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This study researched how Ce addition affects the microstructure and mechanical behavior of Cu-Fe-Ti-Mg
alloys during hot compression. A thermal deformation simulation machine was used to study the hot
compression process at 0.001-10 s21 strain rates and 500-950 �C deformation temperatures. The true
stress–strain curves and constitutive equations were obtained for the two alloys. Based on the electron
backscatter diffraction analysis, the addition of Ce can improve the dislocation density and texture strength
of the Cu-Fe-Ti-Mg alloy. The microstructure and precipitates of the Cu-Fe-Ti-Mg-Ce alloy were also
analyzed. The average grain size of the Cu-Fe-Ti-Mg-Ce alloy is smaller than the Cu-Fe-Ti-Mg alloy. The
addition of Ce delayed dynamic recrystallization. These findings provide a theoretical foundation for
understanding the Ce addition effects on the hot deformation behavior of the Cu-Fe-Ti-Mg alloy, serving as
a reference for industrial manufacturing of the alloy.
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1. Introduction

Due to their high strength, electrical conductivity, corrosion
resistance, and thermal conductivity, copper alloys are com-
monly used in aircraft, marine applications, and lead frames
(Ref 1-5). With the miniaturization of electronic devices, the
performance of copper alloys needs to be improved. For
example, the power consumption of the lead frame of an
integrated circuit increases exponentially with decreasing size,
requiring not only great heat dissipation but also good tensile
strength and overall mechanical properties. At present, the
common way to improve the mechanical properties of copper-
based materials is to add alloying elements, such as iron,

phosphorus, magnesium, chromium, and zinc. The addition of
Fe to Cu can refine the grain, while the addition of Ti can
improve the strength and wear resistance of the alloy, and the
addition of a certain amount of Mg can improve the electrical
conductivity of the alloy. For example, Cu-Fe-P and Cu-Cr-Zr
alloys are used for lead frames (Ref 6, 7), while Cu-Mg and Cu-
Sn alloys are used for railway contact wires (Ref 8, 9).
Therefore, according to the phase diagrams, Cu-0.7Fe-0.35Ti-
0.08Mg and Cu-0.7Fe-0.35Ti-0.08Mg-0.15Ce alloys were
designed. It is expected that the Fe2Ti phase can be precipitated
to obtain high performance.

Shi et al. (Ref 10) prepared the Cu-Fe alloy and found fine
dispersed iron nanoparticles coherent with the copper matrix.
Lu et al. (Ref 11) found that the addition of trace amounts of B
and Ce greatly increased the recrystallization temperature of the
Cu-Fe-P alloy, resulting in excellent overall properties. Wang
et al. (Ref 12) studied the effects of Ce and Y elements on the
microstructure and secondary phases precipitation in the Cu-
Mg-Fe alloy during hot compression and found that adding Ce
could significantly improve the flow stress and activation
energy of the alloy, and delay the dynamic recrystallization
(DRX). Li et al. (Ref 13) found that strain hardening, recovery,
and fine grain strengthening at different temperatures improved
the plastic deformation behavior of the Cu-8.0Ni-1.8Si-0.15Mg
alloy. Zhang et al. (Ref 14) found that the presence of iron-rich
particles nails dislocations, thus increasing the activation
energy and flow stress of the Cu-Fe-P alloy, refining recrys-
tallized grains. Zhao et al. (Ref 15) studied Cu-15Ni-8Sn alloys
and added Ti and Si, resulting in better strength and ductility.
Ban et al. (Ref 16) found that adding Cr to Cu-Ni-Co-Si alloy
can promote secondary phase precipitation and refinement,
improving activation energy for thermal deformation. Geng
et al. (Ref 17, 18) studied the effects of Ti and Ce on
rheological stress and activation energy during the thermal
deformation of the Cu-Co-Si-Ti alloys. It was discovered that
Ti and Ce can impede grain boundary migration and are
deleterious to recrystallization nucleation. Yang et al. (Ref 19)
demonstrated that trace Y element can raise the hot deformation
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activation energy of Cu-Co-Si alloys, as well as promote
dynamic recrystallization and refine grains.

To date, there has been limited research regarding the
influence of Ce on the flow stress and microstructure evolution
in Cu-Fe-Ti-Mg alloys deformed at high temperatures and
strain rates. Since the thermal deformation of materials is the
foundation of thermal processing, it is commonly utilized to
improve the properties of alloys (Ref 20). As a result, the
influence of Ce on the hot compression behavior of Cu-Fe-Ti-
Mg alloy at high temperatures and high strain rates was
explored using a hot compression test in this work. The
Gleeble-1500D thermal deformation simulation equipment was
used to conduct hot deformation simulation tests. The strain
rates were 0.001, 0.01, 0.1, 1, and 10 s�1, and the deformation
temperatures were 500, 600, 700, 800, and 950 �C. The stress–
strain curves of the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys
were obtained, the maximum stress values were measured, and
constitutive equations were established. The alloys� microstruc-
ture changes as a result of deformation temperature and strain
rate are discussed. JSM-7800F field emission transmission
electron microscope (TEM) and JEM-2100 high-resolution
TEM were used to examine the hot-compressed samples and
collect the electron backscatter diffraction (EBSD) data.
Analysis was performed regarding the impact of Ce addition
on the Cu-Fe-Ti-Mg alloy�s microstructure development and
thermal activation energy.

2. Experimental Details

The chemical compositions of Cu-Fe-Ti-Mg and Cu-Fe-Ti-
Mg-Ce alloys are listed in Table 1. The Cu-Fe-Ti-Mg and Cu-
Fe-Ti-Mg-Ce alloys were vacuum smelted from 99% elec-
trolytic copper, pure Fe, Ti, Mg, and Ce in a ZG-0.01 vacuum
induction furnace. The temperature was increased to 1200 �C
for smelting in a graphite crucible. To keep the crucible dry
before smelting, it was heated to 200 �C. The graphite crucible
was 180 mm high with an 80 mm inner diameter and 10 kg
melting capacity. Argon gas was purged during processing. To
prevent alloy spillage during smelting, the largest melting
capacity was limited to 8.5 kg. First, pure copper was placed
into a vacuum induction furnace and melted, and then other
metals were added. The temperature range for the test pour was
between 1120 and 1180 �C. Finally, the heated mold was filled
with the molten metal and left to cool. The ingot was cleaned
from the surface oxide and flash, subsequently homogenized
and annealed at 950 �C in a vacuum furnace for 4 h and then
cooled with the furnace. The annealed ingot was cut into
U8 9 12 mm cylinders and a small U1 9 2 mm hole was
made in the center of the specimens to fit a thermocouple. After
the preparation work was completed, constant strain rate hot
compression tests were performed using the Gleeble-1500D hot

deformation simulation tester. The strain rate was in the 0.001-
10 s�1 range, and the deformation temperature was 500-
950 �C. This procedure involved heating the samples to the
desired temperature at a 20 �C/s rate and held for 6 min to
obtain uniform temperature distribution for uniaxial compres-
sion. The samples were compressed to 55% strain. The samples
were immediately removed and water-cooled after the com-
pression process was completed.

After compression testing, the microstructure of the Cu-Fe-
Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys was examined. The samples
were sliced perpendicular to the compression axis and etched in
12 mL HCl, 5 g FeCl3, and 85 mL absolute ethanol solution.
The metallographic samples were examined using a GX-7A
optical microscope. After mechanical and electrolytic polish-
ing, EBSD images were captured using a scanning electron
microscope operated at 25 kV. EBSD data were analyzed using
Transmission Channel 5 and OIM software. The samples were
polished with sandpaper to a 70 lm thickness. They were
further thinned with a precision ion polishing system to prepare
TEM samples.

3. Results

3.1 Flow Stress Analysis

The true stress–strain curves of the Cu-Fe-Ti-Mg and Cu-
Fe-Ti-Mg-Ce alloys deformed under various conditions are
shown in Fig. 1. Work hardening and dynamic recrystallization
are considered to be the main features of alloy thermal
deformation (Ref 12, 21, 22). Stress–strain curve changes can
generally be grouped into three types. At the initial stage of
plastic deformation, as the strain increases, dislocation density
increases, forming entanglements and substructures, leading to
strain hardening. In another type, the number of dislocations
increases exponentially with strain, but no hardening occurs,
and the stress–strain curve flattens due to the annihilation of
dislocations and dislocation nodes, and subsequent encounter
and cancellation of the dissimilar sign dislocations on the new
slip surfaces. The curve first rises to the highest stress value and
then plateaus. Dynamic softening occurs in the third type when
the flow stress increases with strain due to faster recrystalliza-
tion. Work hardening is often defined as a rapid increase in the
flow stress to a peak value during plastic deformation. The
material�s strength has now increased significantly, but its
flexibility has reduced, and residual internal stresses have been
formed within the material. Furthermore, the strain rate and
deformation temperature have a substantial impact on the
deformation resistance (Ref 23-25). Let us consider the Cu-Fe-
Ti-Mg alloy as an example. At a strain rate of 0.01 s�1 and a
temperature increase from 500 to 950 �C, the alloy�s maximum
stress reduces from 198.5 to 23.8 MPa. This is because when

Table 1 The nominal and analyzed composition of the alloys

Nominal composition, wt.%

Analyzed composition, wt.%

Fe Ti Mg Ce Cu

Cu-0.7Fe-0.35Ti-0.08Mg 0.687 0.279 0.061 … Bal.
Cu-0.7Fe-0.35Ti-0.08Mg-0.15Ce 0.670 0.293 0.056 0.076 Bal.
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the temperature rises, the average kinetic energy of the atoms
rises as well, lowering the critical stress for the slip of the
deformed alloy and allowing for dislocation slip and climb as
well as thermal dispersion. As a result, raising the deformation
temperature promotes the development of distortion-free
equiaxed grains (Ref 26). Furthermore, Ce raises the flow
stress of the Cu-Fe-Ti-Mg alloy by 17%. This suggests that Ce
slows the recrystallization process (Ref 27).

By comparing the flow stress of the two alloys deformed at
600 �C it was found that the flow stress of the Cu-Fe-Ti-Mg-Ce
alloy was significantly higher than the Cu-Fe-Ti-Mg alloy. This
is because the addition of Ce can generate oxides, which inhibit

dislocation movement and lead to the pinning of grain
boundaries, and motivate the precipitation of the secondary
phase. Finally, the deformation resistance of the Cu-Fe-Ti-Mg-
Ce alloy increases. Geng et al. (Ref 28) also agrees with this
point of view.

3.2 Constitutive Equations

The atoms undergo tremendous thermal motion during the
plastic deformation of a metal, which requires the atoms to
exceed an energy ‘‘threshold’’, and the needed energy is known
as the deformation activation energy. Thermal activation energy

Fig. 1 True stress-true strain curves of the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys deformed at different temperatures and strain rates: (a)
0.001 s�1, (b) 0.01 s�1, (c) 0.1 s�1, (d) 1 s�1, (e) 10 s�1, (f) 950 �C
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is a significant parameter to evaluate the thermal workability of
metals. According to the true stress-true strain curves, the
hyperbolic sine model was introduced to establish the defor-
mation constitutive equations of the Cu-Fe-Ti-Mg and Cu-Fe-
Ti-Mg-Ce alloys.

The Sellars and Mctegart (Ref 29) principal structure
equation is a popular tool for predicting and analyzing the
relationship between the peak stress r, deformation temperature
T, and the strain rate _e during thermal deformation (Ref 30).
The corresponding equations are:

_e ¼ A sinh arð Þnexp � Q

RT

� �� �
For allð Þ ðEq 1Þ

_e ¼ A1r
n1 exp � Q

RT

� �
For ar< 0:8ð Þ ðEq 2Þ

_e ¼ A2 exp brð Þ exp � Q

RT

� �
For ar> 1:2ð Þ ðEq 3Þ

Z ¼ _eexp
Q

RT

� �
¼ A sinh arð Þ½ �n ðEq 4Þ

In the above formulas, R is the universal gas constant
(R = 8.31 J mol�1 K�1), r is the peak stress, Q is the
deformation activation energy, A, A1, A2, n1, and a are
constants, Z is the self-diffusion activation energy of dislocation
slip and climb to form the lattice.

It should be pointed out that a steady state is difficult to
achieve at high strain rates. As a result, the strain rate at low
and high stress levels can be represented using Eq 2 and 3. As
indicated in Eq 4, the influence of temperature and strain rate
on the flow stress is specified by the Zener–Hollomon
parameter (Ref 31-33). Taking the natural logarithms of both
sides of Eq 1, 2 and 3 yields:

ln _e ¼ n ln½sinh arð Þ� � Q

RT
þ lnA ðEq 5Þ

ln _e ¼ n1 lnrþ lnA1 �
Q

RT
ðEq 6Þ

ln _e ¼ brþ lnA2 �
Q

RT
ðEq 7Þ

In these formulas, n1 is obtained from the mean of the slopes
in Fig. 2(a), and b is the average slope in Fig. 2(b). Taking the
Cu-Fe-Ti-Mg-Ce alloy as an example, n1 = 17.305, b = 0.176,
and a = b/n1 = 0.01. The partial derivative of Eq 1 can be
calculated by keeping the temperature T and the strain rate
constant:

Q ¼ R
@ ln _e

@ ln sinh arð Þ½ �

� �
T

@ ln sinh arð Þ½ �
@ 1=Tð Þ

� �
¼ RnS ðEq 8Þ

here n is the strain-hardening exponent, and S is a constant. The
mean value of n is obtained from the slopes in Fig. 2(c), and S
is obtained from the slopes in Fig. 2(d):n = 11.135, S = 5.217.
Q = 482.9 kJ/mol. Taking the natural logarithm of both sides
of Eq 4 yields:

ln Z ¼ lnAþ n ln sinh arð Þð Þ½ � ðEq 9Þ

ln A is the intercept in Fig. 2(e), and A = 55.34. The
constitutive equation of the Cu-Fe-Ti-Mg-Ce alloy can be
expressed as:

_e ¼ e55:34 sinh 0:01rð Þ½ �11:135exp � 482; 900

8:314T

� �
ðEq 10Þ

Similarly, the thermal activation energy and constitutive
equation for the Cu-Fe-Ti-Mg alloy, using Q = RnS = 8.31 9
12.7 9 4.28 = 452 kJ/mol, can be represented as:

_e ¼ e54:84 sinh 0:008rð Þ½ �12:731exp � 452; 000

8:314T

� �
ðEq 11Þ

It may be concluded that the activation energy of these two
materials is greater than pure copper (200 kJ/mol) and Cu-
0.4Mg-0.15Ce alloy (255.253 kJ/mol). For pure copper and
different alloys, the copper and other alloying element contents
are closely associated with strengthening mechanisms such as
precipitation and solid solution strengthening. Changes in
alloying elements content influence flow stress, which in turn
influences the Q value. In addition, the activation energy of the
Cu-Fe-Ti-Mg-Ce alloy is 6.8% higher than the Cu-Fe-Ti-Mg
alloy. Rare earth elements can encourage the precipitation of
compounds, which is the cause of this phenomenon. The
threshold stress brought on by precipitates lowers the energy
needed for thermal deformation and has higher activation
energy (Ref 34).

3.3 Microstructure Evolution

Figure 3 shows the microstructure of the Cu-Fe-Ti-Mg and
Cu-Fe-Ti-Mg-Ce alloys deformed under different conditions.
Figure 3(a) and (c) illustrates the microstructure of the Cu-Fe-
Ti-Mg alloys deformed at the same temperature but at different
strain rates. The results show that the grains may be growing at
this temperature. By comparing the grain sizes of the two alloys
in Fig. 3(a) and (c), it can be seen that the high strain rate
shortens the hot deformation time of the alloy, and the
recrystallized grains have no time to grow. This suggests that
the grains can be successfully refined at a high strain rate. The
elongated band spreads from the grain border to the interior of
the grain and the grain size increases gradually as a result of the
drop in the strain rate and rise in temperature. The microstruc-
ture of the Cu-Fe-Ti-Mg-Ce alloy deformed at the same
temperature but various strain rates is shown in Fig. 3(b) and
(d). Shear bands can be observed in Fig. 3(b), where the grain
boundaries become blurred, and the grains elongate along the
deformation direction. This means that the presence of strain-
gathering regions can lead to stress concentrations and result in
work hardening, and consequently, a rapid rise in the flow stress.
In their investigation of the hot deformation of Cu-Ni-Si-Cr-Mg
alloy, Blaz et al. (Ref 35) discovered that the OLYMPUS PMG3
optical microscope can be used to view the uneven precipitation
in the shear zone. The reason for this is that the confined flow
increases the coarsening of the precipitates in the shear zone,
whereas dynamically coarsened particles cause local matrix
softening. In addition, shearing of the material at large strains
causes voids to grow and the specimen to fracture. Dynamic
recrystallization (Ref 36) is characterized by the steady replace-
ment of distorted grains with fresh equiaxed grains with no
distortion, as demonstrated in Fig. 3(d), which shows the
creation of fine equiaxed grains without deformation. In places
of significant distortion, dynamic recrystallization preferentially
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creates new distortion-free grain cores and gradually consumes
the surrounding deformed matrix. Work-hardening processes
are thereby prevented, and stresses are decreased. By comparing
the microstructure of the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce
alloys deformed at 950 �C and 10 s�1 strain rate, it is clear that
there are still no distorted grains in the Cu-Fe-Ti-Mg-Ce alloy
structure, while the Cu-Fe-Ti-Mg alloy structure has already
been completely coarsened. As a consequence, adding Ce
significantly delays dynamic recrystallization and refines the
grains.

3.4 EBSD Analysis

EBSD was utilized to determine the grain size and shape, as
well as crystal orientation (Ref 37, 38). Field emission scanning
electron microscopy was used to explore the micro-regional
weaving, grain size, and orientation relationships of alloys
following hot deformation. Figure 4 depicts EBSD images of
the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys deformed under
the same conditions. The addition of Ce entirely changed the
deformation organization into new, distortion-free fine equiaxed
grains and slowed grain growth.

Fig. 2 Relationships between: (a) ln(strain rate) and ln r; (b) ln(strain rate) and r; (c) ln(strain rate) and ln[sinh(ar)]; (d) ln[sinh(ar)] and
1000/T; (e) lnZ and ln[sinh(ar)]
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It is well known that the degree of interfacial migration and
deformation is critical in DRX during hot deformation (Ref 39).
Furthermore, the sliding and ascent of dislocations are related
to the migration of DRX grain borders and grain growth. As a
result, the dislocation density near grain boundaries of the Cu-
Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys must be investigated.
The geometrically necessary dislocation density is related to
local dislocations as in (Ref 40, 41):

qGND ¼ 2h
lb

ðEq 12Þ

here h is the average local misorientation angle in radians, l is
the scan step size (1 lm, converted to m in calculations), qGND

is the geometrically necessary dislocation (GND) density in
m�2, and b is the 2.55 nm Burger vector, converted to m in
calculations. 3� is designated as the critical angle for the
average local misorientation value. Since misorientation angles

greater than this amount are created by grain boundaries rather
than GND accumulation, they are not taken into account in the
local dislocation density computations (Ref 17).

Figure 5(a) and (b) shows the dislocation density of the Cu-
Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys deformed at 950 �C and
10 s�1 strain rate. The areas with high dislocation density are
shown in red, while the low dislocation density areas are
marked in blue. It can be found that the GND density of the Cu-
Fe-Ti-Mg alloy is 2.7 9 1015 m�2, while the GND of the Cu-
Fe-Ti-Mg-Ce alloy is 4 9 1015 m�2. Under high temperature
and high strain rate deformation conditions, the Cu-Fe-Ti-Mg
alloy with added Ce has a higher dislocation density, implying
that the lattice distortion energy inside the crystal is greater,
resulting in the material being in a thermodynamically unsta-
ble high free energy state, implying that Ce delays the alloy�s
recrystallization process. This is because the dislocations stored
at grain boundaries and crystal defects provide a certain driving
force for the nucleation of recrystallized grains, and the result

Fig. 3 The microstructure of the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys under different hot deformation conditions: (a) Cu-Fe-Ti-Mg alloy
deformed at 950 �C and 0.01 s�1, (b) Cu-Fe-Ti-Mg-Ce alloy deformed at 950 �C and 0.01 s�1, (c) Cu-Fe-Ti-Mg alloy deformed at 950 �C and
10 s�1, (d) Cu-Fe-Ti-Mg-Ce alloy deformed at 950 �C and 10 s�1

Fig. 4 EBSD diagram of different alloys deformed at 950 �C and 10 s�1 strain rate: (a) Cu-Fe-Ti-Mg, (b) Cu-Fe-Ti-Mg-Ce
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of recrystallization is to consume dislocations and reduce the
dislocation density. This demonstrates that by adding Ce, the
Cu-Fe-Ti-Mg-Ce alloy�s flow stress and activation energy can
be improved, the secondary phase can precipitate more easily,
and the grains can be smaller.

Figure 5(c) and (d) shows the grain size distribution of the
Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys deformed at 950 �C
and 10 s�1 strain rate. At higher temperatures, dynamic
recrystallization is more complete, and distorted grains are
gradually replaced by equiaxed grains, which are thus refined.
According to Fig. 5(c) and (d), the Cu-Fe-Ti-Mg alloy�s
average grain size is 40.3 lm, whereas the Cu-Fe-Ti-Mg-Ce
alloy�s average grain size is 22.7 lm. Under these conditions,
the recrystallized grains may tend to grow. The grain size of the
Cu-Fe-Ti-Mg-Ce alloy is less than the Cu-Fe-Ti-Mg alloy under
the same deformation conditions. It can be observed that Ce
inhibits dislocation slip, which is detrimental to the recrystal-
lization nucleation of the Cu-Fe-Ti-Mg-Ce alloy and slows
down the recrystallization process.

EBSD grain boundary diagrams of the Cu-Fe-Ti-Mg and
Cu-Fe-Ti-Mg-Ce alloys deformed at 950 �C and 10 s�1 strain
rate are shown in Fig. 6, along with misorientation angle
distribution maps. Due to the obvious hampered slip and climb
of dislocations in the deformed grain boundaries and process-
hardened regions, the misorientation angles are primarily
attributed to the low-angle grain boundaries (LAGBs, < 10�),
with the high-angle grain boundaries (HAGBs) accounting for
only a minor portion of the distribution. In Fig. 6(c) and (d), the
average misorientation angle increases from 8.7� to 12.7�. This

is because there are many regions with poor atomic matching in
the grain boundaries of large angles, and there are few bonds
between atoms, which is beneficial to the migration of atoms,
the recrystallization fraction is increased, and the grains are
refined. As has been shown, the HAGBs of the Cu-Fe-Ti-Mg-
Ce alloy are lower than the Cu-Fe-Ti-Mg alloy under high
temperature and high strain rate deformation conditions. This is
due to the higher dislocation density and the greater number of
undistorted equiaxed grains in the Cu-Fe-Ti-Mg-Ce alloy
compared to the Cu-Fe-Ti-Mg alloy. In other words, the
addition of Ce can cause solute atoms to congregate at
dislocations and grain boundaries, which hampers grain
boundary migration, promotes secondary phase precipitation,
and is not favorable to recrystallization nucleation.

To investigate the texture evolution of the Cu-Fe-Ti-Mg and
Cu-Fe-Ti-Mg-Ce alloys due to hot deformation, pole fig-
ures were obtained. Common face-centered cubic lattice
textures in copper alloys include {011}<211> Brass texture,
{011}<100> Gaussian texture, {112}<111> copper texture,
{111}<211> R texture, and {001}<100> cubic texture (Ref
42, 43). It can be seen from Fig. 7 that the texture of both alloys
is the {011}<100> Gaussian texture. However, compared
with the Pole figures of Fig. 7(a) and (b), the texture strength
rose from 4.03 to 6.22. The ODF maps also prove that the
addition of Ce improves the texture strength of the Cu-Fe-Ti-
Mg alloy. Additionally, it demonstrates that Ce delays the
dynamic recrystallization process. The inclusion of Ce can
facilitate precipitation in the Cu-Fe-Ti-Mg alloy and refine the
grains, as shown by the examination of the true stress–strain

Fig. 5 Kernel average misorientation (KAM) map and grain size distribution of alloys deformed at 950 �C and 10 s�1 strain rate: (a), (c) Cu-
Fe-Ti-Mg; (b), (d) Cu-Fe-Ti-Mg-Ce (Color figure online)
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curve, and microstructure, which is also supported by texture
evolution. Yang et al. (Ref 19) proved this.

3.5 TEM Observations

Figure 8 shows TEM images of the Cu-Fe-Ti-Mg-Ce alloy
microstructure deformed at 950 �C and 10 s�1 strain rate.
Figure 8(a) demonstrates that the copper matrix contains a
significant number of dislocations and dispersed precipitates.
Dislocation movement is often hindered by secondary phases,
resulting in the formation of many entangled dislocations and
precipitates. Figure 8(b) shows a dislocation cell formed by
stacking a large number of dislocations. The dislocations in the
cell wall aggregate into a three-dimensional cell-like structure,
while the internal dislocation density is relatively low. Dislo-
cation cells often exist in multiple aggregates, which can
effectively pin and hinder the migration of dislocations. These
typical deformed microstructure characteristics and the pinning
of the relative dislocation lines of the precipitation are the
intrinsic reasons for the improvement in the stress–strain curves
of the alloy. Figure 8(c) is the HRTEM image of Fig. 8(a). The
small particle precipitate is spherical, measuring 8.4 nm in
length and 9.8 nm in width. According to the superlattice, the
Fe2Ti precipitate is represented as a cubic crystal system, and
the lattice constants are a = b = c = 0.716 nm. It is confirmed
by the inverse fast Fourier transform (FFT) that the precipitated
phases lattice constant is coherent with the Fe2Ti precipitation.

The FFT image in Fig. 8(d) shows that there is an obvious
orientation relationship between the Fe2Ti phase and the copper
matrix, which can be expressed as (2 20)Cu|| ð121ÞFe2Ti, (2
20)Cu||(222)Fe2Ti,

�
(220ÞCu|| ð121ÞFe2Ti and (220)Cu||(2 22)Fe2Ti.

However, (200)Cu and (301ÞFe2Ti, (220)Cu and (301)Fe2Ti are not
parallel, and the angles of the diffraction spots have errors of
8.7� and 4.3�, respectively. It is important to note that the
angular difference between the (200)Cu and (301)Fe2Ti diffrac-
tion spots are almost twice the (220)Cu and (301)Fe2Ti
diffraction spots. These results indicate that the Fe2Ti phase
maintains a coherent relationship with the Cu matrix. It can be
seen from the partially enlarged view of Fig. 8(f) that the Fe2Ti
phase maintains a coherent relationship with the Cu matrix,
which will inevitably cause internal stress.

Figure 9 shows the TEM microstructure and selected area
electron diffraction pattern (SADP) of the Cu-Fe-Ti-Mg-Ce
alloy after deformation at 950 �C and 10 s�1 strain rate.
Figure 9(a) identifies the analyzed precipitate location. Fig-
ure 9(b) is the SADP, which shows a ring shape and the
polycrystalline precipitate. It can be found from the energy
spectrum in Fig. 9(c) that the precipitate is CuCe. There are
many dislocations around the CuCe precipitation phase, so it
has high dislocation density, which is a favorable position for
the nucleation of the precipitation phase, as well as many fine
precipitated Fe2Ti phase particles distributed around the CuCe.

Thermal deformation creates many dislocations, which
encourages the formation of DRX particles and refines the
grains. Dislocations can speed up the motion of atoms in metals

Fig. 6 EBSD grain boundary map and misorientation angle distribution of different alloys deformed at 950 �C and 10 s�1 strain rate: (a) and
(c) Cu-Fe-Ti-Mg; (b) and (d) Cu-Fe-Ti-Mg-Ce
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and promote the precipitation of alloying elements in the matrix
solid solution. However, as the hindering effect of precipitation
against dislocations gradually increases, it inhibits the growth
of dynamically recrystallized grains, and the dynamically
recrystallized grains are refined. Therefore, the continuous
dissolution of the Ce alloying element into the matrix promotes
the precipitation of Fe2Ti, and the dislocation movement and
recrystallization process are slowed down, which increases the
alloy�s resistance to deformation.

Many distortion-free equiaxed grains are formed during hot
deformation, which promotes grain boundary motion and grain
rotation. As a result, a significant number of dislocations

proliferate and begin to form dislocation entanglements and
cytosolic substructures, improving the alloy�s thermal defor-
mation resistance (Ref 44, 45). According to the experimental
data, adding Ce to the matrix can improve the deformation
resistance and activation energy of the Cu-Fe-Ti-Mg alloy. The
microstructure evolution and precipitation phase of the alloy
were observed by EBSD and TEM, respectively, and the
precipitation mechanism of the alloy was analyzed. EBSD and
TEM data analysis shows that the addition of Ce forms some
high melting point precipitation phase pegging grain bound-
aries, which hinders the growth of recrystallized grains and
leads to more grain boundaries, thus hindering the movement of

Fig. 7 Pole figures and ODF maps of different alloys deformed at 950 �C and 10 s�1 strain rate: (a) Cu-Fe-Ti-Mg; (b) Cu-Fe-Ti-Mg -Ce
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dislocations and causes a rise in rheological stress, and raises
the alloy�s activation energy.

4. Discussion

4.1 Effect of Ce on Flow Stress and Activation Energy

Ce decreases the grain size while increasing the alloy’s flow
stress. The influence of grain refinement is visible in the EBSD
microstructure of Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce alloys in
Fig. 4. Grain refinement and precipitation improve the strength
of the alloy. Precipitation increased the activation energy and
improved the alloy’s high-temperature stability. Furthermore,
the addition of Ce makes the structure more uniform during the
thermal deformation process. As a result, the Cu-Fe-Ti-Mg-Ce
alloy has better high-temperature stability.

4.2 Effect of Ce on the Precipitation Phase

The Cu-Fe-Ti-Mg alloy will result in a series of precipita-
tions after hot compression, in accordance with the experimen-
tal results and the analysis of the selected area�s diffraction
pattern. Similar outcomes were attained during the heat
treatment process to the precipitation phase of Cu-Fe-Ti alloy
aged at 450 �C studied by Yang (Ref 46). In our experiments,
the Fe2Ti phase forms at 950 �C and 10 s�1. Moreover, the
addition of Ce resulted in the formation of more sediment. The
presence of precipitates at grain boundaries or dislocations

slows their movement and, as a result, increases alloy strength.
Furthermore, the alloy structure is refined with the addition of
Ce.

4.3 Precipitation Strengthening Mechanism

In this work, the activation energy of the Cu-Fe-Ti-Mg-Ce
and Cu-Fe-Ti-Mg alloys under hot compression is 482.9 kJ/mol
and 452 kJ/mol, respectively, which is much higher than copper
(Ref 47). In this experiment, the n values of the Cu-Fe-Ti-Mg-
Ce and Cu-Fe-Ti-Mg alloys are 11.135 and 12.731, respec-
tively, greater than the strain hardening exponent (n = 5 or
n = 3) in alloys deformed by dislocation climbing or disloca-
tion sliding mechanisms (Ref 48).

The strength of the alloy can be increased through work
hardening, solid solution strengthening, fine crystal strength-
ening, and precipitation strengthening. The dominant effect of
alloy strength is precipitation strengthening, and fine consistent
precipitation is more conducive to alloy strengthening. The
higher n value shows that the hardening mechanism is by
precipitation hardening (Ref 49) and that the precipitates in the
matrix impede dislocation migration, resulting in high-strain
hardening exponents in these alloys. The primary mechanism
of the alloy’s plastic deformation is dislocation slip. This
viewpoint was also supported by Li et al. (Ref 50, 51). It is
worth noting that the addition of Ce increased the activation
energy of the alloy Cu-Fe-Ti-Mg by 6.8%. The fundamental
reason for this is that the inclusion of Ce causes Fe2Ti to
precipitate more during hot deformation, and more precipitates

Fig. 8 TEM microstructure of the Cu-Fe-Ti-Mg-Ce alloy after deformation at 950 �C and 10 s�1 strain rate: (a) nanoscale precipitates and
dislocation lines; (b) dislocation cells; (c) corresponding HRTEM image of precipitation; (d) FFT image of (d); (e) HRTEM image; (f) partial
magnification of (e) and measurement of Cu crystals spacing
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tend to bias on dislocations and grain boundaries, resulting in
higher activation energy for hot deformation (Ref 52-54).
Another element influencing the alloy’s strength is the dynamic
precipitation that occurs during hot deformation. Dynamic
precipitation significantly increases alloy strength at the high
strain rate region (1-10 s�1). The strength and hardness of the
material diminish as the strain rate decreases, and the precip-
itation becomes coarser. Additionally, the alloy is significantly
stronger and harder than the precipitation within the grain due
to the presence of the precipitation at the grain boundaries.
Consequently, the strength and hardness of the alloy are also
influenced by the position of the sediment.

5. Conclusions

Thermal processing studies were performed on Cu-Fe-Ti-
Mg and Cu-Fe-Ti-Mg-Ce alloys in the 0.001-10 s�1 strain rate
range at 500-950 �C. The experiments led to the following
conclusions.

(1) With an increase in strain rate or a reduction in tempera-
ture, the flow stress rises.

(2) The addition of Ce increased the thermal deformation
activation energy of the Cu-Fe-Ti-Mg alloy by 6.8%.
Linear regression was used to deduce the constitutive

equations of the Cu-Fe-Ti-Mg and Cu-Fe-Ti-Mg-Ce al-
loys.

For the Cu-Fe-Ti-Mg alloy:

_e ¼ e54:84 sinh 0:008rð Þ½ �12:731exp � 452; 000

8:314T

� �

For the Cu-Fe-Ti-Mg-Ce alloy:

_e ¼ e55:34 sinh 0:01rð Þ½ �11:135exp � 482; 900

8:314T

� �

(3) Under high temperature and high strain rate conditions,
the addition of Ce increased the geometrically neces-
sary dislocation density and strength of the Cu-Fe-Ti-
Mg alloy, which is not conducive to recrystallization
nucleation and nucleation growth, according to EBSD
results.

(4) During the hot deformation of the Cu-Fe-Ti-Mg-Ce al-
loy, many dislocations and Fe2Ti particles were discov-
ered, and their interaction slowed dislocation movement
and improved alloy deformation resistance.

Fig. 9 TEM microstructure of the Cu-Fe-Ti-Mg-Ce alloy after deformation at 950 �C and 10 s�1 strain rate: (a) Precipitates; (b) SADP
corresponding to precipitation; (c) Energy spectrum corresponding to precipitation
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