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ARTICLE INFO ABSTRACT

Keywords: Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys were prepared by vacuum melting method, and solution treatment
Cu alloys was carried out at 900 °C. In order to explore the best heat treatment process, the alloy was aged with different
Properties parameters. Through performance test and microstructure analysis, the following conclusions were drawn. After
EM];;;’Str“cmre hot forging, 60% cold rolling, and 450 °C 120 min aging treatment, Cu-0.3Zr-0.15Cr alloy exhibited favorable

performance with 180 HV hardness, 467 MPa tensile strength, 84.4% IACS electrical conductivity, and 12.1%
elongation. The Cu-0.3Zr-Cr alloys showed a considerable increase in texture content and maximum texture
strength as the Cr concentration rose. The primary mechanism for strengthening alloys is precipitation
strengthening. During the aging treatment, Cr and CusZr phases are precipitated in the alloy. The Cr phase
formed a semi-coherent interface with the Cu matrix, which allowed the alloy to retain its good flexibility. The
dispersed precipitates greatly increased the strength and electrical conductivity of the alloy, resulting in

Strengthening and conductivity mechanisms

outstanding overall performance.

1. Introduction

Copper alloys exhibit superior mechanical qualities and good elec-
trical conductivity [1-3]. They are extensively utilized in many different
industrial sectors, including electronics, transportation, and
manufacturing [4,5]. Cu-Cr alloy, a popular precipitation-strengthened
copper alloy, is ideal for usage as a material for integrated circuit lead
frames and high-speed contact wires because of its enough strength and
electrical conductivity [6-10]. But the Cr phase is more prone to ag-
gregation and development during the aging process, which causes
over-aging and reduced strength. Studies have demonstrated that Zr can
improve the Cr phase’s quality and speed up its transition to the
spherical phase. Additionally, Zr can generate a Zr-rich precipitation
phase at grain boundaries, improving the creep and fatigue strength,
mid-temperature brittleness, and grain boundaries’ strength signifi-
cantly [11]. Cu-Cr alloy performance is greatly enhanced by this,

enabling Cu-Cr-Zr alloy to have high strength and outstanding electrical
conductivity. Ma et al. [12] used Cu-0.4Cr-0.03Zr in a hot forged state
and after a secondary cold rolling aging treatment. With an electrical
conductivity of over 90% IACS, 9% elongation, and a strength at yield of
over 600 MPa, the alloy included a high density of common-lattice or
semi-common-lattice nano-precipitated phases. The link between the
microstructure and characteristics of the Cu-0.98% Cr-0.057% Zr alloy
was investigated by Fu et al. [13]. At room temperature, the elongation
reduces as rolling deformation increases. This is mostly because the
ductile Goss and Brass textures change into copper textures with low
toughness. This demonstrates that there is a considerable association
between the alloy’s ductility and textural change. In their study of
Cu-0.1Cr-0.1Zr and Cu-0.9Cr-0.1Zr alloys, Bodyakova et al. [14]
discovered that the microstructure of the Cu-0.1Cr-0.1Zr alloy in its
peak-aged state is characterized by a diffuse distribution of larger Par-
ticles of Cr observing 8-10 nm, which gives rise to the corresponding

* Corresponding authors at: Henan University of Science and Technology, School of Materials Science and Engineering, Luoyang 471023, PR China.
E-mail addresses: zhoumeng0902@126.com (M. Zhou), zhshgu436@163.com (Y. Zhang).

https://doi.org/10.1016/j.mtcomm.2024.108408

Received 4 December 2023; Received in revised form 26 January 2024; Accepted 16 February 2024

Available online 17 February 2024
2352-4928/© 2024 Published by Elsevier Ltd.


mailto:zhoumeng0902@126.com
mailto:zhshgu436@163.com
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2024.108408
https://doi.org/10.1016/j.mtcomm.2024.108408
https://doi.org/10.1016/j.mtcomm.2024.108408

Z. Lietal

Orowan strengthening mechanism, whereas the presence of tiny
3-4.5nm sheared Cr particles is primarily responsible for the strength-
ening of the Cu-0.9Cr-0.1Zr alloy under peak-aging conditions. The
Nishiyama-Wasserman orientation relationship and the homogenous
dispersion of small 3-4.5nm sheared Cr-rich particles are primarily
responsible for the strengthening of the Cu-0.9Cr-0.1Zr alloy under
peak-aging conditions. Many scholars have tried to change the Cu-Cr-Zr
alloy microstructure to improve its comprehensive performance. They
used equal channel angular pressing and high-pressure torsion to
strengthen the alloy’s structure. In addition, multi-directional forging
can efficiently produce copper with ultrafine grain structure at room and
moderate temperatures, thereby improving the initial performance of
the alloy [15-19].

While the researchers have studied Cu-Cr alloys with trace additions
of Zr (<0.2 wt%) in great detail, there are fewer studies of the Cu-Zr-Cr
alloys with Zr as the main additive element and Cr as a secondary ad-
ditive [12-14]. Thus, in order to achieve superior microstructure,
hot-forged Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys were chosen for
aging treatment following 60% cold rolling in this research. By using
EBSD and TEM to examine the alloy’s microstructure and study its
texture evolution, the strengthening and conductive mechanism of the
alloy was discovered. The results helped to clarify how the cold rolling
and aging processes affected the alloy’s characteristics.

2. Experimental materials and procedures

An electrolytic copper cathode, Cu-10% Zr, and Cu-10% Cr inter-
mediate alloys were used as raw materials to manufacture the Cu-0.3Zr-
0.05Cr and Cu-0.3Zr-0.15Cr alloys. The alloys were melted in a ZG-5Kg
vacuum induction creating furnace. Table 1. lists each alloy’s exact
composition. To get the greatest benefit possible microstructure, the
ingot underwent hot forging treatment. In a box furnace, the alloy ingot
(measuring ¢100 mm by x 120 mm) was first heated to 850 °C and then
kept there for a single hour. Next, a C41-750 air hammer was used to hot
forge it into a @40 mm x 230 mm bar. From there, sheets measuring
100 mm x 10mm x 2 mm were cut. In order to determine the optimal
solution process, experiments were carried out at different temperatures
and holding times. The results show that the solution is better at 900 °C
for 1 hour and has the advantage of low cost.

In an OTF-1200X tube furnace, the samples were heated to 900 °C for
60 minutes, and then they were quickly cooled to room temperature.
After that, the alloys were cold rolled by 60% using an MSK-5070-AC
roll mill. Finally, the samples were placed into a tube furnace for
aging treatment at 400-550 °C for 0-360 min with high-purity argon gas
purged.

A HVS-1000 hardness tester, a HY-SYJ20 universal tensile testing
equipment, and a Sigma 2008B digital eddy current metal electrical
conductivity meter were used to test the alloys’ characteristics. Each
sample’s electrical conductivity and hardness were tested five times,
with the average value being determined. The microstructure of the two
alloys was investigated using optical microscopy, EDS, EBSD, and TEM.
To produce EDS samples, the Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr al-
loys underwent mechanical polishing. To create EBSD samples, the
mechanically polished samples were subsequently electrochemically
polished for one minute at room temperature in a 50% H3PO4 and 50%
CH3CH,OH solution. For EBSD research, a JSM-7800 F field emission
scanning electron microscope operating at 20 kV and with a step size of

Table 1
Composition of alloys.
Alloy Alloy elements (wt%)
Zr Cr Cu
Cu-0.30Zr-0.05Cr 0.28 0.05 Bal.
Cu-0.30Zr-0.15Cr 0.27 0.16 Bal.
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5 pm was utilized. For TEM examinations, the alloy specimens were
further thinned with a Gatan 691 ion milling machine after being pol-
ished to a thickness of 50 pm. The microstructure and distribution of
precipitated phases within the alloy were examined using a JEM-2100
electron microscopy device running at 200 kV for TEM characterization.

3. Results
3.1. Microstructure and properties

In order to optimize the properties of the alloys before the solid so-
lution, the as-cast alloys were hot forged, and the microstructure of the
Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys in as-cast and hot forged
states and after the solid solution is shown in Fig. 2. In cast Cu-0.3Zr-
0.05Cr and Cu-0.3Zr-0.15Cr alloys, there are more intermetallic parti-
cles and larger internal grains.

It can be found comparing Fig. 2(a) and (b) with Fig. 2(d) and (e),
that after the hot forging, the alloys undergo recrystallization, which
produces equiaxed grains, and the internal grains undergo grain
refinement, which optimizes the properties of the alloys. It can be found
comparing Fig. 2(a) and (d), that the grain size of Cu-0.3Zr-0.05Cr alloy
after hot forging is finer than the Cu-0.3Zr-0.15Cr alloy. The grains in
Fig. 2(c) and (f) became larger after being treated with a solution at 900
°C. Some of the grains may include twins, which are indicated by arrows
and could be annealing twins. The Cu-0.3Zr-0.05Cr alloy still has finer
grain size than the Cu-0.3Zr-0.15Cr alloy.

In order to investigate the elemental composition of the dendrites
present in the as-cast alloys, EDS experiments were carried out using the
as-cast specimens. Fig. 3 shows the microscopic morphology of the as-
cast microstructure of the two alloys. In Fig. 3(a) and (c), dendrite
microstructure is found. The results of energy spectrum show that there
is a high Zr element in the dendrites (Fig. 3(b) and (d)), indicating that
Zr element exists aggregation phenomenon in the alloy and is not
effectively dissolved in the matrix. This is consistent with the result that
the as-cast structure has a high conductivity in Fig. 3(b), so in order to
have a good effect of solid solution precipitation strengthening, solid
solution treatment must be carried out.

Fig. 4 shows the properties of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr
alloys at various stages before aging. The hardness increases in Fig. 4(a)
after hot forging due to the grain refinement. The alloy was further
strengthened with dramatically increased hardness after hot forging
treatment. However, grain growth occurs at high temperatures,
decreasing the substrate hardness. The alloys are work-hardened by cold
rolling. The Cu-0.3Zr-0.05Cr alloy hardness is 63 HV after solid solution,
which increases to 142 HV after cold rolling. The Cu-0.3Zr-0.15Cr alloy
hardness of 68 HV after the solid solution increases to 145 HV after cold
working. Because of its finer internal grain size, the Cu-0.3Zr-0.05Cr
alloy has a higher hardness in the hot forged state than the Cu-0.3Zr-
0.15Cr alloy. The number of atoms from solid solution in the copper
matrix has a strong correlation with the alloy’s electrical conductivity
[20]. As can be seen in Fig. 4(b), the electrical conductivity significantly
decreased after the solution treatment. This shows that the matrix
changes and scatters more free electrons as a result of the alloy’s solid
solution atoms dissolving in it, lowering the electrical conductivity.
However, the conductivity of the alloy does not decrease significantly
after cold rolling, because the dislocation has little effect on the con-
ductivity of the alloy, so when the dislocation density in the alloy in-
creases significantly, the conductivity of the alloy remains basically
unchanged.

The Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys’ mechanical prop-
erties and electrical conductivity in different states are shown in Fig. 5
(a) and (c). The aging process is separated into three stages: under-aging,
peak-aging, and over-aging. For instance, the hardness of the Cu-0.3Zr-
0.05Cr alloy increases dramatically when it is aged at 450 °C. Several
phases precipitate as a result of the alloy’s internal supersaturated solid
solution breakdown, which is occurring at this moment. This results in
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Fig. 1. Process flow diagram after alloy melting.

Fig. 2. Microstructure of the Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys in different states: (a) as-cast Cu-0.3Zr-0.05Cr, (b) hot-forged Cu-0.3Zr-0.05Cr, (c) solid-
solution Cu-0.3Zr-0.05Cr, (d) as-cast Cu-0.3Zr- 0.15Cr, (e) hot-forged Cu-0.3Zr-0.15Cr, (f) solid-solution Cu-0.3Zr-0.15Cr.

precipitation reinforcement. On the other hand, the alloy experiences
less of a softening effect during the aging treatment when it is aged for a
shorter amount of time. Thus, the hardness of the alloy rises rapidly, and
this stage is the under-aged stage. The alloy reaches a peak hardness of
163 HV in 60 min, which is the result of the synergistic effects of pre-
cipitation and work-hardening, which is the peak aging stage. With
further aging, the work-hardening effect produced by cold deformation
is gradually weakened by high temperature, which leads to a rapid
decrease in the hardness. At the same time, at the late aging stage, the
precipitated phases grow in size with aging, leading to a continuous
hardness decrease. As can be shown in Fig. 5(b) and (d), during the early
stage of aging, the electrical conductivity of the alloy increases
dramatically due to the breakdown of the supersaturated solid solution
in the matrix and the precipitation of a high number of solid solution
atoms.

Simultaneously, it was discovered that, during the same aging
duration, the alloy’s conductivity increased with increasing aging tem-
perature. This is because higher aging temperatures accelerate precipi-
tation. However, when the temperature is too high, the "Osterwald
curing [21,22]" phenomenon may occur in the alloy, resulting in the
precipitation phase produced by the alloy redissolving into the matrix,
resulting in low conductivity. This is the reason why the conductivity of
550 °C in Fig. 5(b) is lower than that of 450 °C and 500 °C. Both
Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys have the highest alloy
hardness when aged at 450 °C. After 60 minutes at 450 °C aging, the

Cu-0.3Zr-0.05Cr alloy reaches a peak hardness of 163 HV and an elec-
trical conductivity of 74.4% IACS. The Cu-0.3Zr-0.15Cr alloy showed
outstanding overall mechanical properties, with a peak hardness of 180
HV and an electrical conductivity of 84.4% IACS after being aged at 450
°C for 120 minutes. Fig. 5(e) shows the peak hardness of
Cu-0.3Zr-0.15Cr alloy at various temperatures and aging time. Peak
hardness rose first and subsequently fell as the aging temperature rose.
Low hardness is the result of the aging temperature being too low to fully
precipitate the precipitated phase. An excessive increase in temperature
will lead to severe softening or even recrystallization of the alloy, which
will lower its hardness. Additionally, it is discovered that at all tem-
peratures, the alloy requires less time to reach its peak hardness. This is
due to the fact that a greater temperature causes precipitation to occur
more often, which shortens the amount of time needed for the alloy to
reach its peak hardness. Fig. 5(f) shows the tensile strength of the two
alloys aged at 450 °C.

The Cu-0.3Zr-0.05Cr alloy was aged at 450 °C for a total of
30 minutes, an hour, and two hours. The corresponding elongation is
13.3%, 10% and 11.7%, the tensile strength is 440 MPa, 442 MPa and
420 MPa, and the corresponding yield strength is 394 MPa, 382 MPa
and 395 MPa, respectively. The Cu-0.3Zr-0.15Cr alloy was aged at the
temperature of 450 °C for 60, 120, and 240 minutes. The tensile strength
is 439 MPa, 467 MPa and 458 MPa, the yield strength is 390 MPa,
413 MPa and 394 MPa, and the elongation is 13.1%, 12.1% and 11.6%,
respectively. The trend of strength changes for both alloys is first
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ZE 7.5
Cr 0
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Fig. 3. Microstructure of the two alloys in as-cast state: (a) SEM image of Cu-0.3Zr-0.05Cr alloy; (b) Spectral analysis of Cu-0.3Zr-0.05Cr alloy dendritic region; (c)
SEM image of Cu-0.3Zr-0.15Cr alloy; (d) Line scanning spectral analysis of Cu-0.3Zr-0.15Cr alloy dendritic region.
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four processes.

increasing and then decreasing, which is the same as the trend of
microhardness change and opposite to the elongation trend.

Finally, the optimal aging parameters for both alloys were discov-
ered. For the Cu-0.3Zr-0.05Cr alloy, the ideal aging parameters are: 450
°C aging temperature, 60 min aging time, 163 HV microhardness,
442 MPa tensile strength, 74.4% IACS electrical conductivity, and 10%
elongation. For the Cu-0.3Zr-0.15Cr alloy, the ideal aging parameters
are: 450 °C aging temperature, 120 min aging time, 180 HV micro-
hardness, 467 MPa tensile strength, 84.4% IACS electrical conductivity,
and 12.1% elongation.

3.2. EBSD analysis

The samples at the peak hardness of the two alloys and the samples at
the over-aging stage were chosen for EBSD tests in order to investigate
the change in the microstructure of the alloy with the extension of the
aging duration. Fig. 6 presents the findings. The graphic indicates that
there are two primary orientations for the alloy’s grain orientation in
each of the four states: <001> and <101> direction. Fig. 6(a) is the
EBSD diagram and grain size diagram of Cu-0.3Zr-0.05Cr alloy aged at
450 °C for 60 min. According to the statistics of the data, the average
grain size of the alloy is 42 pm, and 7.1% of the grain size is greater than

100um. Fig. 6(b) displays the EBSD graph and the size of the grain di-
agram of the Cu-0.3Zr-0.05Cr alloy after it has been aged for
360 minutes at 450°C.The average grain size of Cu-0.3Zr-0.05Cr alloy at
this time is 68 pm. While the average particle size grows from 42 pm to
68 pm, the percentage of grains with a size larger than 100 pm increases
from 7.1% to 28.3%. The main reason is that the aging time of the latter
is longer and the grains grow.

The Cu-0.3Zr-0.15Cr alloy’s EBSD and grain size diagrams are dis-
played in Fig. 6(c) and (d), following 120 and 360 minutes of age at 450
°C. The picture illustrates how the alloy’s average grain size increases
from 174 pm to 241 pym as aging time is extended, and how the per-
centage of grain size greater than 100 pm increases from 57.9% to
66.6%. The finer the grain is, the better the fine grain strengthening
effect of the alloy is, which is one of the reasons why the hardness of Cu-
0.3Zr-0.15Cr alloy aged at 450 °C for 120 min is higher than that aged at
360 min.

The literature states that GOS values above 15° are linked to
deformed or recrystallized grains, whereas values below 15° are linked
to subgranularity of the tissue [23,24]. The GOS diagrams of
Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys under different aging pa-
rameters are generated in Fig. 7. After cold deformation aging, when the
temperature rises, the alloy will recrystallize, and the longer the aging
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Fig. 5. Mechanical characteristics and electrical conductivity of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloy after different aging processes: (a) Hardness of Cu-0.3Zr-
0.05Cr alloy, (b) Electrical conductivity of Cu-0.3Zr-0.05Cr alloy, (c) Hardness of Cu-0.3Zr-0.15Cr alloy, (d) Electrical conductivity of Cu-0.3Zr-0.15Cr alloy, (e) Peak
hardness and time at different aging temperatures of Cu-0.3Zr-0.15Cr alloy, (f) Stress-strain curves for engineering in both alloys.

time, the more the recrystallization region, so the content of the red
region increases. Fine recrystallization can optimize the properties of the
alloy, but coarsening occurs with the extension of aging time, which has
an adverse effect on the properties of the alloy. This is related to the
decrease of strength and plasticity of the alloy in the over-aging stage.

After 60% cold rolling, the alloy’s dislocation density significantly
rises due to the work hardening effect, strengthening the alloy. How-
ever, after the aging treatment, the alloy will soften to a certain extent,
and the dislocation density inside the alloy will decrease. In order to
study the effect of aging time on the dislocation density of the alloy, the
EBSD data in Fig. 6 were processed and the KAM diagram was obtained.
Fig. 8 is the KAM diagram of Cu-0.3Zr-0.05 Cr and Cu-0.3Zr-0.15 Cr
alloys under different aging processes. The alloy’s dislocation density
can be computed using the KAM diagram :

p=20/ub )

In this case, p represents the alloy’s density of dislocations (m™2), 6
stands for the alloy’s average orientation angles (rad), p is the scanner
step length (pm), and b is the copper’s Burger vector (0.255 nm).

Following computation, the Cu-0.3Zr-0.05 Cr alloy with ages at 450
°C for 60 and 360 minutes had dislocation densities of p = 6.49 x 103
m2and p = 6.40 x 10'® m~2, accordingly. Likewise, after aging at 450
°C for 120 and 360 minutes, the dislocation densities of the Cu-0.3Zr-
0.15Cr alloy are p = 6.5 x 101 m™2 and p = 6.63 x 10'> m~2, respec-
tive. It can be found that the dislocation density of the alloy increases
when the Cr content is higher.

To examine the textural evolution of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-
0.15Cr alloys during a wider aging period, Fig. 9 displays the polar co-
ordinates of the two alloys. By contrasting the typical pole Fig. [25], it
can be seen that the Cu-0.3Zr-0.05Cr alloy mainly contains Brass texture
and S texture at 60 min, and the main texture after aging for 360 min is
Brass texture. It can be seen from Fig. 9(c) and Fig. 9(d) that the main
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Fig. 6. Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys aged at 450 °C: EBSD and grain size diagrams: (a) Cu-0.3Zr-0.05Cr alloy aged for 60 min, (b) Cu-0.3Zr-0.05Cr
alloy aged for 360 min, (c) Cu-0.3Zr-0.15Cr, (c) Cu-0.3Zr-0.15Cr alloy aged 120 min, (d) Cu-0.3Zr-0.15Cr alloy aged 360 min.

texture of Cu-0.3Zr-0.15Cr alloy at 120 min is Goss texture and S
texture, while the main texture of the alloy after aging for 360 min is
transformed into Brass texture and S texture. It is discovered that when
the alloy ages longer, its main texture changes.

Fig. 10 is the texture composition diagram and content comparison
diagram of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys aged at 450 °C.
Fig. 10 (a) shows the texture map of Cu-0.3Zr-0.05Cr alloy aged at 450
°C for 60 min. The texture content from more to less is Brass, S, copper,
Goss and Cube texture, and the corresponding texture content is 21.9%,
20.8%, 11.6%, 10.2% and 4.05%, respectively. Fig. 10 (b) shows the
texture composition diagram of Cu-0.3Zr-0.15Cr alloy after aging at 450
°C for 120 min. The texture content from more to less is Goss, S, copper,

Brass and Cube, and the corresponding proportions are 30.1%, 21.4%,
20.1%, 16.7% and 4.74%, respectively. It can be found that the textures
with texture content greater than 20% of the former are S and Brass
texture, and the textures with texture content greater than 20% of the
latter are Goss, copper and S texture, which essentially agree with the
findings of Fig. 9(a) and (c). Fig. 10 (c) is the texture content comparison
diagram of Cu-0.3Zr-0.05Cr alloy aged at 450 °C for 60 min and
360 min. It can be found that the content of various textures decreases
with the increase of aging time, which is caused by the recovery of the
alloy during aging. Fig. 10 (d) is the texture content comparison diagram
of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys aged at 450 °C for
360 min. It can be seen that when the content of Cr is different, the
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Fig. 8. Kernel average misorientation angle maps of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys under different aging processes: (a) Cu-0.3Zr-0.05Cr alloy aged for
60 min, (b) Cu-0.3Zr-0.05Cr alloy aged for 360 min, (c) Cu-0.3Zr-0.15Cr alloy aged 120 min, (d) Cu-0.3Zr-0.15Cr alloy aged 360 min.
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texture content will be very different. The corresponding proportions of
Goss, Cube, copper, Brass and S textures of Cu-0.3Zr-0.05Cr alloy aged
for 360 min are 1.04%, 2.96%, 0.88%, 9.22% and 2.01%, respectively.
When the Cu-0.3Zr-0.15Cr alloy is aged for 360 min, the corresponding
proportions of Goss, Cube, copper, Brass and S textures are 21.6%, 0.7%,
3.74%, 33.5% and 31.5%, respectively. It is found that the addition of
more Cr will make the alloy contain more Goss, Brass, copper and S
textures in the over aging stage after cold rolling, which may be related
to the fact that the Cu-0.3Zr-0.15Cr alloy can retain more textures after
aging for 360 min. This could also be a contributing factor to Cu-0.3Zr-
0.15Cr alloy’s superior performance over Cu-0.3Zr-0.05Cr alloy.

3.3. TEM analysis

The Cu-0.3Zr-0.05Cr alloy’s TEM diagram, aged for 60 minutes at
450 °C, is shown in Fig. 11. From Fig. 11 (a), (b) and (c), it can be seen
that there are fine and uniform distribution of nano-precipitates in Cu-
0.3Zr-0.05Cr alloy. At the same time, there are dislocation walls,
dislocation tangles, dislocation cells and other microstructures. The
strength of the alloy greatly benefits from these structures [26,27]. The
electron diffraction pattern of Fig. 11(c) in the specified area is shown in
Fig. 11(d). Through calibration, it can be determined that there are two
precipitated phases, Cr phase and CusZr phase, in the copper matrix.

This shows that after aging treatment, the alloy elements in the alloy are
precipitated in the form of Cr phase and CusZr phase, respectively. The
precipitated phase’s precipitation significantly reduces the alloy’s in-
ternal lattice distortion, which lessens the alloy’s resistance to free
electrons and significantly increases the alloy’s electrical conductivity
[28].

HRTEM images and fast Fourier transform (FFT) maps of the Cu-
0.3Zr-0.05Cr alloy are displayed in Fig. 11(e) and (f), where a Cu ma-
trix with nanoscale precipitates of the Cr phase was found by calibration
to obtain three crystalline surfaces (111) Cr, (111) Cr, and (002) Cr with
three crystalline surfaces (111) Cu, (111) Cu, and (020) Cu. The inverse
FFT (IFT) diagrams of nanoscale Cr are displayed in Fig. 11(g;-g3). The
spacing of the (111) Cr crystalline planes is 0.261 nm, 0.2618 nm for the
(111) Cr crystalline planes, and 0.2353 nm for the (002) Cr crystalline
planes. Similarly, the crystal plane spacing of (111)Cu can be obtained
as 0.24 nm in Fig. 11(h1), (111) Cu has a crystal plane spacing of
0.2196 nm in Fig. 11(hy), and (020) Cu has a crystalline plane spacing of
0.198 nm in Fig. 11(hg). Some dislocations (yellow "T"-shaped regions)
are found in the inverse FFT diagram, which distort the lattice and affect
the strength and conductivity. Cu (111) lattice spacing is 0.2249 nm and
Cr (111) lattice spacing is 0.261 nm. The misfit of the interface between

the Cu matrix and the Cr nano-precipitated phase is § = Z(Eid”;fﬂ”)) =
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where d, and dj are the crystal plane spacing of (111) Cr and (111)
Cu parallel planes, respectively. Reduced elastic stress and interface
energy are produced by a semi-coherent connection with low mismatch,
which is crucial for enhancing the alloy’s strength and plasticity [29].
Fig. 11(i) shows the statistical diagram of particle size of the precipitated
phase in the Cu-0.3Zr-0.05Cr alloy. The proportion of the 2-3 nm
precipitated phase is the largest, and the average precipitated phase size
is d,=2.8 nm.

The TEM picture of the Cu-0.3Zr-0.15Cr alloy, aged for 120 minutes
at 450°C, is displayed in Fig. 12. The bright field images presented in
Fig. 12(a-c) demonstrate the presence of sub-grain boundaries, dislo-
cation cells, and dislocation walls in addition to a multitude of finely
distributed and uniformly sized nano-precipitated phases in the Cu-
0.3Zr-0.15Cr alloy. After calibration, selected-area electron diffraction
in Fig. 12(c) revealed the presence of two precipitated phases in the
copper matrix: Cr and CusZr. The (131) crystal plane spacing is
d=0.1151 nm for copper, d=0.1277 nm for Cr (113), and d=0.2563 nm

for CusZr (022). The mismatch between nano-precipitated Copper sub-

2(da—dy) __ 2x(0.1277-0.1151)
(da+dy) —  (0.1277+0.1151)

100%=10.38%, which is greater than the mismatch between the Copper
substrate and Chromium phase of the Cu-0.3Zr-0.05Cr alloy. Fig. 12(e)
shows the particle size statistics of the precipitated phase in the Cu-
0.3Zr-0.15Cr alloy. The majority of the precipitated phases were made
up of particles that were between 2 and 5 nm in size, with an average
size of d, = 3.4 nm.

The average size of precipitated phases increased by a factor of 1.2
compared with Fig. 12(i). The reason for the greater misfit & between the
Chromium phase and the Copper matrix of the nano-precipitated phase
in the Cu-0.3Zr-0.15Cr alloy is likely due to the latter’s somewhat longer
aging time, which gave the precipitated phases plenty of opportunity to

=8.38%<15%. The interface is semi-coherent,

strate and Chromium phase is & =

grow. In addition to increasing the alloy’s strength and hardness, the
precipitated phase also lessens matrix lattice distortion, lessens barriers
to free electrons, and enhances the alloy’s electrical conductivity. [30].

4. Discussion
4.1. Cr contents effects on texture and precipitation behavior

When other factors remain unchanged, the finer the grain, the
greater the resulting grain boundary strengthening, and the better the
alloy performance, as seen in Fig. 3. Higher Cr content in the alloy re-
sults in coarser recrystallized grains, associated with grain boundary
weakening. The sort, strength, and amount of texture in the alloy have
an immediate association with its properties [31]. The content of Brass
texture in the Cu-0.3Zr alloy during peak aging decreases significantly
with Cr content, the Goss and copper texture increases significantly, and
the maximum texture strength of the alloy also increased from 5.2 to 7.8
in Fig. 7. During over-aging, the Brass, S, and Goss texture increased
dramatically as the Cr content increased from 0.05 wt% to 0.15 wt%,
while the other texture did not change much, and the maximum texture
strength increased from 6.2 to 9. Consequently, after age, the alloy’s
maximum texture intensity value and Goss texture content will both
greatly increase as the Cr content rises from 0.05 wt percent to 0.15 wt
percent. This has a significant impact on the alloy’s properties. On the
other hand, the amount of Cr in the alloy also has a very important effect
on the precipitation behavior. It can be seen from Fig. 11(c) and (c) that
the Cu-0.3Zr-0.15Cr alloy contains more nanoscale precipitates, which
indicates that the higher the Cr content, the more precipitates will form
during aging. The resulting precipitation strengthening is stronger, so
the Cu-0.3Zr-0.15Cr alloy has a higher strength.
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Fig. 11. TEM images of the Cu-0.3Zr-0.05Cr alloy aged at maximum hardness: (a-c) bright-field images; (d) selected electron diffraction; (¢) HRTEM image; (f) FFT
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statistics of precipitated phase.

4.2. Strengthening mechanisms

The four aspects of solid solution strengthening, deformation
strengthening, grain boundary strengthening, and precipitation
strengthening are responsible for the high strength of copper alloys.
However, since the Zr and Cr solid solution atoms in the matrix have
precipitated out in large quantities after the alloy has aged for a long
time, the value of the contribution to the strength of the solid solution
strengthening is neglected. As a result, the Cu-0.3Zr-0.15Cr alloy’s
strength ¢ is composed of the following four components [31]:

(2)

Here, o6, represents the Cu matrix’s lattice friction stress, which is
20 MPa.
The hardening stress is o4, the precipitation strengthening stress is

0 =00+ 04 +0,+0cp

10

op, and the grain boundary strengthening stress is 6¢g. The following is
an expression of the effect of reinforcing grain boundaries using the Hall-
Petch formula [32]:

oep = K,d™'1? 3)

In this instance, d is the average grain size (d=174 pm) for the Cu-
0.3Zr-0.15Cr alloy. K, is the Hall-Petch coefficient, which is 150 MPa
pm'/2, It is determined that the Cu-0.3Zr-0.15Cr alloy has a grain-
boundary strengthening oz of 11.4 MPa. The Cu-0.3Zr-0.05 Cr alloy
exhibits a 23.2 MPa grain boundary strengthening. After undergoing
solution treatment, the Cu-0.3Zr-0.15Cr alloy was cold rolled with 60%
deformation to increase its hardness and strength. The copper matrix
was reinforced by the dislocation cells, sub-grain boundaries, and other
features formed during the cold rolling process. The following is a
description of the impact of deformation strengthening [33]:
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04 = MaGb,/p (C))

Here, b represents the Burgers vector (0.2556 nm), p is the alloy’s
dislocation density, which is found using the KAM diagrams, G is the
shear modulus, and « is the geometric constant (0.3). M is the Taylor
coefficient (3.06) of the alloy. Accordingly, the Cu-0.3Zr-0.15Cr alloy’s
deformation strengthening is o4 = 87.3 MPa, while the Cu-0.3Zr-0.05Cr
alloy’s deformation strengthening is 87 MPa. In the Cu-0.3Zr-0.15Cr
alloy, the kind and size of precipitated phases as well as the interac-
tion between them and dislocations are crucial factors in the alloy’s
strengthening. Generally speaking, there are two ways in which the
precipitated phase and dislocations interact: dislocation bypassing and
particle shearing. Since the shear mechanism typically occurs when the
precipitated phase is co-lattice with the matrix, and the dislocation
bypassing mechanism primarily occurs when the precipitated phase is
semi- or non-co-lattice with the matrix, the dislocation bypassing
mechanism (the Orowan-Ashby equation) is thought to be the
strengthening mechanism of this alloy [34]. Its impact on the precipi-
tation strengthening can be explained as follows [35]:

0.8MGb .  x

= — 2 In(— 5

o T n(2b) ®)
2

=4/2d 6

x 3 (6)

where M is the Taylor factor (taken as 3.06), G is the shear modulus of
the Cu matrix (46 GPa), b is the Burgers vector of Cu (0.2556 nm), v is
the Poisson’s ratio (0.34), d is the average particle size within the Cr
particles, and the results of the statistical results are shown in Fig. 8. A is
the average distance between precipitates, obtained from a large num-
ber of statistics "distance between the nearest two precipitates", and its
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statistical data are shown in Fig. 13[35].

From the above equation and the above data, the calculated value of
op is 388.7 MPa. The strength ¢ of the Cu-0.3Zr-0.15Cr alloy is 6=0¢ +
64s + 0p + 66g=20 MPa+11.4 MPa+87.3 MPa-+388.7 MPa=507.4 MP
a, which is a little higher than the test value (467 MPa) and may be due
to the existence of some defects within the alloy that have not been taken
into account. The calculation results show that the alloy still has some
internal dislocations after aging treatment and has some deformation
strengthening effect. Fig. 14 shows the contribution of different
strengthening mechanisms to the strength of Cu-0.3Zr-0.05Cr and Cu-
0.3Zr-0.15Cr alloys. The chart shows that precipitation strengthening
is the primary form of strengthening for the alloys.

4.3. Conduction mechanisms

The Cu-0.3Zr-0.15Cr alloy’s resistivity is influenced by precipitated
phases, grain boundaries, and dislocations. Matthiessen’s rule states that
the resistivity can be written as [20] :

Q = Qc, + Qpjs + Qe +Qp (@)

The resistivity of pure Cu is represented by Qc, in this case (Qc,=
1.724 x 1078 Qem), while the resistivity resulting from dislocations in
the alloy is represented by Qp;, which can be written as :

Qpis = p  Qpc ®

The resistivity of the dislocation brought about by Cu is represented
by Qpc (Qpc = 2 X 1025 Qem?®) [36]. Since p is the alloy’s dislocation
density, the resistivity in the Cu-0.3Zr-0.15Cr alloy caused by disloca-
tions, or Qp;, can be computed as 1.30 x 10! Qem. One can express
the resistivity Qgp resulting from alloy grain boundaries as follows :

0 = 2 on(2) ©

Assuming that the grains of copper alloys are tetrahedral, Qp,_gp is
the grain boundary resistivity induced by alloy (Que_gs = 2.04 x 10716
Qem®) [37], where s/v is the expression for the area of the grain border
per unit volume. The value of s/v is assumed to be 2.37/d. The
Cu-0.3Zr-0.15Cr alloy has a grain boundary resistivity of 1.86 x10712
Qem. The precipitation phase resistivity Qp can be written as follows:

Materials Today Communications 38 (2024) 108408

Qp = Q —Qcy — Qpis — Qap 10)

Q is the measured resistivity of the Cu-0.3Zr-0.15Cr alloy 2.04x10~8
Qem. Therefore, the Cu-0.3Zr-0.15Cr alloy’s precipitated phase causes
the resistivity, which is Qp = Q — Qc, — Qpis — Qcp =2.04x1078-
1.72x107%-1.30 x 10 '1-1.86x10 '2=3.2x10"° Qem.

Based on the alloy resistivity calculations, it is evident that the Cu-
0.3Zr-0.15Cr alloy’s copper matrix (Qc,>Qp>Qpis>Qcp) has the
largest effect on electron hindrance, followed by the resistance resulting
from the precipitated phases in the alloy. These two parts mostly dictate
the alloy’s resistivity. Table 2 presents the impact of distinct mecha-
nisms on the electrical conductivity of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-
0.15Cr alloys.

The results of strengthening mechanism calculation show that the
main strengthening methods of Cu-0.3Zr-0.05Cr alloy and Cu-0.3Zr-
0.15Cr alloy after 60% of large deformation and aging treatment are
deformation strengthening and precipitation strengthening. Meanwhile,
Fig. 13 shows that the total contribution of solid solution strengthening,
grain boundary strengthening and deformation strengthening to the
strength of the two alloys is 359.5 MPa and 334.6 MPa, the former has a
higher theoretical strength value. However, the strength contribution of
precipitation strengthening of Cu-0.3Zr-0.15Cr alloy is 46.1 MPa higher
than that of Cu-0.3Zr-0.05Cr alloy, which makes the strength of Cu-
0.3Zr-0.15Cr alloy higher than that of Cu-0.3Zr-0.05Cr alloy, and thus
precipitation strengthening is the main reason for the higher strength of
Cu-0.3Zr-0.15Cr alloy than that of Cu-0.3Zr-0.05Cr alloy. Precipitation
strengthening and softening of the alloy interact to cause the hardness
change during the aging process. The alloy continuously forms a pre-
cipitation phase during the under-aging stage, improving the alloy’s
conductivity and hardness. At this point, precipitation strengthening
and deformation strengthening predominate. As seen in Fig. 5(a) and

Table 2

Resistivity contributions of the Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys.
Alloy Qp, Qem Qpjs, Qem Qgp, Qem Q, Qem
Cu-0.3Zr-0.05Cr 5.9x107°7 1.3x107 1! 7.7x10712 1.724x1078
Cu-0.3Zr-0.15Cr 3.2x107° 1.3x1071 1.8x10712 1.724x1078
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Fig. 14. Contribution of different strengthening mechanisms to strength of Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys.
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(c), the alloy’s hardness and strength reach their maximum during the
peak aging stage. During the over-aging stage, when dynamic softening
becomes more prominent and the aging period is prolonged, the alloy
hardness begins to decline. During this time, the conductivity continues
to rise.

On the other hand, the conduction mechanism calculation indicates
that the primary factors influencing the alloy’s conductivity are the
resistance of the copper matrix and the resistance produced by the
precipitated phase. As the alloy ages, a significant number of precipi-
tated phases precipitate in the copper matrix, effectively reducing the
lattice distortion of the copper matrix and the electron scattering effect.
Cu-0.3Zr-0.15Cr alloy’s overall performance is enhanced due to the
notable improvement in electrical conductivity resulting from this pro-
cess. It can be seen from Fig. 15 that, compared with traditional copper
alloys, Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys have better
comprehensive properties.

5. Conclusions

Cu-0.3Zr-0.05Cr and Cu-0.3Zr-0.15Cr alloys were prepared by vac-
uum melting, subjected to hot forging and solution treatment followed
by 60% cold rolling, and aging treatment at 400 °C, 450 °C, 500 °C, and
550 °C for 0-360 min, after which their properties were examined, and
the specimens were microscopically characterized, leading to the
following conclusions:

(1) The alloy underwent a great refinement of the internal grain after
hot forging, and the best process parameters for the Cu-0.3Zr-
0.15Cr alloy were determined: 60% cold rolling followed by
450 °C aging for 120 min, resulting in 180 HV hardness, 467 MPa
tensile strength, 84.4% IACS electrical conductivity, and 12.1%
elongation.

(2) When the Cr content in the alloy increases from 0.05 wt% to
0.15 wt%, the Goss texture content and the maximum texture
strength value of the alloy after aging increase significantly. At
the same time, the alloy produces more precipitated phases
during aging as the Cr content increases, leading to stronger
precipitation strengthening, which makes the Cu-0.3Zr-0.15Cr
alloy stronger and harder than the Cu-0.3Zr-0.05Cr alloy. Pre-
cipitation strengthening are the main strengthening mechanisms
of the two alloys.
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(3) A large number of fine and uniformly distributed nano-
precipitated Cr and CusZr phases are formed in the aging pro-
cess. The nanoscale Cr phase and the Cu matrix have a semi-
coherent interface, resulting in good alloy plasticity. An abun-
dance of precipitated phase particles improves the electrical
conductivity of the Cu-0.3Zr-0.15Cr alloy by reducing distortion
and electron scattering effects in the Cu matrix. This translates to
an overall improvement in the alloy’s performance.
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