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Abstract: The CuCrSn alloy is promising as high-strength and high-conductivity Cu alloy due to
its relative low smelting requirement, while thus far reports on the CuCrSn alloy is still quite
lacked. In this study, the microstructure and properties of Cu-0.20Cr-0.255n (wt%) specimens
prepared under different rolling and aging combinations were comprehensively characterized, in
order to reveal the effects of cold rolling and aging on the CuCrSn alloy. The results show that in-
creasing the aging temperature from 400 °C to 450 °C can obviously accelerates the precipitation,
and the cold rolling before aging significantly increases the initial microhardness and promotes
the precipitation. Whereas, the deformation hardening will be eliminated during the aging process,
making the microhardness even decrease monotonically when the aging temperature and the
rolling ratio before aging are high. Performing the cold rolling after the aging can maximize the
effects of precipitation strengthening and deformation strengthening, and its adverse impact on
the conductivity is not serious. A tensile strength of 506.5 MPa and a conductivity of 70.33% IACS
were obtained with such a treatment, only the elongation decreases. Different
strength-conductivity combinations of the CuCrSn alloy can be achieved through appropriate
combinations of the aging and post aging cold rolling conditions.
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1. Introduction

The Cu-Cr series high-strength and high conductivity alloys are typical precipitation
strengthened alloys with high strength and excellent electrical conductivity, which have
been widely applied in rail transit, electrical engineering, electronic packaging and some
other fields [1-5]. The strengthen of the Cu-Cr alloy mainly due to the Cr-rich precipi-
tates, and properties of the alloy can be further improved through adding more alloy
elements such as Zr, Ti, Mg, Ag and rare earth elements [6-11]. Among them, the
Cu-Cr-Zr alloy is the most widely used, while the Zr element can be easily burned dur-
ing the smelting process and therefore vacuum smelting is required [12], resulting in
high cost, which limits further wide application of the Cu-Cr-Zr alloy.

Earlier investigations reveal that adding an appropriate amount of Sn into the
Cu-Cr alloy can enhance the solid solution strengthening effect and improve the tensile
strength of the alloy [13]. Meanwhile, the Sn is relatively cheap and not easy to be
burned. Therefore, the Cu-Cr-Sn alloy does not need vacuum melting, and the manu-
facturing costs will be much lower. Meanwhile, its raw material cost is also lower.
Whereas, thus far research reports on the Cu-Cr-Sn alloys is still quite lacked compared
with that on the other Cu-Cr series alloys.

For the reasons above, in this study a Cu-Cr-5n alloy was designed and prepared,
and then subjected to cold-rolling, solid solution and aging treatment under different
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conditions. The evolutions in grain structure, precipitates, mechanical and electrical
properties during the deformation and heat treatment processes were comprehensively
characterized. The effects of rolling deformation and aging on microstructure as the well
as properties of the alloy were analyzed, and the relationship between the electrical
properties, grain structure and precipitates were discussed. It is hoped that this study
can provide some basis for optimizing the manufacturing process of the Cu-Cr-5n alloy.

2. Materials and Methods

2.1. Specimens Preparation

Composition of the designed alloy is Cu-0.20Cr-0.255n (wt%), and was smelted
with pure Cu (299.99%), pure Sn (>99.95%) and Cu-10Cr (wt%) intermediate alloy in
muffle furnace under Ar protection. The metals were heated to 1250 °C, kept for 50 min
and then casted in a graphite mold. Homogenization annealing of the alloy ingot was
conducted in an Ar protected furnace at 960 °C for 6 h, and cooled to room temperature
with the furnace. An inductively coupled plasma emission spectrometer (ICP-OES,
SPECTRO ARCOS II) was used to analyze the composition at different positions of the
ingot, and the results showed that the average Cr content in the alloy was 0.201 wt%,
and the Sn content was 0.246 wt%, which is close to the design composition, indicating
that accurate control of the alloy composition was achieved under simple Ar shielded
melting condition.

As the grains of the alloy after the homogenization annealing are coarse, the ho-
mogenization annealed ingot was pre rolled from 10 mm to 2 mm, and then annealed at
960 °C for 1 h. Then, the alloy plate was further rolled to the thickness of 1.6 mm, 1 mm
and 0.4 mm, and the corresponding rolling ratio is 20%, 50%, and 80%, respectively. The
sample (2 mm) after annealing was named to be CRO, and the 20%, 50% and 80% cold
rolled samples are named to be CR1, CR2 and CR3. The specimens were aged at 400 °C
and 450 °C for different time and then the mechanical properties and electrical conduc-
tivity of these specimens were characterized.

2.2. Microstructure Characterization

The samples for microstructure characterization were first polished and then etched
with FeCls hydrochloric acid ethanol solution (ethanol 100 ml + FeCls 5 g + HCl 10 ml)
for 25 s. The microstructure and phase of the alloy were characterized by Scanning Elec-
tron Microscopy (SEM, Sirion 200, FEI) and Energy Dispersive Spectroscopy (EDS).

2.3. Microhardness and Conductivity Tests

To measure the electrical conductivity and microhardness, the samples were firstly
polished, and then the conductivity was measured using a Sigma 2008A digital conduc-
tivity meter. The microhardness was measured using a Vickers hardness tester (HV-1000)
under a load of 200 g and a holding time of 10 s.

2.4. Tensile Test and Fracture Surface Observation

According to the effect of aging conditions on properties of the cold-rolled
Cu-0.2Cr-0.255n alloy, the Cu-Cr-Sn alloy with different cold rolling deformation were
aged under their peak aging parameters: CR1 (400 °C, 2 h), CR2 (400 °C, 2 h) and CR3
(400 °C, 1.5 h). The aged specimens were named to be CR1-P, CR2-P, and CR3-P, respec-
tively. The tensile and fracture behaviors of the specimens in peak aging states were
studied. Besides, the peak aging parameter of the CRO specimen was determined to be
450 °C, 2 h. The CRO specimen after peak aging was cold rolled from 2 mm to 0.4 mm,
and named to be CRO-P. The effect of cold rolling and aging sequence on properties of
the alloy was studied through comparing the CR3-P and CRO-P specimens. The pro-
cessing sequences of all the specimens are presented in Table 1.

For the tensile test, the cold-rolled plates were wire cut into bone shaped tensile
specimens, with a total length of 80 mm, a gauge distance of 30 mm, and a transition arc
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radius of 5 mm. The tensile test was conducted on a universal testing machine
(Zwick/Roell Z030) at a tensile speed of 2 mm/min, and the fracture surface was ob-
served using the SEM.

Table 1. Processing sequences and serial numbers of the specimens.

Serial number Pre rolling Annealing  First rolling Aging Further rolling
/ 400 °C and 450 °C for /
different time
/ 450°C,2h 2 mm to 0.4 mm
0 (o]
2 mm to 1.6 mm 400 C and 459 C for /
different time
. 400°C,2h
960°C, 1 h 2 mm to 1.6 mm 00 °C /
400 °C and 450 °C for
2 mm to 1.0 mm . . /
different time
2 mm to 1.0 mm 400°C,2h /
0, 0
2 mm to 0.4 mm 400 C and 459 C for /
different time
2 mm to 0.4 mm 400°C,1.5h /

Figure 1. Microstructures of the Cu-0.2Cr-0.255n alloy specimens of different processing states: (a)
CRO, (b) CR1, (c) CR2, (d) CR3.

3. Results and discussion

3.1. Microstructure and Properties of the Cold-rolled CuCrSn Alloy

Microstructures of the Cu-0.2Cr-0.255n alloy plates annealed (solid solution) at 960
°C for different time and then cold-rolled to different thicknesses are shown in Fig. 1. As
can be seen in Fig. 1(a), the texture formed during the pre-rolling process disappears af-
ter the solid solution treatment, and the annealing twin structure appears. Meanwhile,
there are no obvious precipitation particles in the matrix, indicating that the alloy ele-
ments have been fully dissolved. From Figs. 1(b)-(d), it can be seen that microstructure
of the alloy changes with increasing rolling ratio. Due to the low rolling ratio, the CR1
alloy almost retains the high temperature annealing recrystallization structure (see Fig.
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1(b)). As the rolling ratio increases, obvious strip-liked texture appear, and that in CR3 is
more obvious and the grain boundary density is higher compared with CR2. Besides, the
etched surface is coarser at higher rolling ratio, because the dislocations can promote the
corrosion reaction [14, 15].

The microhardness and conductivity of the CR0O, CR1, CR2 and CR3 specimens are
shown in Fig. 2. Microhardness of the CRO0 alloy is very low, because there is no defor-
mation strengthening and precipitation strengthening in this specimen. With increasing
rolling ratio, the microhardness increases continuously. In contrast, conductivity of CR0O
is relatively high and deceases during the rolling process, because the defect density in
the recrystallized Cu alloy is low, while the cold rolling introduces defects such as dis-
locations. The dislocations are intertwined with each other, forming a cutting order and
resulting in a significant dislocation strengthening effect [16, 17]. Besides, the disloca-
tions have a certain degree of scattering effect on free electrons in the Cu matrix and
thus decrease the conductivity.
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Figure 2. Microhardness and conductivity of the Cu-0.2Cr-0.255n alloy specimens of different
processing states.

3.2. Properties of the Cold-rolled CuCrSn Alloy After Different Aging

The evolutions in microhardness and conductivity of the CuCrSn alloy during the
aging at 400 °C are shown in Fig. 3. According to Fig. 3(a), for all the specimens, the mi-
crohardness increases firstly and then decreases with increasing aging time. For the CRO
alloy, it can be found that the increase rates of microhardness and conductivity is much
lower than the other three specimens, and the highest values of microhardness and
conductivity are also much lower. One reason for that is the CRO alloy has not under-
gone a cold rolling and lacks the deformation to promote precipitation, and the other
reason is that precipitation power is insufficient at the aging temperature of 400 °C. As a
result, the CRO alloy is in an underaged state at 400 °C.

For the cold rolled specimens, the time for the alloy to reach the peak aging state
decreases as the cold rolling ratio increases. Microhardness of the CR3 alloy reaches its
peak after aging for 1.5 h, indicating that the cold deformation before aging can acceler-
ate or promote the precipitation. With further prolongation of the aging time, the pre-
cipitates gradually grow and the alloy becomes overaged. ie. the precipitation
strengthening effect is weakened and the microhardness decreases. The conductivity
firstly increases rapidly and then remains stable with increasing aging time, as presented
in Fig. 3(b). At the early stage of aging, the conductivity increases rapidly due to the
rapid precipitation of alloy elements dissolved in the matrix. The larger the cold rolling
ratio before aging, the higher increase rate of conductivity, which indicates that the cold
rolling can promote the precipitation, because the internal defects in the grains can ac-
celerate the diffusion and promote the nucleation of the second phase [18, 19]. After that,


https://doi.org/10.20944/preprints202304.0287.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2023 d0i:10.20944/preprints202304.0287.v1

only a little alloy element will be further precipitated, so the conductivity tends to stable.
The stable conductivity of the CR1, CR2 and CR3 alloys are all around 74% IACS.
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Figure 3. Evolutions in properties of the CuCrSn alloy during the aging at 400 °C: (a) microhard-
ness, (b) conductivity.
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Figure 4. Evolutions in properties of the CuCrSn alloy during the aging at 450 °C: (a) microhard-
ness, (b) conductivity.

Fig. 4 shows the evolutions in properties of the CuCrSn alloy during the aging at 450
°C. From Fig. 4(a), it can be seen that the increase rate for microhardness of the CRO alloy
increases significantly compared with that aged at 400 °C, because the higher aging
temperature increases the precipitation power of the second phase and promotes the
precipitation. The time for the 4 specimens to reach the peak aging is shortened com-
pared with that in Fig. 3, especially the CR3 alloy, for which the microhardness decreas-
es monotonically with increasing aging time. As the cold rolling ratio of the CR3 is high,
its initial microhardness was also high due to the severe strain hardening. During the
aging process, the strain hardening decreases sharply, the precipitation hardening in-
creases firstly and then decrease. Once the precipitation hardening can not make up the
decrease of strain hardening, monotonic decrease in microhardness occurs. Besides, the
peak hardness of the specimens aged at 450 °C are lower than that aged at 400 °C, indi-
cating that 400 °C is more suitable for the cold-rolled specimens. The variation in the
conductivity shown in Fig. 4(b) is consistent with Figure 4(a), in which the conductivity
of the CRO alloy increases significantly. The higher aging temperature increases the pre-
cipitation driving force of the alloy and accelerates the precipitation rate. The conductiv-
ity of all the 4 specimens are higher than 70% IACS, some are about 75% IACS.

3.3. Tensile Behavior of the Peak-aged CuCrSn Alloy

The Cu-Cr-Sn alloy specimens with different cold rolling ratios were aged under
their peak aging parameters: CR1 (400 °C, 2 h), CR2 (400 °C, 2 h) and CR3 (400 °C, 1.5 h),
and the aged specimens were named to be CR1-P, CR2-P, and CR3-P, respectively. Ten-
sile stress-strain curves of the CR1-P, CR2-P and CR3-P specimens are shown in Fig. 5,
and their strength are presented in Fig. 6. It can be found that with increasing cold roll-
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ing ratio before aging, the yield strength and tensile strength increase obviously. One
reason for that is the dislocations in the cold rolled specimens can promote the nuclea-
tion of the precipitates, and then higher density and finer precipitation particles can be
formed thus the CR3-P specimen has much higher strength. Part of the deformation
strengthening might be maintained, but should be not significant at the aging tempera-
ture of 400 °C [20, 21]. As the elongation decreases with increasing strength, it can be
predicated that the increase in strength mainly attributes to the precipitation strength-
ening rather than fine grain strengthening.
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Figure 5. Tensile stress-strain curves of the specimens under their peak aging states.
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Figure 6. Strength of the specimens under their peak aging states.

The microscopic fracture surfaces of the peak aged specimens are shown in Fig. 7.
For all the three specimens, dimples were formed on the fracture surface, demonstrating
that the specimens fracture in a ductile mode. For the CR1-P specimen, the dimple is rel-
ative large in size and deep, indicating a better plasticity. With higher cold rolling de-
formation before the aging, the dimples become smaller and shallower, corresponding to
higher strength and lower elongation. The fracture surfaces fit well with the tensile
curves and the strength.
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Figure 7. Fracture surfaces of the specimens under their peak aging states: (a) CR1-P, (b) CR2-P, (c)
CR3-P.

3.4. Properties of the CuCrSn Alloy Cold-rolled After Aging

The deformation-aging processing has significant influence on the microstructure
and properties of the Cu alloys. As the tensile strength of the CR3-P is only 455.5 MPa,
the “solid solution-peak aging-cold rolling” was used to further improve the strength of
the Cu-Cr-5Sn alloy. The CRO-P specimen was pre-rolled from 10 mm to 2 mm, solid so-
lution treated at 960 °C for 1 h, aged at 450 °C for 2 h and then cold-rolled to 0.4 mm.
Then tensile curves of the CRO-P and CR3-P specimen are shown in Fig. 8(a), from which
one can found that the tensile strength of the CRO-P specimen is over 500 MPa, even
much higher than that of the CR3-P, but its elongation decreases sharply. The fracture
surface of the CRO-P also reveal that the decrease in ductility. As shown in Fig. 8(b), the
fracture surface is flat, only a few shallow dimples can be observed, while there is still
little cleavage on the fracture surface.
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Figure 8. (a) Tensile curves of the CR3-P and CRO-P specimens, (b) fracture morphology of the
CRO-P specimen.

The microstructure of the CR0O-P specimen and EDS analysis result on particles in
this specimen are shown in Fig. 9. In the microstructure image, rolling deformation
bands can be observed, and dispersed fine white particles exist in the Cu matrix, as in-
dicated by the arrows. The EDS analysis result reveal that these precipitates are Cr-rich
particles, which are formed during the aging process and act as strengthening phase,
while the cold rolling after the aging further improves the strength. The properties of the
the CRO-P and CR3-P specimens are summarized in Fig. 10, in which it is obvious that
the yield strength, tensile strength and microhardness of the CRO-P specimen are higher,
only the conductivity is a little lower, but still higher than 70%.
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Figure 9. (a) microstructure and (b) EDS analysis result of the CRO-P specimen.
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Figure 10. Properties of the CRO-P and CR3-P specimens.

According to the results above, microhardness of the solid solution treated
Cu-0.2Cr-0.255n specimen increases by 54 HV after the peak aging, from 59 HV to 113
HV. After a further 80% cold rolling, the microhardness increases to 170 HV (CRO-P). For
this specimen, the strengthen attributes to combined effects of precipitation strengthen-
ing and deformation strengthening. With another processing method, microhardness of
the Cu-Cr-Sn specimen increases from 59 HV of the solid solution state to 152 HV of the
80% cold-rolled state before aging. Then, the microhardness increases to 165 HV after
the peak aging, which indicates that under the “solid solution-cold rolling-aging” pro-
cess, the contribution of deformation strengthening is not significant, because the aging
will eliminate the dislocations introduced during the cold rolling process [21, 22]. Alt-
hough the cold rolling decreases the conductivity of the CRO-P specimen by a few per-
centages of IACS, it is still higher than 70% IACS. Through comparing the properties of
the CR3-P and CRO-P speciments, it can be concluded that adjusting the sequence of cold
rolling and aging can improve the strength of the Cu-Cr-Sn alloy and meanwhile main-
tain a superior conductivity.

4. Conclusions

The influences of cold rolling ratio and aging parameters on microstructure and
property of Cu-0.2Cr-0.255n alloy were investigated in this study. Based on the results
and discussions, the following conclusions can be drawn:

(1) The cold rolling can change the coarse recrystallization structure of the alloy and
forms deformation texture and bands with severe plastic deformation. High density of
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dislocations was introduced during the cold rolling process, which significantly increase
the microhardness but will decrease the conductivity.

(2) The microhardness increases firstly and then decreases during the aging process,
while the conductivity increase rapidly at the early aging stage and then becomes stable.
The cold rolling before the aging can accelerate the precipitation process, and the peak
microhardness is also higher for the specimen with higher cold rolling ratio before aging.
The most suitable aging temperature is related with the cold rolling ratio before aging.
Improving the aging temperature shortens the time of peak aging.

(3) Through aging firstly and then conduct a cold rolling, the strength of the
Cu-0.2Cr-0.255n alloy can be further improved, because the precipitation strengthening
and deformation strengthening are both significant in this condition, and the conductiv-
ity can still maintain a relative high level. A tensile strength of 506.5 MPa and a conduc-
tivity of 70.33% IACS were obtained for the specimen with the processing of annealed at
960 °C for 1 h, aged at 450 °C for 2 h and then a 80% cold rolling.
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