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Cu-2Ti-0.3Zr and Cu-2Ti-0.3Zr-0.2La alloys were prepared by vacuum melting, and their mechanical
properties and conductivity were measured after aging treatment. Both alloys were aged at 450 �C for 30
min to obtain optimum properties, and the microhardness of the Cu-Ti-Zr-La alloy increased by 8.5% and
the strength by 5% compared to the Cu-Ti-Zr alloy. Characterization of the alloys by EBSD revealed that
the addition of La inhibits grain growth, refines the grains and enhances the texture. The Cu4Ti phase
precipitated during the Cu-Ti-Zr alloy�s aging process, and the Cu5Zr phase precipitated after La was
added. It was found by analyzing the strengthening mechanisms of the Cu-Ti-Zr-La alloy that precipitation
strengthening significantly contributes to the alloy strength.

Keywords Cu-Ti-Zr and Cu-Ti-Zr-La alloys, mechanical
properties, microstructure, strengthening mechanisms

1. Introduction

Due to their excellent electrical, thermal, and elastic
modulus, copper alloys have found extensive application in
the field of electrically conductive materials and devices (Ref 1-
5). Higher standards have been set in recent years for the
conductivity and strength of materials based on copper (Ref 6-
9). Cu-Be alloy is a typical high-strength and high elasticity
medium conductivity copper alloy, but the production cost of
Be is high, and toxic substances are generated during the
melting process (Ref 10-13). Therefore, developing substitute
materials for Cu-Be alloys is crucial. By adding alloying
elements and refining process parameters, Cu-Ti alloys can get
mechanical qualities that are similar to Cu-Be alloys; however,
the electrical conductivity may be marginally decreased (Ref
14).

In numerous studies, the properties of Cu-Ti alloys have
been improved by adding alloying elements, including Mg (Ref

15, 16), Cr (Ref 17-19), Zr (Ref 20), Al (Ref 21, 22) and Co
(Ref 23-25), as trace elements. Markandeya et al. (Ref 26-28)
found that the addition of the element Cr precipitated the Cr2Ti
phase, which will enhance the mechanical characteristics of Cu-
3Ti-Cr and Cu-4Ti-Cr alloys. Nevertheless, Ti and Cr dissolve
in the copper matrix, which negatively impacts the alloy’s
electrical conductivity. Konno et al. (Ref 29) demonstrated that
the early aging stage of Cu-Ti-Al alloys can be prevented from
experiencing spinodal decomposition by adding Al. An
AlCu2Ti phase is formed, which contributes to the copper
matrix�s purification and increased electrical conductivity.
Wang et al. (Ref 30) added 0.4 wt.% Co to the Cu-3.6Ti alloy
and observed significant improvements in the aging peak
hardness of Cu-3.6Ti-0.4Co alloy through cold rolling and
aging. Under 75% cold deformation, the peak microhardness
could reach 383 HV when aged at 450 �C for 1 h. Cao et al. 31
discovered that 0.1 wt.% Zr can inhibit Cu4Ti from becoming
Cu3Ti, increasing the Cu-Ti-Zr alloy�s heat resistance. Mar-
kandeya et al. (Ref 32) reported that the tensile strength of Cu-
3Ti-0.1Zr and Cu-4Ti-0.1Zr alloys at peak aging reached 802
MPa and 846 MPa, respectively. Additionally, no discontinuous
precipitation was observed in the alloy during over-aging.

The addition of Ti leads to a lower electrical conductivity in
Cu-Ti alloys. Therefore, to maintain the electrical conductivity
of the alloy, a lower Ti content (2 wt.%) was chosen in this
study. Simultaneously, trace amounts of Zr were added to
achieve precipitation strengthening, which has a negligible
effect on the electrical resistivity of the alloy. Furthermore, La
(0.2 wt.%) was added to the Cu-2Ti-0.3Zr alloy to investigate
its influence on the alloy properties. Analysis of the microstruc-
ture, precipitated phases, and strengthening mechanisms after
age was conducted on Cu-2Ti-0.3Zr (Cu-Ti-Zr) and Cu-2Ti-
0.3Zr-0.2La (Cu-Ti-Zr-La) alloys using cold rolling and aging
tests. The purpose is to create high-strength copper alloys that
meet the demands of the application by combining cold rolling
and aging treatments.
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2. Materials and Methods

Copper cathode No. 1 Cu-CATH-1, 99% Ti titanium
sponge, Cu-10% Zr, and Cu-10% La intermediate alloys were
the materials chosen for the melting of Cu-Ti-Zr and Cu-Ti-Zr-
La alloys. Divide the prepared raw materials into small pieces
and put them into a ZG-0.01-40-4 intermediate frequency
vacuum induction furnace for melting. During the melting
process, argon gas was passed to prevent the alloy from
oxidizing. The melting temperature was controlled between
1.150 and 1.250 �C for casting. The casting with U80
mm 9 150 mm size was finally cooled to room temperature.
Table 1 lists the two alloys’ measured compositions.

Following demolding, the alloy was first homogenized for 1
h at 880 �C in an RJX45-9 box furnace. Using a C41-750 air
hammer, the ingot was then hot forged into U40 9 230 mm
bars. The alloy was then subjected to solution and aging
treatments in a KSS-1200 tubular resistance furnace with argon
gas as a protective atmosphere. The alloy underwent a one-hour
solution treatment at 900 �C before being quenched in water.
After being cold-deformed to 60%, the samples were aged.
400-550 �C was the aging temperature, while 10-480 min was
the aging duration. The aging technological process of the alloy
is shown in Fig. 1.

Vickers hardness (GB/T 4340.1-1999) was employed to
characterize the alloy’s mechanical characteristics. The HVS-
1000 microhardness tester was used to test the microhardness
of the alloys in their various states. The load was 0.3 kgf, and
the holding period was 15 s. Each specimen�s hardness was
measured in six distinct zones to reduce error; the average value
was then determined by subtracting the maximum and mini-
mum readings. The conductivity of Cu-Ti-Zr and Cu-Ti-Zr-La
alloys in various states was measured using a Sigma 2008B
digital conductivity meter. The conductivity meter needs to be
calibrated using a standard sample before the test, and after
calibration, five sets of positive and negative measurements are
made on each specimen, and the specimen�s conductivity is
determined by averaging the measurement findings.

After aging the two alloys� microstructures were analyzed
using electron back scatter diffraction (EBSD). The EBSD
specimens were prepared by first rough grinding the specimens
using different types of sandpaper, performing fine grinding
and polishing on a polishing machine, and finally electrolytic
polishing when the specimen surface was smooth. During
electrolytic polishing, the DC-regulated power supply�s voltage
was adjusted to roughly 5 V, and its current was set to its
maximum value. Using an electrolytic solution composed of
50% anhydrous phosphoric acid and 50% anhydrous alcohol.
The samples were electrolytically polished for approximately
one minute. After the specimens were prepared, they were
viewed and analyzed on a JSM-7800F with a step size and
voltage of 2.5 lm and 20 kV, respectively.

Characterizing the microscopic morphology of the alloy in
the peak aging state using transmission electron microscopy
(TEM), which observes the types and locations of precipitated
phases in the alloys at their peak-aging stage. The TEM
specimens were prepared by first sanding the thickness of the
specimens to less than 50 lm, then punching out 3 mm
diameter disks, and finally thinning the disks using a Gatan 691
ion thinning instrument. After completing the preparation of
TEM specimens, the samples were analyzed using a JEM-
2100F transmission electron microscope operated at 200 kV
with 0.19 nm resolution.

3. Results

3.1 Mechanical Properties and Conductivity

Figure 2 illustrates the micro-hardness, conductivity, and
tensile strength of two alloys in different states, which were
obtained in order to explore the impacts of La on the post-
solution aging precipitation properties of Cu-Ti-Zr alloys.
Three stages of aging may be differentiated from Fig. 2(a) and
(d), which are under-aging, peak-aging and over-aging (Ref 33,
34). In Fig. 2(a), for instance, the Cu-Ti-Zr alloy ages at
450 �C, and as the aging time increases from 0 to 20 min, there
is a noticeable rise in micro-hardness. This is the stage of
under-aging. At this time after the solution treatment, the alloy
is in a supersaturated state, and the precipitation phase will
precipitate rapidly. It then enters the stage of peak aging, by
now, the micro-hardness has reached its maximum value of 272
HV, and the aging time is 30 min. The over-aging stage is
indicated by a decrease in micro-hardness after 60 min of
aging. The Cu-Ti-Zr alloys� peak micro-hardness likewise
increases and thereafter declines at varying aging temperatures.
At 400 �C, it was 264 HV, then at 450 �C, it was 272 HV, and
at 550 �C, it dropped to 235 HV.

Figure 2(d) depicts the micro-hardness variation of Cu-Ti-
Zr-La alloys under various aging situations. Similar to Cu-Ti-Zr
alloys, the micro-hardness rises gradually during under-aging
until it reaches its maximum. Following the peak-aging, the
micro-hardness progressively declines over time to enter the
over-aging stage. Moreover, at various aging temperatures, the
alloys’ peak micro-hardness rises and then falls. Using the
aging temperature of the Cu-Ti-Zr-La alloy at 450 �C in
Fig. 2(d) as an example, the Cu-Ti-Zr-La alloy�s micro-hardness
increased from 189 HV in the cold-rolled state to 295 HV at
peak-aging during the aging process, and then, it decreased to
252 HV at the aging time of 480 min. The micro-hardness of
the Cu-Ti-Zr-La alloy reached its maximum after 30 min of
aging at 450 �C. At this time, it is 295 HV.

The solute atoms (Ti, Zr, and La) dissolved in the
supersaturated solid solution intensify the effects of electron
scattering, resulting in alloys having reduced conductivity. As
aging time rises, the Cu-Ti-Zr alloy�s conductivity varies,
according to Fig. 2(b). As a result of second-phase precipitation
and the supersaturated solid solution breakdown, which reduces
the solute atom in the Cu matrix and lowers lattice distortion,
the conductivity increases quickly with aging time. However, it
continues to increase the aging time and the reduced second-
phase precipitation rate. At this point, the conductivity did not
change significantly and stabilized. The Cu-Ti-Zr-La alloy
conductivity varies with aging temperature and aging time, as

Table 1 Composition of alloys

Alloy

Alloy element, wt.%

Ti Zr La Cu

Cu-2Ti-0.3Zr 2.01 0.255 … Bal.
Cu-2Ti-0.3Zr-0.2La 1.94 0.301 0.213 Bal.
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illustrated in Fig. 2(e). The trend of change is in line with that
of the Cu-Ti-Zr alloy, in which electrical conductivity rises
more quickly during the under-aging phase before increasing
more slowly and eventually tending to level off gradually. In
Fig. 2(e), the conductivity of the Cu-Ti-Zr-La alloy increases
during the 450 �C aging, from 5.8% IACS in the cold-rolling
state to 22.7% IACS after aging for 480 min.

Tensile tests were performed on samples of two alloys aged
at 450 �C for 10-120 min, and Fig. 2(c) and (f) displays the

tensile strength. The tensile strength of Cu-Ti-Zr alloy can be
obtained from Fig. 2(c), which increases from 763 MPa at
10 min aging time to 785 MPa at peak aging and decreases to
751 MPa at 120 min aging time. Similarly, the Cu-Ti-Zr-La
alloy rises from 777 MPa at the beginning of aging to 824 MPa
at the peak aging and then falls to 780 MPa as the aging time is
prolonged to 120 min. The changes in the alloy�s tensile
strength are in line with the micro-hardness and are rising first
and then decreasing. After 30 min of aging at 450 �C, the Cu-

Fig. 1 Flow chart of the aging experiment of alloys

Fig. 2 (a, d) Microhardness, (b, e) electrical conductivity, and (c, f) engineering tensile stress–strain curves of the Cu-Ti-Zr and Cu-Ti-Zr-La
alloys after 60% deformation: (a-c) Cu-Ti-Zr, (d-f) Cu-Ti-Zr-La alloys
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Ti-Zr and Cu-Ti-Zr-La alloys displayed the highest microhard-
ness values. The maximum tensile strengths of 824 MPa and
785 MPa with elongations of 13.5% and 12.1% were obtained
for the two alloys by conducting tensile tests under this aging
condition.

In summary, aging at 450 �C for 30 min is the optimum
aging process parameters for Cu-Ti-Zr and Cu-Ti-Zr-La alloys.
The alloy’s strength and microhardness are increased by the
addition of La, but its electrical conductivity is marginally
poorer. Overall, the Cu-Ti-Zr-La alloy has better overall
performance.

Fracture of alloys is a dynamic process and the fracture
mode of alloys can be determined by fracture morphology (Ref
35-37). The fracture micro-morphology of two alloys aged at
450 �C is shown in Fig. 3. A large number of round or elliptical
dimples can be observed in Fig. 3 (pointed by yellow arrows),
which are obvious plastic fracture characteristics, and there are
small dimples clustered around the large dimples, indicating
that the specimen was plastically deformed before fracture.
Metals tensile fracture usually undergoes nucleation, growth,
and aggregation of micropores (Ref 38), and a large number of
equiaxial dimples and sharp tear marks can be seen in the
fracture morphology of Fig. 3. It can be deduced that the
growth and aggregation of micropores caused the fracture of
the Cu-Ti-Zr and Cu-Ti-Zr-La specimens. The undulation of the
fracture varies sharply along the position of the bright edge line
(indicated by the white arrow), and the change in the undulation
of the fracture height predicts localized crack deflection (Ref
39). The size and number of dimples vary at different aging
times, and the larger and deeper the dimple, the better plasticity
is (Ref 40). Cu-Ti-Zr and Cu-Ti-Zr-La alloys have excellent
strength during peak-aging, and observation of the fracture
morphology of their tensile specimens in Fig. 3(c) and (g)
combined with the elongation obtained from their tensile tests
shows that a well-integrated combination of strong plasticity is
obtained for the two alloys.

3.2 EBSD Analysis

To explore how La addition impacts the microstructure and
texture of aged Cu-Ti-Zr-La alloys, EBSD was used to
characterize samples of two alloys that had been aged at 450
�C for 30 and 120 min, respectively. The grain size distribution
and EBSD diagram of the Cu-Ti-Zr alloy aged at 450 �C for

30 min are displayed in Fig. 4(a). Numerous recrystallized
grains are visible on the EBSD graph, with an average grain
size of 78 lm and a 72.2% percentage of grains smaller than
100 lm. Figure 4(b) shows that when the time is extended to
120 min, the grain size increases and recrystallized grain
grows. At this point, only 37.5% of the grains are smaller than
100 lm, and the average grain size has reached 196.4 lm, a
152% increase in average grain size when compared to 30 min
of aging. Average grain size increases as aging time increases
because the alloy’s recrystallized grains possess more time for
growth and nucleation.

The Cu-Ti-Zr-La alloy’s EBSD map and grain size map after
30 and 120 min of aging at 450 �C are displayed in Fig. 4(c)
and (d). An average grain growth of 37% (from 30 to 41.2 lm)
can be observed with increasing time. Due to the impacts of
cold deformation, some twins can be seen in Fig. 4(d).
Comparing Fig. 4(a), (b), (c) and (d) reveal that while the two
alloys’ grains have the same tendency to grow, the Cu-Ti-Zr-La
alloy’s average grain increases by only 37%, and the tendency
of grain growth decreases. The results demonstrate that adding
the element La can inhibit grain growth, that there is a
noticeable effect of grain refinement, and that fine grain
strengthening increases the micro-hardness and strength of the
Cu-Ti-Zr-La alloy. The strength and hardness of the Cu-Ti-Zr-
La alloys are higher than the Cu-Ti-Zr alloys when aged at 450
�C for 30 min and 120 min, while the electrical conductivity is
slightly reduced due to the grain refinement, which increases
the area of grain boundaries. These results are consistent with
the aging strengthening results of the two alloys.

The orientation angle distribution and kernel average
misorientation maps (KAM) of the alloys are shown in
Fig. 6. The alloy characteristics are influenced by the disloca-
tion density q (Ref 41), which may be computed using the
KAM data acquired:

q ¼ 2h=lb ðEq 1Þ

Here q is the dislocation density (m�2), h is the difference in
average local orientation (rad), l is the step size (2.5 lm), and b
is the Burgers vector (0.225 nm).

The dislocation density of the alloy aged for 30 and
120 min, when combined with the computations in Fig. 5, the
dislocation densities for the Cu-Ti-Zr alloy are 3.15 9 1014

m�2 and 2.70 9 1014 m�2, and for the Cu-Ti-Zr-La alloy, they

Fig. 3 Cu-Ti-Zr and Cu-Ti-Zr-La alloys’ scanning fracture morphology at 60% deformation and various aging durations (10-60 min) at 450 �C:
(a-d) Cu-Ti-Zr and (e-h) Cu-Ti-Zr-La alloys
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are 2.58 9 1014 m�2 and 2.66 9 1014 m�2, respectively.
Compared to Cu-Ti-Zr alloys, the dislocation density of Cu-
Ti-Zr-La alloys is lower, indicating that more dislocations are
consumed in the Cu-Ti-Zr-La alloys during aging, which can
provide more energy for recrystallization, and promote recrys-
tallization. The fine grains generated in the recrystallization
process enhance the crystal strengthening effect, as shown
macroscopically in the increase in alloy hardness and strength.
Hence, Cu-Ti-Zr-La alloys have higher hardness and strength
than Cu-Ti-Zr alloys. The increase in grain boundary mobility
will accelerate the generation of recrystallized fine grains. The
formation of tiny grains is hindered when the orientation angle
is small because it causes the grain boundary to migrate slowly.
The production of small grains during the recrystallization
process is encouraged to a greater extent by larger values of the
large-angle grain boundary. As demonstrated in Fig. 5(f), (h),
(b) and (d), the proportion of large-angle grain boundaries in

the Cu-Ti-Zr alloys is 20.4% and 17.2%, respectively, which is
lower than that of the Cu-Ti-Zr-La alloys (21.3% and 24.6%,
respectively) under the same aging conditions. It is further
demonstrated that the addition of La element promotes the
occurrence of recrystallization.

With Cu-Ti-Zr and Cu-Ti-Zr-La alloys aged at 450 �C for 30
and 120 min, respectively, pole figures and inverse pole
figures are plotted in Fig. 6 to explore the textural change in
Cu-Ti-Zr-La alloys with the addition of La. As shown in
Fig. 6(a), (c), (e) and (g), the Cu-Ti-Zr alloy�s maximum texture
strength after 30 min of aging is 5.897, and after 120 min, it
drops to 5.279. Under the same aging conditions, they are all
lower than Cu-Ti-Zr-La alloys (7.534 and 5.316). Similarly, the
same change rule can be found in the inverse pole figures.
Indicating that the addition of La can increase the maximum
texture strength of the alloys and inhibit the growth of the
recrystallization grain. Its adjacent grains are oriented in the

Fig. 4 Maps of EBSD and grain sizes of Cu-Ti-Zr (a, b) and Cu-Ti-Zr-La (c, d) alloys aged at 450 �C for: (a, c) 30 min, (b, d) 120 mi
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Fig. 5 (a, c, e, g) KAM maps and (b, d, f, h) orientation angle distribution of (a-d) Cu-Ti-Zr alloys and (e-h) Cu-Ti-Zr-La alloys aged at 450
�C for (a, b, e, f) 30 min and (c, d, g, h) 120 min
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same direction, which leads to a decrease in interfacial energy, a
decrease in the driving force for the movement of grain
boundaries, and difficulties in grain growth, thus playing a role
in refining the grains.

The texture and texture percentages of the two alloys aged
for 30 and 120 min at 450 �C are displayed in Fig. 7.
Figure 7(a) and (b) shows the distribution of the textures in Cu-
Ti-Zr-La alloys. The volume fractions of the corresponding
texture of the Cu-Ti-Zr alloy aged for 30 min can be obtained
from Fig. 7(c), and the proportions of each texture decreased as
the aging was extended to 120 min. Similarly, as the aging time
increases in Fig. 7(d), the volume percentage of the Cu-Ti-Zr-
La alloy texture falls slightly. A comparison of the two alloys
shows that the Cu-Ti-Zr alloys show a decrease in the
proportion of the dominant Brass, S, and Cubic textures, as
well as a slight decrease in the intensity of the textures. In
addition, the main texture of the alloys changed significantly.
The Cu-Ti-Zr alloy�s primary texture is Brass texture when
aged for 30 min, whereas the main texture is Goss texture when
aged for 120 min. After 30 min of aging, the Cu-Ti-Zr-La
alloy�s primary texture is Brass and S texture; after 120 min, the
primary textures are Goss, Brass, and S texture. This has a tight
connection to the metals’ characteristics (Ref 42, 43). Because
Cu-Ti-Zr-La alloys contain a higher percentage of Brass, S, and
Cube texture, they have better characteristics than Cu-Ti-Zr
alloys.

3.3 TEM Analysis

The Cu-Ti-Zr alloy�s TEM microstructure after 30 min of
aging at 450 �C is displayed in Fig. 8. The bright-field images
in Fig. 8(a) and (b) show that the copper matrix contains an

abundance of precipitated phases, which can strengthen the
matrix. Additionally, the precipitated phases reduce dot aber-
ration in the Cu matrix, which lessens the effects of electron
scattering and increases electrical conductivity. Many disloca-
tions are concentrated around the precipitated phase, and the
precipitated phase’s pinning effect prevents the dislocations
from moving, which leads to the dislocations becoming tangled
and piling up. In order to determine the type of precipitated
phase, the obtained HRTEM images were analyzed as shown in
Fig. 8(c). Fast Fourier transform (FFT) was performed on it,
diffraction spots were obtained and calibrated, and the precip-
itated phase was found to be Cu4Ti. The nanoscale precipitated
phase’s crystallographic band axis was determined to be
[151]Cu4Ti. The crystal spacing of (114)Cu4Ti was measured to
be 0.225 nm, (01 5)Cu4Ti was measured to be 0.222 nm, and
(101)Cu4Ti was measured to be 0.428 nm. Figure 8(d) shows the
diffraction spots on the Cu matrix (obtained by selecting the
white part of the BF image for diffraction), and its crystallo-
graphic axis was obtained as [111]Cu, and the crystal plane
spacing was measured to be 0.128 nm for (02 2)Cu, 0.128 nm
for (202)Cu, and 0.128 nm for (2 20)Cu. In addition to
decreasing the amount of Ti that is solidly dissolved in the
Cu matrix, lowering lattice distortion of the Cu matrix, and
improving the electrical conductivity of the alloy, the Cu4Ti
phase precipitation can reinforce the Cu-Ti-Zr alloy.

The Cu-Ti-Zr-La alloy�s TEM microstructure after 30 min of
aging at 450 �C is shown in Fig. 9. The bright-field images of
the alloys in Fig. 9(a) and (b) show the formation of dislocation
cells by dislocation entanglements, together with a multitude of
nanoscale precipitated phases. The SAED iconography of
Fig. 9(c) identifies it as a Cu matrix, which has a crystallo-

Fig. 6 Pole figures (a, c, e, g) and inverse pole figures (b, d, f, h) of Cu-Ti-Zr alloys (a-d) and Cu-Ti-Zr-La (e-h) alloys aged at 450 �C for 30
min (a, b, e, f) and 120 min (c, d, g, h)
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Fig. 7 Texture of Cu-Ti-Zr and Cu-Ti-Zr-La alloys aged at 450 �C: (a, b) Cu-Ti-Zr-La alloys aged for 30 min and 120 min, (c) Cu-Ti-Zr, (d)
Cu-Ti-Zr-La alloys

Fig. 8 TEM image of the Cu-Ti-Zr alloy aged at 450 �C for 30 min: (a) and (b) bright-field images, (c) HRTEM image of Cu4Ti, (d)
diffraction spots of the matrix
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graphic axis of [101]Cu, and the crystal spacing was measured
to be 0.210 nm for (1 11)Cu, 0.131 nm for (2 02)Cu, and 0.209
nm for (1 11)Cu. In order to determine the type of precipitated
phase of Cu-Ti-Zr-La alloy, HRTEM images were analyzed as
shown in Fig. 9(d) and (f). By calibrating the diffraction spots
obtained from the selected region of Fig. 9(d), the precipitated
phase was found to be Cu4Ti, and the crystallographic band
axis of the nanoscale precipitated phase was calculated to be
[301]Cu4Ti. Figure 9(e) demonstrates the IFFT of the precipi-
tated phase of Cu4Ti, which yields a crystal spacing of
0.312 nm for (103)Cu4Ti, 0.254 nm for (113)Cu4Ti, and
0.434 nm for (010)Cu4Ti. The FFT map was obtained by fast
Fourier transformation of Fig. 9(f), and the diffraction spots
were calibrated and determined to be the Cu5Zr phase, which
was measured to have a crystallographic spacing of 0.243 nm
for (220)Cu5Zr, 0.243 nm for (022)Cu5Zr, and 0.243 nm for
(202)Cu5Zr, giving its crystallographic axes of [11 1]Cu5Zr. Cu-
Ti-Zr-La alloy precipitates a large number of Cu4Ti nanopre-
cipitated phases and Cu5Zr precipitated phases during the aging
process, and the precipitation strengthening effect makes the
strength of the alloy increase. Moreover, the precipitation of
solute atoms reduces lattice distortions in the matrix, which
increases electrical conductivity.

By analyzing the TEM results of Cu-Ti-Zr and Cu-Ti-Zr-La
alloys, it can be seen that both alloys precipitated Cu4Ti phases
during aging. However, the addition of the rare earth element
La caused the precipitation of the Cu5Zr phase in the Cu-Ti-Zr-
La alloy during the aging process, realizing the complex phase
reinforcement of Cu4Ti and Cu5Zr nanoprecipitated phases.
This enhances the alloy’s strength and hardness, as well as its
overall mechanical properties.

4. Discussion

4.1 Strengthening Mechanisms of the Cu-Ti-Zr-La Alloy

Due to Zr, Ti, and La in Cu-Ti-Zr-La alloys, the Cu matrix
atomic radius difference is large, as solid solution treatment
caused lattice distortion, and 60% cold rolling resulted in
aggregation of dislocations and entanglement of dislocations,
the formation of dislocation walls and dislocation cells, further
strengthening of the matrix. After aging treatment, the precip-
itated phases further strengthen the Cu matrix. Copper alloys
are mainly strengthened by precipitation, cold deformation, fine
grain, solution strengthening, and other ways. According to the
mixing law, the strengthening increments of the alloys can be
obtained by linear summation. Thus, the Cu-Ti-Zr-La alloy�s
strength (ry) can be computed as (Ref 44):

ry ¼ r0 þ rss þ rd þ rgb þ rp ðEq 2Þ

Here r0 is the frictional stress of the Cu-Ti-Zr alloy (simplified
as the intrinsic frictional stress of oxygen-free Cu, which is
about 52 MPa (Ref 45), rss is the solution-strengthening
increment, rd is the dislocation-strengthening increment, rp is
the precipitation-strengthening increment, and rgb is the grain-
boundary-strengthening increment.

(1) Solution Strengthening

Following the solid solution of the Cu-Ti-Zr-La alloy, a
significant amount of Ti, Zr, La, and Cu atoms dissolve in the
Cu matrix and atoms, respectively. The atomic size of the
dissolved solute atoms is changed, which causes lattice

Fig. 9 TEM image of the Cu-Ti-Zr-La alloy aged at 450 �C for 30 min: (a) and (b) bright-field images, (c) SAED map of the Cu matrix, (d)
HRTEM map of Cu4Ti, (e) IFFT image of Cu4Ti, (f) HRTEM map of Cu5Zr
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distortions and produces solution strengthening effect. The
difference in radii between the Cu, Ti, La, and Zr atoms is
connected to the mechanism of strengthening in solid solutions.
Solution strengthening of Cu-Ti-Zr-La alloys can be obtained
from the Fleischer relation (Ref 46):

rss ¼ G jdj þ 1

20

� �
jgj

3
2

ffiffiffiffiffi
xa
3

r
ðEq 3Þ

Here G is the alloy�s shear modulus (G = 46 GPa), d is the
alloy�s lattice variation parameter (d = 0.1105), and g is the
alloy�s shear modulus variation parameter (g = 0.3171), and xa
is the Cu-Ti-Zr alloy�s solute atom mass percentage. (The
contents of Ti, Zr, and La are 1.94%, 0.301%, and 0.213%,
respectively.) Based on Eq. (3) yields, rss = 119.2 MPa.

(2) Dislocation Strengthening

Solution treatment, 60% cold deformation, and cold rolling
of the Cu-Ti-Zr-La alloy result in a significant amount of
dislocations, which can fortify the copper matrix. After solution
aging treatment, the alloy will precipitate a large number of
phases, hindering the dislocation movement in the matrix. The
Bailey–Hirsch formula can be used to determine how much
dislocation density contributes to an alloy’s yield strength (Ref
47):

rd ¼ MaGbq
1
2 ðEq 4Þ

Here M is the Taylor factor (M = 3.06), a is a constant (a = 0.3
in pure copper), G as above (G = 46 GPa), b is the Burgers
vector (b = 0.2556 nm), and q is the alloy�s dislocation density
(q ¼ 2.58 9 1014 m-2). Calculation according to equation (3)
gives rd=173.4 MPa.

(3) Grain Boundary Strengthening

As more precipitated phases are precipitated with aging, the
overall area of grain boundaries grows, preventing dislocation
movement and resulting in dislocation entanglement, which
boosts the strength of Cu-Ti-Zr-La alloys. The Hall–Petch
relationship can be used to calculate the strengthening of the
grain boundaries (Ref 48):

rgb ¼
Kyffiffiffi
d

p ðEq 5Þ

Here Ky is the Hall–Petch constant (Ky=150 MPa lm
1
2) and

d is the grain size (d = 30 lm). Consequently, the Cu-Ti-Zr-La
alloy�s grain boundary strengthening increment can be calcu-
lated as rgb = 27.4 MPa.

(4) Precipitation Strengthening

The most central issue in precipitation-strengthened alloys is
the way in which the precipitated particles interact with
dislocations. The precipitated phases of the Cu-Ti-Zr alloys
interact with dislocations through a bypassing mechanism,
called the Orowan mechanism. Ds ¼ Gb=L can be expressed as
the hard particle strengthening relation proposed by Orowan
(Ref 49). Here G and b as above, L is the precipitated phase
particle spacing.

The relationship between the precipitation phase spacing
and the yield strength is provided by Ds ¼ Gb=L, however, the

parameters affecting the precipitation phase strengthening are
not entirely accurate. In recent years, with the in-depth study of
precipitation-strengthened alloys, the Orowan strengthening
has been further refined, and more parameters related to
precipitation strengthening have been introduced:

rp ¼ 0:81� MGb

2pð1� tÞ
1
2

�
ln

dp
b

� �
ðk� dpÞ

ðEq 6Þ

k ¼ 1

2
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2f p
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ðEq 7Þ

Here G and b as above, t is Poisson�s ratio (t = 0.34), dp is
the precipitated grain size (dp ¼ 5.4 nm), k is the crystallo-
graphic spacing between precipitated phases, and f p is the
precipitated phase�s volume percentage (f p ¼ 1.8 %). There-
fore, the calculation can be obtained rp ¼ 460.7 MPa. Finally,
the yield strength of Cu-Ti-Zr-La alloy can be obtained as
ry ¼ r0 þ rss þ rd þ rgb þ rp=832.7 MPa, which is similar to
the measured strength (824 MPa).

From the above analysis, the specific contributions of
precipitation, cold deformation, grain boundary and solution
strengthening mechanisms can be obtained, shown in Fig. 10.
Because the precipitated phases have a strengthening effect that
leads to higher properties with aging, the precipitation
strengthening is stronger (460.7 MPa).

5. Conclusions

By subjecting Cu-Ti-Zr and Cu-Ti-Zr-La alloys to solution
treatment at 900 �C for 1 h, 60% rolling deformation, and aging
treatments, after analysis of the evolution of the organization
and properties of alloys during deformation heat treatment and
strengthening mechanisms, the following conclusions were
reached:

Fig. 10 Strength distribution histogram of the Cu-Ti-Zr-La alloys
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(1) For the Cu-Ti-Zr and Cu-Ti-Zr-La alloys, aging at 450
�C for 30 min is the optimum process parameter. In
these circumstances, the Cu-Ti-Zr-La has a microhard-
ness of 295 HV and a tensile strength of 824 MPa. The
Cu-Ti-Zr-La alloy showed an increase in microhardness
and strength by 8.5% and 5%, respectively, compared to
the Cu-Ti-Zr alloy.

(2) The EBSD characterization of the two alloys after aging
showed that the addition of rare earth element La inhib-
ited the grain growth, the grain refinement was more
obvious, the content of Brass texture, S texture and
Cube texture was higher, and the fine grain strengthen-
ing effect made the Cu-Ti-Zr-La alloy have higher
strength.

(3) TEM analysis shows that Cu4Ti nanophase is precipi-
tated in both alloys during aging, and Cu5Zr phase is
found in Cu-Ti-Zr-La alloy.

(4) By calculating and analyzing the strengthening mecha-
nism of Cu-Ti-Zr-La alloy, it is found that precipitation
strengthening contributes the most to the strength.
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