSEM [29, 30]. It is very important to un-
derstand the effects of strain on microstructure refinement.
In order to study the influence of the rake angle on the strain
distribution, the chip thickness compression ratio λwas kept
constant at 1.5 and the cutting thickness t0 was 0.6mm (see
C1 to C3 in Table 1 for details). Figure 4 shows the equivalent
strain distribution at different rake angles. When the rake
angles were 15°, 20°, and 30°, the maximum von Mises
equivalent strains were 3.08, 1.71, and 1.52, respectively. It
can be seen that the maximum equivalent strain occurred in
the secondary deformation zone adjoining the chip-tool
interface, wherein the deformation of the chip material was
relatively severe. *e change of α had little effect on the chip
strip geometry, but as α increased, the equivalent strain
distribution became more nonuniform and the equivalent
strain also became smaller.

Based on the simulation analysis, the tool rake angle had
an important influence on the strain distribution of the chip
strips. When the rake angle of the tool was 15°, the strain
distribution was very uneven compared with the simulation
results of the other tool rake angles, and the maximum
equivalent strain did not appear in the second deformation
region. *is is because the rake angle of the tool is too small
to extrude the chips, and a regular strip can hardly be
produced. Different strains will change the internal mi-
crostructure of pure copper materials. *erefore, it is nec-
essary to compare and analyze the microstructures of pure
copper materials produced by different rake angles.

*e inverse pole figure (IPF) maps from EBSD of the
pure copper chip strip microstructure prepared by different
tool rake angles are shown in Figure 4. It can be seen that
SPD occurs inside the chip, and the grains were elongated
and crushed until they were broken into fine grains. Most of
the pure copper chip strips obtained at α� 15° have been
broken into fine grains, and the proportion of fibrous

structure was small. *e pure copper chip strips obtained at
α� 20° and α� 30° can be seen to have obvious fibrous
structure, which accounts for a large proportion.

As can be seen from Figure 5, regardless of α� 15°, 20°, or
30°, the grain-refining effect was very remarkable compared
with the original copper [31], and most of them have been
refined to the ultrafine grain level. It was found that when α
increased from 15° to 30°, the chip strip-refining effect
tended to decrease, and the proportion of the fine grain also
decreased. *is is because the smaller the strain, the smaller
the degree of deformation occurring inside the chip strips,
and the refining effect is reduced. When α was 20° and 30°, it
was observed that the grains were elongated and flattened
along the direction where the chips flowed out, and there
were very few small grains that were independent. When the
rake angle α was reduced to 15°, the elongated grains were
broken and separated into individual grains. *e grains were
finer and more uniform when the rake angle α was 20° and
30°, and the previous analysis showed that the surface
hardness was also the largest.

We changed the value of λ to examine its influence on
the strain (see C4 to C6 in Table 1).*e equivalent strain was
distributed in a strip shape, as seen in Figure 6. As λ in-
creased from 1.5 to 2.5, the maximum equivalent strains of
the second deformation region also increased from 1.71 to
2.35, but the gradient of the strain along the direction of the
chip thickness increased and the impact on the internal
structure of the chip became smaller and smaller. It can be
seen that the chip compression ratio was different, the chip
strip geometry obtained was also different, and the chip
strips with smaller λ was more slender.

*e influence of the chip compression ratio on the
equivalent strain of the strip shows that the chip com-
pression ratio was different, and the obtained chip mor-
phology would also have some differences. *rough the
LSEM experiment, the obtained inverse pole figure (IPF)
maps from EBSD of the pure copper chip strip micro-
structure are shown in Figure 6. It can be seen that when λ
was 1.5, the fibrous structure of the obtained pure copper
chip strips was very obvious, and the grain size was relatively
large. In the pure copper chip strips obtained when λwas 2.0,
the fibrous structure was also obvious, but the grain size was
reduced compared with 1.5.When λwas 2.5, the pure copper
chip strips had no obvious fibrous structure, and the grain
was already very small, indicating that there was a great
deformation inside the pure copper chip strips; the grains
were elongated and flattened, and most of them had been
broken into fine grains.

As can be seen from Figure 7, when the chip thickness
compression ratio λ increased, the grain size of the chip
strips decreased gradually, the coarse grains were slowly
disappeared, and the proportion of fine grains was greatly
increased. Combined with the results of the above simula-
tion analysis, the larger the λ, the larger the maximum
equivalent strain value, the stronger the deformation of the
pure copper chip strip, the better the grain-refining effect,
and the larger the surface hardness value.

Taking α as 20° and λ as 1.5, the uncut chip thicknesses
(t0) were 0.4mm, 0.6mm, and 0.8mm, respectively (see C7

Table 4: Factors and levels.

Parameter
Level

1 2 3
D: chip thickness compression ratio λ 2.5 1.5 2
E: tool rake angle α (°) 15 30 20
F: uncut chip thickness t0 (mm) 0.4 0.6 0.8

Table 5: Designed header of an orthogonal array.

Factor D E F
Column number 1 2 4
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to C9 in Table 1). As can be seen from Figure 8, the dis-
tribution characteristics of the equivalent strain were also in
the form of bands. When t0 increased from 0.4mm to
0.8mm, the maximum equivalent strains were 1.63, 1.71,
and 1.44, respectively, which appeared to increase �rst and
then decrease. �e maximum di�erence in the maximum
equivalent strain was only 0.27. Compared with the in�u-
ence of α and λ, the in�uence of t0 on the �eld variables is not
obvious, and there is no certain rule. It can be found that
when the uncut chip thicknesses were di�erent, the chip
strips had almost the same geometry and were relatively
slender.

3.3. Orthogonal Experiment with ANOVA. In this part, the
ANOVA method was used to reveal the main e�ects of the
selected parameters on the surface hardness of a LSEM strip.
�e meaning of D, E, and F is shown in Table 4. �e ex-
perimental results are not in�uenced by an empty column in
Table 7.

Table 7 shows the actual data of the surface hardness of
each processing parameter and the calculated value of the
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Figure 5: Grain size distribution under di�erent rake angles.

Table 6: Surface hardness value of the pure copper chip strips under di�erent rake angles, di�erent chip thickness compression ratios, and
di�erent uncut chip thicknesses.

Cutting condition C1 C2 C3 C4 C5 C6 C7 C8 C9
Surface hardness (HV) 133.69 112.18 110.89 112.18 117.70 136.15 130.47 112.18 130.93

RD

TD

10μm

α = 15° 3.08

2.69

2.31

1.92

1.54

1.15

0.769

0.385

0.000

Strain-
effective

(mm/mm)

(a)

RD

TD

10μm

1.71

1.50

1.28

1.07

0.857

0.642

0.428

0.000

0.214

Strain-
effective

(mm/mm)

α = 20°

(b)

RD

TD

10μm

001 101

111

1.52

1.33

1.14

0.949

0.759

0.569

0.379

0.190

0.000

Strain-
effective

(mm/mm)

α = 30°

(c)

Figure 4: Equivalent strain distribution and the inverse pole �gures (IPFs) under di�erent rake angles: (a) α� 15°; (b) α� 20°; (c) α� 30°.
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sum of the surface deviation of each factor. In this table, K
is the sum of the measured values for each level; k is
the surface of the sum of K1, K2, and K3; T is the sum of
all the measured values; R is the range di�erence; P is the

surface of the sum of squares of the measured values at each
level; and SS is the sum of square deviation. It can be seen
from the range value R in Table 7 that D had the greatest
in�uence on the surface hardness value of the chip strips,
followed by F, and �nally E.

�e ANOVA results of the surface hardness of the chip
strips are shown in Table 8. From the table, the sum of the
square deviation of E and F was smaller than that of D. �e
table also shows the F ratio and P value for each factor.
Comparing the P value with the con�dence coe¦cient of
0.05, it can be seen that D was a signi�cant in�uential factor
for the surface hardness of the chip strips, while E and F had
no signi�cant e�ect.�is shows that, in addition to D, E, and
F, other factors need to consider the impact of the surface
hardness of the chip strips such as lathe spindle speed and
the friction coe¦cient between the tool and the chip.

Since the index of this experiment was surface hardness,
the larger the value, the better the results, and thus, the
maximum value of K was selected, so the optimal level of
factor D was D1, the optimal level of factor E was E1, and the
optimal level of factor F was F1. Considering the in�uential
factors studied in this paper, the best parameter combination
for this test was D1E1F1, which means that λ was 2.5, α was
15°, and t0 was 0.4mm. �e surface hardness value of the
chip strips measured under the condition of this optimal
combination was 134.5 HV, the largest value in Table 7.

According to the ANOVA results, the surface hardness
of the chip strips was mainly determined by the chip

1.71

1.50

1.28

1.07

0.857

0.642

0.428

0.214

0.000
RD

TD

10μm

λ = 1.5
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(mm/mm)

(a)

2.02

1.76

1.51

1.26

1.01
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0.504

0.000

0.252
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(mm/mm)

λ = 2

(b)
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1.47
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0.882

0.588

0.294

0.000
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001 101
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Strain-
effective

(mm/mm)

λ = 2.5

(c)

Figure 6: Equivalent strain distribution and the inverse pole �gures (IPFs) under di�erent chip thickness compression ratios: (a) λ� 1.5;
(b) λ� 2; (c) λ� 2.5.
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Figure 7: Grain size distribution under di�erent chip thickness
compression ratios.
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thickness compression ratio, and the in�uence of the rake
angle and the chip thickness was small. �erefore, other
factors may be considered next for further study.

4. Conclusions

In summary, we achieved the following conclusions:

(i) A series of experiments was undertaken to study
the microstructure and surface hardness of the

chip strips prepared by LSEM under di�erent
parameters (e.g., α, λ, and t0). �e experimental
results showed that the surface hardness of the
chip strips increased greatly. As α was 20°, λ was
2.5, and t0 was 0.6 mm, the surface hardness
reached the maximum value of 136.13 HV. When
α and λ changed, the surface hardness of the chip
strips showed a certain change rule. While t0
increased from 0.4 mm to 0.8 mm, the surface

Strain-
effective

(mm/mm)
1.63

1.43

1.23

1.02

0.817

0.613

0.409

0.204

0.000

t0 = 0.4 mm

(a)

t0 = 0.6 mm

Strain-
effective

(mm/mm)
1.71

1.50

1.28

1.07

0.857

0.642

0.428

0.214

0.000

(b)

t0 = 0.8 mm

Strain-
effective

(mm/mm)
1.44

1.26

1.08

0.898

0.718

0.539

0.359

0.180

0.000

(c)

Figure 8: Equivalent strain distribution under di�erent uncut chip thicknesses.

Table 7: Experimental results for surface hardness.

No. D E Empty column F Surface hardness (HV)
1 1 1 1 1 134.5
2 1 2 2 2 127.0
3 1 3 3 3 122.2
4 2 1 2 3 114.2
5 2 2 3 1 118.2
6 2 3 1 2 112.2
7 3 1 3 2 114.6
8 3 2 1 3 117.6
9 3 3 2 1 117.3
K1 383.7 363.3 364.3 370.0 T�1077.8
K2 344.6 362.8 358.5 353.8 P� 129072.5
K3 349.5 351.7 355.0 354.0
K1 127.9 121.1 121.4 123.3
K2 114.9 120.9 119.5 117.9
K3 116.5 117.2 118.3 118.1
R 13.0 3.9 3.1 5.4
SS 302.5 28.7 14.7 57.6

Table 8: ANOVA analysis for surface hardness.

Source Sum of square Degree of freedom Mean square F ratio P value Signi�cance Optimal level
D 302.5 2 151.248 20.565 0.046 ∗ D1
E 28.7 2 14.334 1.949 0.339 — E1
F 57.6 2 28.804 3.917 0.203 — F1
Error 14.7 2 7.354 — — — —
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hardness value of the chip strips exhibited an
irregular change.

(ii) We established a FEM model to predict the strain
distribution of LSEM. In order to study the in-
teractive effects of large strain deformation on the
microstructure of the pure copper chip strips, the
correlation between the strain and machining pa-
rameters (e.g., α, λ, and t0) is necessary to be
considered. As α increased from 15° to 30°, the
maximum equivalent strain decreased from 3.08 to
1.52, while when λ increased from 1.5 to 2.5, the
maximum equivalent strain increased from 1.71 to
2.35. When t0 increased, there was no specific
change rule for equivalent strain and the maximum
equivalent strain. *is showed that processing pa-
rameters had different effects on the equivalent
strain.

(iii) *e experimental results showed that the grains of
the pure copper chip strips were greatly refined, and
most of them reached ultrafine grain scale. *e pure
copper chip strips obtained when α was 20° and 30°
can be seen to have obvious fibrous structure.
However, most of the pure copper chip strips ob-
tained at α� 15° had been broken into fine grains,
and the proportion of fibrous structure had greatly
been reduced. *e grain size of the chip strips in-
creased with the increase of α. *e texture direction
of the pure copper chip strips obtained at λ� 1.5 and
2.0 was very obvious, and the proportion of fibrous
structure was relatively large. However, when λ was
2.5, the pure copper chip strip structure had no
obvious texture direction, and the grain was already
very small. As λ increased, the grain size of the chip
strips became smaller.

(iv) *e ANOVA results showed that the chip thickness
compression ratio had the greatest effect on the
surface hardness value of the chip strips, followed by
the uncut chip thickness, and the rake angle had the
smallest influence. According to the P value, the
chip thickness compression ratio had a significant
effect on the surface hardness value of the chip
strips, while the uncut chip thickness and rake angle
were absent. *erefore, other factors may be con-
sidered next for further study.

Data Availability

*e hardness and EBSD data used to support the findings of
this study are included within the article.

Conflicts of Interest

*e authors declare that they have no conflicts of interest.

Acknowledgments

*is research was conducted under the support of the National
Nature Science Foundation of China (51375174), the Funda-
mental Research Funds for Central Universities (2017ZD024),

and the Natural Science Foundation of Guangdong Province
(S2013050014163 and 2017A030313260).

References

[1] R. Z. Valiev, R. K. Islamgaliev, and I. V. Alexandrov, “Bulk
nanostructured materials from severe plastic deformation,”
Progress in Materials Science, vol. 45, no. 2, pp. 103–189,
2000.

[2] V. M. Segal, V. I. Reznikov, A. E. Dobryshevshiy, and
V. I. Kopylov, “Plastic working of metals by simple shear,”
Russian Metallurgy, vol. 1, pp. 99–105, 1981.

[3] P. W. Bridgman, Studies in Large Plastic Flow and Fracture,
vol. 177, McGraw-Hill, New York, NY, USA, 1952.

[4] M. Richert, Q. Liu, andN. Hansen, “Microstructural evolution
over a large strain range in aluminium deformed by cyclic-
extrusion-compression,” Materials Science and Engineering:
A, vol. 260, no. 1-2, pp. 275–283, 1999.

[5] Y. Saito, H. Utsunomiya, N. Tsuji, and T. Sakai, “Novel ultra-
high straining process for bulk materials-development of the
accumulative roll-bonding (ARB) process,” Acta Materialia,
vol. 47, no. 2, pp. 579–583, 1999.

[6] W. Guo, Q. D. Wang, B. Ye et al., “Enhanced microstructure
homogeneity and mechanical properties of AZ31 magnesium
alloy by repetitive upsetting,” Materials Science and Engi-
neering: A, vol. 540, pp. 115–122, 2012.

[7] S. Swaminathan, M. Ravi Shankar, B. C. Rao et al., “Severe
plastic deformation (SPD) and nanostructured materials by
machining,” Journal of Materials Science, vol. 42, no. 5,
pp. 1529–1541, 2007.

[8] Y. Iwahashi, Z. Horita, M. Nemoto, and T. G. Langdon, “An
investigation of microstructural evolution during equal-
channel angular pressing,” Acta Materialia, vol. 45, no. 11,
pp. 4733–4741, 1997.

[9] M. Kanani, S. Sohrabi, R. Ebrahimi, and M. H. Paydar,
“Continuous and ultra-fine grained chip production with
large strain machining,” Journal of Materials Processing
Technology, vol. 214, no. 8, pp. 1777–1786, 2014.

[10] W. Moscoso, M. R. Shankar, J. B. Mann, W. D. Compton, and
S. Chandrasekar, “Bulk nanostructured materials by large
strain extrusion machining,” Journal of Materials Research,
vol. 22, no. 1, pp. 201–205, 2007.

[11] M. Efe, W. Moscoso, K. P. Trumble, W. Dale Compton, and
S. Chandrasekar, “Mechanics of large strain extrusion ma-
chining and application to deformation processing of mag-
nesium alloys,” Acta Materialia, vol. 60, no. 5, pp. 2031–2042,
2012.

[12] M. Sevier, H. T. Y. Yang, S. Lee, and S. Chandrasekar, “Severe
plastic deformation by machining characterized by finite el-
ement simulation,” Metallurgical and Materials Transactions
B, vol. 38, no. 6, pp. 927–938, 2007.

[13] M. Sevier, H. T. Y. Yang, W. Moscoso, and S. Chandrasekar,
“Analysis of severe plastic deformation by large strain ex-
trusion machining,”Metallurgical and Materials Transactions
A, vol. 39, no. 11, pp. 2645–2655, 2008.

[14] X. Bai, A. Kustas, S. Chandrasekar, and K. Trumble, “Large
strain extrusion machining on 6013 aluminum alloy,” in Light
Metals 2016, pp. 225–229, John Wiley & Sons, Hoboken, NJ,
USA, 2016.

[15] D. R. Klenosky, D. R. Johnson, and K. P. Trumble, “Appli-
cation of secondary shear effects in the extrusion machining
process to explore recrystallization mechanics during con-
ventional extrusion of 7050 aluminum,” in Light Metals 2016,
pp. 219–224, Springer, Berlin, Germany, 2016.

8 Advances in Materials Science and Engineering



[16] L. De Chiffre, “Extusion-cutting,” International Journal of
Machine Tool Design and Research, vol. 16, no. 2, pp. 137–144,
1976.

[17] L. De Chiffre, “Extrusion cutting of brass strips,” International
Journal of Machine Tool Design and Research, vol. 23, no. 2-3,
pp. 141–151, 1983.

[18] W. J. Deng, W. Xia, C. Li, and Y. Tang, “Formation of ultra-
fine grained materials by machining and the characteristics of
the deformation fields,” Journal of Materials Processing
Technology, vol. 209, no. 9, pp. 4521–4526, 2009.

[19] R. Bertolini, S. Bruschi, A. Ghiotti, L. Pezzato, and M. Dabalà,
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