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Abstract: Ultrafine grained (UFG) pure copper chips with improved material strength have been
successfully prepared by large strain extrusion machining (LSEM). However, the thermal stability
of the UFG chips has been a key characteristic that has restricted their use in practical applications.
To understand the influence of annealing temperature and annealing time on their microstructures
and mechanical properties, the UFG chips were subjected to isochronous and isothermal annealing
treatments as well as Vickers hardness tests in the present study. From the results, we found that the
UFG chips maintain high hardness when annealing at temperatures up to 160 ◦ C but begin to exhibit
a reduction in their hardness while the annealing temperature reached above 200 ◦ C. When annealed
at 280 ◦ C for 10–240 min, the grain size increased slightly and reached a stable value of 2 µm with an
increase in annealing time and with a decrease in the hardness of the chips. These results indicated
that UFG pure copper chips have good thermal stability at temperatures below 160 ◦ C.
Keywords: thermal stability; large strain extrusion machining; pure copper; ultrafine grained material

1. Introduction
Compared with traditional coarse polycrystalline materials, ultrafine grained (UFG) materials
and nanocrystalline materials (NCMs) exhibit better physical, mechanical, and chemical properties
due to their high density of defects and large volume percentage of grain boundary [1,2]. Hence,
their preparation methods have become a hot topic in various fields. Among these methods, severe
plastic deformation (SPD) has been increasingly valued by researchers, who have developed a variety
of SPD processes [3]. The most commonly used processing methods include twist extrusion (TE) [4],
high pressure torsion (HPT) [5], accumulative roll bonding (ARB) [6,7], and equal channel angular
pressing (ECAP) [8,9].
With further progression of research, machining has been used to prepare NCMs and UFG
materials, with this method being suitable for producing nanocrystalline chips of strong alloys and
metals [10,11]. However, the obtained chips all had different sizes and extremely irregular shapes,
which made it difficult to subsequently process and use these chips. On the basis of retaining and
even enhancing the ability of severe plastic deformation in traditional cutting, a potential process,
namely, large strain extrusion machining (LSEM), was proposed for the preparation of NCMs and
UFG materials by Iglesias [12,13] and Moscoso [14], who learned from Cliffre’s “extrusion cutting”
idea [15,16]. The working principle of LSEM is shown in Figure 1.
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Figure 1. Large strain extrusion machining (LSEM) process.

Figure 1. Large strain extrusion machining (LSEM) process.
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practice, which can cause a loss of their excellent properties. Therefore, it is important to study the
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thermodynamic behavior of the chips prepared by LSEM. In the study of thermal stability in LSEM,
the annealing treatments of aluminum 6061 alloy and AISI1020 LSEM chips were carried out in a wide
temperature range [20,21], while the performance and microstructure of the alloys were observed
before and after annealing. However, there is still a lack of systematic research that focuses on copper,
which is widely used in industries and daily life due to its excellent electrical conductivity, thermal
conductivity, and chemical stability. In recent years, the thermal stability of materials prepared by
different methods have been studied [22–26]. Gubicza et al. [22] analyzed Cu samples that were
processed by 15 passes of TE, 20 cycles of multi-directional forging (MDF), 25 passes of ECAP, and 25
revolutions of HPT at room temperature, before studying the thermal stability of these samples at room
and high temperatures. They found that the microstructures produced by MDF or TE were more stable
than those obtained by ECAP or HPT. Abib et al. [24] investigated the thermal stability of a Cu-Cr-Zr
alloy processed by ECAP pressing for up to 16 passes using isochronal annealing treatments from
250 to 850 ◦ C for 1 h and found that the recrystallized grain size was stable between 250 ◦ C and
500 ◦ C, before increasing quickly with an achieved mean grain size of around 5.5 µm. Čížek et al. [25]
prepared UFG copper by HPT and studied its thermal stability through positron lifetime spectroscopy.
They found that the microstructure had no significant change when the temperature was below 150 ◦ C,
while abnormal grain growth took place as the temperature increased to 150 ◦ C.
In this present work, the thermal stability of the UFG chips prepared by LSEM was experimentally
analyzed, while the microstructure evolution was characterized by electron backscattered diffraction
(EBSD). This study is designed to enrich the research on the thermodynamic behavior of UFG materials
prepared by LSEM, to clarify the application range, and to promote further studies on LSEM.
2. Materials and Methods
2.1. Preparation of UFG Copper
The experimental material used in this study was commercial pure copper, which was in the form
of a circular tube with an external diameter of 70 mm, an internal diameter of 60 mm, and a length of
200 mm. This material had a melting point of 1083 ◦ C and a relative density of 8.96 g/cm3 , with the
specific chemical composition shown in Table 1.
Table 1. The chemical composition of pure copper (wt %).
Cu

Zn

P

Ni

Bi

Sn

Sb

As

O

Pb

Fe

99.95

0.005

0.002

0.002

0.002

0.002

0.002

0.001

0.001

0.001

0.001

S
0.0013

The chips were prepared by LSEM; the experimental setup is shown in Figure 2. The combined
cutting tool with a rake angle α of 10◦ was made of high-speed steel and manufactured by wire
electrode cutting. During the LSEM process, the workpiece should be rotated slowly and steadily
to avoid excess heat generation. The main cutting work is performed by the cutting tool, while the
extrusion channel is formed by the cutting tool and the constraining tool. This channel can control the
geometry of chips and make the strain more severe and uniform by extruding the chips. Strip-shaped
chips with a specific length of approximately 40–50 mm can be successfully produced. Due to the
friction between the rake face and the chip, the width of the surface next to the rake face is slightly
wider than that next to the constraining tool. The chip compression ratio, which is another important
parameter of LSEM, can be controlled by adjusting the undeformed chip thickness t0 and the chip
thickness tc . All of the LSEM experiments were carried out on a universal lathe C6140A (Guangzhou
Machine Tool Works Co., Ltd., Guangdong, China), which can have a rotation speed as slow as 25 r/min
and can be adjusted across a wide range, while machining oil SAE-30 (Exxon Mobil Corporation,
Irving, TX, USA) was used as the lubricant and coolant. In addition, the rest of the cutting parameters
were as follows: the undeformed chip thickness t0 was 0.8 mm, the chip thickness tc was 1.2 mm,
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the chip compression ratio λ was 1.5, the cutting speed Vc was 92 mm/s, the relief angle β was 5◦ and
the depth
of cutting a was 5.0 mm.
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1
2
3
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Initial
temperature
Room temperature
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Table 3. Isothermal annealing treatment
parameters.
Target temperature
280 ℃
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10 min
30 min
120 min
Sample Number

1

2

3

240 min
4

All annealing Initial
treatments
were carried out in Room
the vacuum
atmosphere sintering furnace
temperature
temperature
Temperature
rising ratefor Materials & Equipments
10 ◦ C/min
HMZ1700-30 (Advanced
Corporation
Co., Ltd., Changsha, China). The
280 temperature control program was
temperature ratingTarget
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furnace was up to 1500 °C, and the
Holding time

10 min

30 min

120 min
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All annealing treatments were carried out in the vacuum atmosphere sintering furnace
HMZ1700-30 (Advanced Corporation for Materials & Equipments Co., Ltd., Changsha, China).
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The temperature rating of the furnace was up to 1500 ◦ C, and the temperature control program
was reliable with a temperature control accuracy of ±1 ◦ C. All heat treatment experiments were
carried out under a nitrogen atmosphere to avoid the oxidation of the chips.
2.3. Characterization Methods of Microstructure and Hardness Test
The microstructure evolutions of pure copper after LSEM and annealing treatments were observed
by a field emission scanning electron microscope NOVA NANOSEM 430 (Oxford Instruments,
Abingdon, UK). After this, we used the AZtec EBSD system (Oxford Instruments, Abingdon, UK)
and the dataMetals
analysis
software
HKL-Channel5 (Oxford Instruments, Abingdon, UK)
2018, 8, x FOR
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Figure 4. Microstructure of ultrafine grained (UFG) chips prepared by LSEM: (a) the inverse pole figure
figure (IPF); (b) the recrystallization fraction.
(IPF); (b) the recrystallization fraction.

The hardness tests show that the Vickers hardness of pure copper significantly improved. The
The hardness tests show that the Vickers hardness of pure copper significantly improved.
Vickers hardness value of the UFG chips was 146 HV, while the Vickers hardness value of the pure
The Vickers hardness value of the UFG chips was 146 HV, while the Vickers hardness value of
copper raw material was 85 HV.
the pure copper raw material was 85 HV.
3.2. Effect of Annealing Temperature
3.2. Effect of Annealing Temperature
The annealing treatments of the UFG chips were conducted at different temperatures, including
The annealing treatments of the UFG chips were conducted at different temperatures, including
160, 200, 240, 280, 320, and 360 °C◦ for an annealing time of 1 h. Figure 5 shows the average grain sizes
160, 200, 240, 280, 320, and 360 C for an annealing time of 1 h. Figure 5 shows the average grain
of the UFG chips in different annealing temperatures. It can be seen that, compared with the UFG
sizes of the UFG chips in different annealing temperatures. It can be seen that, compared with the
chips without heat treatment, the grain size of the chips remained stable at 0.789 µm when annealing
UFG chips without heat treatment, the grain size of the chips remained stable at 0.789 µm when
at 160 °C. When annealing at 160–280 °C, the grain size of the chips increased rapidly with an increase
annealing at 160 ◦ C. When annealing at 160–280 ◦ C, the grain size of the chips increased rapidly with
in the annealing temperature and the average grain size of the chips reached 2.14 μm when the
an increase in the annealing temperature and the average grain size of the chips reached 2.14 µm
temperature reached 280 ℃. Thereafter, the temperature was further increased to 320 °C and 360 °C,
when the temperature reached 280 ◦ C. Thereafter, the temperature was further increased to 320 ◦ C and
with the grain size growing to 3.6 μm and 4.0 μm, respectively.
360 ◦ C, with the grain size growing to 3.6 µm and 4.0 µm, respectively.
Figure 6 shows the inverse pole figure (IPF) maps from EBSD describing the microstructures of
Figure 6 shows the inverse pole figure (IPF) maps from EBSD describing the microstructures of
the UFG chips processed by LSEM and annealed at different temperatures. It can be seen that the
the UFG chips processed by LSEM and annealed at different temperatures. It can be seen that the
microstructure of the chips annealed at 160 °C was not significantly changed compared to the UFG
microstructure of the chips annealed at 160 ◦ C was not significantly changed compared to the UFG
chips without heat treatment. The equiaxed grains with an average grain size of 1.45 μm gradually
chips without heat treatment. The equiaxed grains with an average grain size of 1.45 µm gradually
replaced the fine equiaxed grains, as shown in Figure 6b. With an increase in annealing temperature,
replaced the fine equiaxed grains, as shown in Figure 6b. With an increase in annealing temperature,
the equiaxed grains became larger, as shown in Figure 6c. When the temperature reached 280 °C, the
the equiaxed grains became larger, as shown in Figure 6c. When the temperature reached 280 ◦ C,
larger equiaxed grains started to form by annexing the fine equiaxed grains, which is shown in Figure
the larger equiaxed grains started to form by annexing the fine equiaxed grains, which is shown in
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The inverse pole figure (IPF) maps of the UFG chips prepared by LSEM are shown in Figure 10.
After annealing at 280 °C for 10 min, the microstructure of the chips changed obviously as the fine
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The recrystallization fraction of the UFG chips annealed for different times is shown in Figure
The recrystallization fraction of the UFG chips annealed for different times is shown in Figure 11.
11. As shown in the figure, after annealing at 280
°C for 10 min, the deformed grains had already
As shown in the figure, after annealing at 280 ◦ C for 10 min, the deformed grains had already
disappeared and the proportion of subgrains decreased significantly, while a large number of
disappeared and the proportion of subgrains decreased significantly, while a large number of
recrystallized grains appeared. With a prolonged annealing time, the proportion of subgrains
recrystallized grains appeared. With a prolonged annealing time, the proportion of subgrains
continued to fall and the number of recrystallization structure continuously increased. According to
continued to fall and the number of recrystallization structure continuously increased. According to
the recrystallization fraction, it can be roughly estimated that the UFG chips had already
the recrystallization fraction, it can be roughly estimated that the UFG chips had already recrystallized
recrystallized after annealing at 280 °C for 10 min, before the recrystallization process was carried out
after annealing at 280 ◦ C for 10 min, before the recrystallization process was carried out to completion.
to completion.
The Vickers hardness values and the recrystallization fractions of the UFG chips annealed at
The Vickers hardness values and the recrystallization fractions of the UFG chips annealed at
◦
280 C for different times are shown in Figure 12. After annealing at 280 ◦ C for 10, 30, 120, and 240 min,
280 °C for different times are shown in Figure 12. After annealing at 280 °C for 10, 30, 120, and 240
the Vickers hardness values of the UFG chips were 75, 73, 71, and 70 HV and the recrystallization
min, the Vickers hardness values of the UFG chips were 75, 73, 71, and 70 HV and the recrystallization
fractions were 90%, 92%, 95%, and 96%, respectively. Compared with the chips before the annealing
fractions were 90%, 92%, 95%, and 96%, respectively. Compared with the chips before the annealing
treatment, it can be clearly seen that the recrystallization fraction rose and the Vickers hardness value
treatment, it can be clearly seen that the recrystallization fraction rose and the Vickers hardness value
suddenly dropped. Hereafter, the recrystallization fraction slightly changed and the Vickers hardness
suddenly dropped. Hereafter, the recrystallization fraction slightly changed and the Vickers hardness
value exhibited a small decrease with the increase in annealing time.
value exhibited a small decrease with the increase in annealing time.
According to the consequences of the experiments above, it can be said that the UFG chips
According to the consequences of the experiments above, it can be said that the UFG chips
prepared by LSEM already started to recrystallize, before the recrystallization process was completed
prepared by LSEM already started to recrystallize, before the recrystallization process was completed
along with the increase in the annealing time. Therefore, there was a large quantity of new
along with the increase in the annealing time. Therefore, there was a large quantity of new
dislocation-free equiaxed grains in large deformation regions after annealing for 10 min. These grains
dislocation-free equiaxed grains in large deformation regions after annealing for 10 min. These grains
grow by annexing surrounding deformed grains and they do not completely recrystallize because
grow by annexing surrounding deformed grains and they do not completely recrystallize because
the time is relatively short. When the annealing time is extended to 30 min, the nucleation and grain
the time is relatively short. When the annealing time is extended to 30 min, the nucleation and grain
growth during recrystallization are more sufficient and the recrystallization is nearly completed.
With a further increase in the annealing time, the grain size increases slightly and the grain growth
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4. Conclusions
4. Conclusions
4. Conclusions
In this study, the LSEM process using a combined cutting tool with a rake angle of 10° and a
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temperatures
fordrawn.
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1. Compared to pure copper raw materials, the UFG chips prepared by LSEM are greatly refined.
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During the LSEM process, due to the shearing and friction introduced by the combined cutting
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the thermal stability of the UFG chips, a series of annealing treatments was carried out at different
temperatures for different periods of time. Based on the above discussions and analysis, the following
conclusions are drawn.
1.

2.

3.

Compared to pure copper raw materials, the UFG chips prepared by LSEM are greatly refined.
During the LSEM process, due to the shearing and friction introduced by the combined cutting
tool, the coarse equiaxed structures are transformed into fine equiaxed structures with the grain
size being refined from 100 µm to 0.3–0.7 µm. Furthermore, the Vickers hardness value of the
chips is significantly increased because of the grain size reduction.
Annealing temperature has an important impact on the microstructure and hardness of the UFG
chips. As the temperature rises, recrystallized grains gradually replace deformed grains and
subgrains. With this increase in the grain size, the Vickers hardness value experiences a slight
decrease, a sharp drop, and then a relatively slow decline. The UFG chips can maintain high
hardness when annealing at temperatures up to 160 ◦ C, although the hardness starts to be reduced
when the temperature reaches above 200 ◦ C.
When annealing at 280 ◦ C, the chips start to recrystallize quickly. After holding the temperature
for 10 min, most grains have already had a recrystallized structure. Almost all new dislocation-free
equiaxed grains are formed, while the grain size reaches 1.85 µm at this time. With a prolonged
incubation time, the microstructure of the chips becomes more uniform, the grain size reaches
a stable level around 2 µm, and the Vickers hardness value reaches a stable value around 70 HV.
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