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Abstract: In this paper, the Cu-0.52Ag-0.22Cr alloy was pre-
pared by hot horizontal continuous casting. The effects of
aging process on micro-hardness, electrical conductivity,
and nanoscale precipitates of Cu-0.52Ag-0.22Cr alloy were
studied. The electrical conductivity and micro-hardness
increase significantly in the early aging time. With the ex-
tension of aging time, the electrical conductivity is basi-
cally unchanged and remains at a high level. While, the
micro-hardness increases slowly, the change trend is differ-
ent at 623 K, 723 K, and 773 K. The optimisation of process
parameters occurs in 723 K for 2 h. At this time, the elec-
tric conductivity is 95.8% IACS and the hardness is 104.1
HV0.1. The XRD result shows that the Ag and Cr are pre-
cipitated in elemental form copper matrix. Further TEM
shows that, Cr exists at the sub-boundary in the form of
larger nanoscale precipitates (100-200 nm). While a large
number ofAgnanoscale precipitates (8-10nm) is dispersed
on the copper matrix. The synergistic effect of Ag and Cr
nanoscale precipitates significantly improved the proper-
ties of the alloy.
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1 Introduction
Multi-component Cu-based alloys have been explored as
important functional materials for industrial application
owing to their high strength, controllable micro-hardness
and superior electrical conductivity. Sometimes they can
also be used as bacteriostatic biomaterials [1–8]. Microal-
loying is usually used by material researchers to main-
tain the alloy’s high electric conductivity and mechanical
properties [9, 10]. The high strength of alloys is due to
nanoscale precipitates in the copper matrix during the ag-
ing process. The high electrical conductivity results from
the low solid solubility of alloying elements [11–18, 25].
Krishna et al. [13] found that the presence of nanoscale
precipitates in the soft matrix significantly improves the
strength by resistance the motion of dislocations in the ag-
ing process of Cu-3Ag-Zr alloy. The size of the Ag and Zr
nanoscale precipitates was measured to be 7 nm and 80
nm, respectively. By analyzing the results, they found that
the major contribution to strength was form coherency
and dislocation strengthening of nanoscale precipitates.
Nanoscale precipitates were found through the research
Precipitation behavior and properties of aged Cu-0.23Be-
0.84Co alloy by Zhou et al. [14]. A coherent nanometer pre-
cipitation results with the best strengthening effect. Peng
et al. [15] pointed out that the morphology and phase rela-
tionship of nanoscale precipitates change with the aging
process, having a great influence on the properties of the
alloy. The above results indicate that the properties of the
alloy depend on the morphology, distribution of the pre-
cipitated phase, and the relationship of phase relations.
Moreover, both Ag and Cr are nanoscale precipitates.

Cu-Ag-Cr alloy as an extremely important Cu-based
alloy with obvious aging strengthening effect and good
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comprehensive mechanical properties [19–28], is known
as a “pearl” because of its widely application in electrified
railway contact lines, high fidelity video, and audio lines.
When Ag and Cr are used as nanoscale precipitates of cop-
per alloy, what is the effect on the properties of the alloy.
Jia et al. [29] prepared Cu-0.1Ag-0.3Cr alloy by using vac-
uum induction furnace, and studied the relationship be-
tween heat treatment process and performances. The per-
formance of the obtained alloy was the best after aging for
4 h at 723 K, with the electrical conductivity of 82% and
the micro-hardness of 144HV. At this point, the elemen-
tal Cr is present in the form of nanoscale sediments. The
size of nanoscale precipitates is 6-7 nm, and the disloca-
tion cuttingmechanismhas a great influence on themicro-
hardness and strength of the alloy. Therefore, the electri-
cal conductivity increased significantly due to the fine and
well dispersed nanoscale precipitates. These nanoscale
precipitates are caused by the decomposition of supersatu-
rated solid solution during aging. Liu et al. [30]. prepared
Cu-Ag-Cr alloys by vacuum melting furnace. Through de-
formation heat treatment (the shape variable was 40%),
the electrical conductivity was close to 90% IACS after ag-
ing for 4 h at 753 K. It is found that Cr nanoscale precipi-
tates exist in the form of single substance after TTRT and
have a certain phase relationship. But it is considered that
trace Ag exists in the matrix in the form of solid soluble
copper, which has not been explained and proved. Chen et
al. [31] prepared Cu-Ag-Cr (Ce) alloy by means of medium
frequency induction furnace and studied the microstruc-
ture of Cu-Cr-Ag alloy under different treatment conditions.
The addition of Ce elementmakes the electric conductivity
of the alloy reach 93±0.1% IACS after 4 h of insulation at
823 K. Alloy grain refinement’s is not an important factor
affecting the properties of the alloy. Xu et al. [32] adopted
medium frequency induction furnace. They found that the
micro-hardness and electrical conductivity of the alloy in-
creased with the increase of Ag content under different
heat treatments, and the electrical conductivity reached
to 83.2% IACS. With the addition of Ag, Cu-Cr alloys ex-
hibit obvious solution strengthening and significantly de-
pressed chain precipitation of Cr nanoscale precipitates.
It was explained as the relationship between the amount
of Ag and the improvement of mechanical properties. The
above study presents a little aboutAg and focuses mainly
on the impact of Cr on the properties of the alloy. It has
good mechanical properties, but it presents high loses of
electrical conductivity. Therefore, in order to obtain high
strength and high electric conductivity alloy, it is more im-
portant to control the nanoscale precipitates of Ag and Cr
and to play a synergistic role.

Therefore, in this work, a hot horizontal continuous
casting was used to produce the new Cu-Ag-Cr alloy. Then,
the effect of aging treatment on properties and nanoscale
precipitates of Cu-Ag-Cr alloy was studied by optical, SEM,
XRD, TEM, and property testing. Simultaneously, the op-
timum aging process parameters were determined within
the scope of the experiment.

2 Experimental procedure
First a small piece of high purity Cu was melted with Ag
and Cr, respectively at 1473-1573 K in a 7 kg vacuum in-
ductive furnace to obtain Cu-3.5Ag and Cu-1.0Cr interme-
diate alloys. Then, the intermediate alloys were added to
the graphite crucible of hot horizontal continuous casting
equipment. The Cu-0.52Ag-0.22Cr alloy bar (Φ = 16 mm)
could be obtained. The continuous casting rate was 20
mm/min and the temperature of the graphite crucible was
maintained at 1423-1473 K.

The solid solution and aging process for the alloy was
carried out in heat treatment furnace. Briefly, After the
solid solution process operated under 1223 K for 1 h, the as-
prepared alloywas aging at 673K, 723K, and 773K for 0.5 h,
2 h, 4 h, and 8 h, respectively. The dimension of the spec-
imen was Φ = 16 mm × (15-20) mm. The micro-hardness
was measured on HVS-1000 digital micro-hardness tester
with a load of 100 g and a loading time of 10 s. Each mea-
surement was repeated for 6 times and the g error is less
than 10%. The electric conductivity of the samplewasmea-
suredusing a Sigma 2008B1digital eddy currentmetal con-
ductometer. Each sample was tested for 5 times and the
measurement errorwas less than0.02% IACS. X-ray diffrac-
tion (XRD) was used to analyze the phase compositions
of alloys obtained under different conditions. Morpholo-
gies of the alloys and the distribution of the precipitates
in the copper matrix were observed by scanning electron
microscopy (SEM) and the JEM2000 high resolution trans-
mission electron microscopy (HRTEM).

3 Results

3.1 Properties of the alloy

Figure 1 shows the change of micro-hardness of the Cu-
0.52Ag-0.22Cr alloy prepared at different aging tempera-
tures for various times between 0 h and 8 h. As shown
in Figure 1, the micro-hardness of the alloy obtained after
solid solution treatment is only 40.3 HV0.1, which greatly



72 | L. Kong et al.

Figure 1: Comparisons of the micro-hardness of the Cu-0.52Ag-
0.22Cr alloy after aging at different temperature for different time

Figure 2: Variation of electrical conductivity with the aging time

enhanced after the aging process. As seen, after aging at
673 K, 723 K, and 773 K for 30 min, the micro-hardness of
the alloys significantly increased to 73.7 HV0.1, 101.1 HV.01,
and 88.6 HV0.1, respectively, which was 1.8, 2.5, 2.2 times
that of alloy obtained after solid solution treatment.

Subsequently, micro-hardness continuously in-
creased when the aging time prolonged to 2 h. But the
change trend was different under different temperature,
when the aging time extended to 8 h. Under relatively low
temperature (673 K), one can observe the sustained growth
of the micro-hardness to 103.5 HV0.1 with the prolonged
aging time to 8 h. When the aging temperature was 723
K and 773 K, the highest micro-hardness was 104.1 HV0.1
and 102.0HV0.1, both of which were obtained when the
aging time was 2 h.

Figure 2 shows the electrical conductivity of the al-
loys obtained after diverse aging temperatures for different
times. Within a short period of 30min, there was an initial

Figure 3: Standardized curves of micro-hardness and conductivity
under different aging condition

Figure 4: XRD pattern of the alloy at 723 K changes with time

burst increase for the electrical conductivity of the alloys,
with electric conductivity of the 93.3, 93.9 and 94.4% IACS
after 30 min when the aging temperature was 673 K, 723 K,
and 773K, respectively. Compared to the initial electric con-
ductivity of 51% IACS, the electric conductivity increased
82.9%, 84.1%, and 85.1%. Then the electrical conductivity
was almost unchanged when the aging time extended to
2, 4, 6 and 8 h, respectively. So, the effect of temperature
on electric conductivity is not very obvious. Themaximum
difference of electric conductivity reached 1.9% IACS (96.5-
94.6% IACS).

In practical applications, the alloys should be
equipped with both excellent hardness and electrical con-
ductivity at the same time. So we introduce a new formula
(R/Rmax)×(E/Emax), where R is the electric conductivity,
E is the micro-hardness, and max is the maximum value.
The obtained result was presented in Figure 3. When the
aging process was performed under 723 K for 2 h, the max-
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Figure 5: SEM images of the alloys obtained after aging at 723 K for different times: (a) 0.5 h; (b) 2 h; (c) 4 h; (d) 8 h

Figure 6: The TEM image for Cu-0.52 Ag-0.22 Cr alloy after solid solution: (a) bright field image; (b) SADE pattern

imum value is obtained. At this moment, the alloy has
the best comprehensive properties (electrical conductiv-
ity and micro-hardness), with the electric conductivity of
95.8% IACS and the micro-hardness of 104.1 HV0.1.

3.2 Microstructure and nanoscale
precipitates of alloy

The properties of alloys are closely related to microstruc-
ture. Thus, the evolution of macroscopic phase was eval-
uated using XRD. Based on the XRD spectra in Figure 4,
it is clear that the alloy with face-centered cubic crystal
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Figure 7: TEM images of the alloy at 723 K×0.5 h (a and c) bright field image; (b) energy spectrum; (d) HRTEM

structure could be obtained after solid solution treatment
at 1223 K for 1 h, which was confirmed by the characteris-
tic peaks of FCC-(110). As the sample was heated at 723 K
for 0.5 h, the FCC-(110) peak dramatically weakened. The
XRD pattern was composed of the characteristic peaks of
Cu (200), Cr (211) and Ag (103), indicating that Ag and Cr
precipitated from the copper matrix and formed a new sin-
gle phase. When the aging time continued, prolonged to 8
h, the crystal phase of the alloys was almost unchanged,
which was in agreement with the results presented in Fig-
ures 1 and 2. Under the aging temperature of 723 K, the mi-
crostructure changed with the aging time and the results
are shown in Figure 5. The microstructures of the alloys
are all isometric crystals, and the grain surface gradually
changed rough with the extension of aging time. Mean-
while, the grain grows with aging time. In order to further
explore the occurrence of this situation, TEM was used to
observe the nanoscale precipitates.

Figure 6a shows a typical transmission electron mi-
croscopy (TEM) image of the alloy obtained after solid solu-
tion. As seen, there are only dislocations in the TEM image
and no precipitated phase can be observed. Only a set of

diffraction patterns of the copper matrix can be seen from
the Figure 6b.

Figure 7 shows the TEM images of alloy after aging at
723 K for 0.5 h. A small number of elliptic particles with
a size of about 100 nm can be seen from Figure 7 and
most of them distributed on the sub-grain boundary. The
EDX spectra in Figure 7b further confirmed that the main
component of the particles was Cr. In addition, a large
number of nanoscale precipitates with the size of 4-5 nm
can be observed from the bright field image in Figure 7c.
The lattice parameter of the copper matrix was 0.1729, and
the parameter of the precipitation phase is 0.1802 (Fig-
ure 7d). From the corresponding FFT diagram obtained by
Fourier transform it can be found that the diffraction is rel-
atively complex and the nanoscale precipitates andmatrix
are coherent. The phase relationship between the precip-
itated phase and the copper matrix can be expressed as
(110)α//(110)𝛾, [001] α//[001]𝛾 (α : copper matrix; 𝛾 :
Ag). Relatively to the solid solution state, a largenumber of
dispersiveAgparticles andCr particleswith large sizewere
precipitated after 0.5 h of aging (Figure 7c and Figure 7a).
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Figure 8: TEM of the alloy at 723 K×2 h: (a) bright field image; (b) HRTEM; (c) SADE pattern of the precipitate; (d) index of SADE pattern

The microstructure of product obtained after aging at
723 K for 2 h was shown in Figure 8a. The dimension of the
nanoscale precipitates grewup to 8-10nm. The structure of
the nanoscale precipitates did not change. It can be seen
fromFigure 8b that thematrix parameters of coppermatrix
decreased and the matrix parameters of nanoscale precip-
itates increased. It revealed the growth of the precipitated
phase and continuous precipitation. Through the calibra-
tion of the SADE and the calculation of the mismatch, the
coherent relationship between the nanoscale precipitates
and the matrix was lost. The phase relationship can be ex-
pressed as (110)α//(110)𝛾, [001] α//[111]𝛾.

4 Discussion

4.1 Effect of aging on properties of alloy

The alloy kept steady supersaturated solid solution stage
after solid solution treatment. Thus, the precipitation ca-
pacity of the second phase is large, and the precipitation

rate is fast in the in the early stage of aging [18, 23], which
leads to quick increase for the hardness of the alloys in
the initial 30 min. With the extension of aging time (30
min to 2 h), the saturation gradually decreased, resulting
the slow precipitation rate and the growth of precipita-
tion phase [18]. This can affect the micro-hardness of the
alloy, so the micro-hardness increases slowly. When the
temperature is 673 K, the diffusion rate for all elements
in the alloy and the precipitation of the second phase is
slow, causing unobvious strengthening effect [19]. When
the temperature is 773 K, the saturation of the alloy will
be destroyed, and the precipitation power of the second
phase will be insufficient. Moreover, the precipitated sec-
ond phase will not stop growing. Thus, it can destroy
the coherence phenomenon of the matrix, and the micro-
hardness is inevitably declined when the aging time pro-
longed from 2 to 8 h [20, 31].

The scattering effect of solid solution elements on
electrons is the main reason that influences the electric
conductivity of the alloys. The higher content of alloy el-
ements in the matrix, the stronger the scattering effect
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on electrons, and the electric lower the conductivity of
the alloy. Therefore, the electric conductivity and micro-
hardness basically follow the same law. With the exten-
sion of time, the solid solution elements continuously pre-
cipitate and the matrix is closer to the copper matrix. The
electric conductivity maintains at a high level. In the early
stage of aging (before 0.5 h), it has a higher saturation. As
the result, the higher the temperature (less than 773 K), the
higher the electric conductivity is. In the later stage of ag-
ing, when the temperature is lower than 723 K, the diffu-
sion ability of solid solution elements decreases and the
precipitation is slower [32, 35]. When the temperature is
higher than 723 K, the saturation is low and the precipita-
tion is slow. When the temperature is 723 K, the precipita-
tion is normal. The precipitation phase grows slowly with
the extension of time, which will have a certain impact on
the electric conductivity [35].

4.2 Effect of nanoscale precipitates on
properties

After high-temperature solid solution treatment, it can be
seen from both Figure 4 and Figure 6 that Ag and Cr are
fully integrated into the copper matrix. Thus, the electric
conductivity and microhardness of the alloy are relatively
low. There are no nanoscale precipitates. After aging pro-
cess, Cr accumulates in the sub-grain boundary in large
nanoscale precipitates. It proves that the additionofAg ele-
ment can change the chain precipitation of Cr element [33].
It has a strong blocking effect on dislocation, as shown
in Figure 8. The fine and dispersed Ag nanoscale precip-
itates gradually coarsened with the aging, and the phase
connection with the matrix also changed. It can block the
dislocationmotion. The increase of electric conductivity is
caused by the precipitation of Ag and Cr nanoscale precip-
itates from the copper matrix. The characteristic parame-
ters of nanoscale precipitates have limited influence on the
electric conductivity. Nevertheless, nanoscale precipitates
have a significant effect on microhardness.

As it is well known, the strengthening mechanism of
hardness is the nail-rolling effect on dislocation [34]. Ac-
cording to the calculated results of the mismatch degree,
it can be concluded that the nanoscale precipitates and
matrix are semi-coherent. At this point, through the study
of the second phase strengthening mechanism (9.9%), the
Orowan strengthening mechanism can be adopted. The
strengtheningdue to theOrowanmodel is describedby the
Orowan–Ashby equation [34]:

τOA = 0.84 Gb
2π (1 − v)

1
2 α

ln
(︂
πr
2π0

)︂

Where the τ0A is the shear stress of the Orowan–Ashby
mechanism, r is the average radius of the Ag particle,
r0 is the dislocation center size, α is the hard particle
spacing. In over-aging alloys, the Ag particle size will in-
crease. While τ0A will reduce. Therefore, alloys will have
lower micro-hardness. When dislocation cuts through the
nanoscale precipitates [34]:

τc = 2.6Gϵ
3
2

(︂
f
θb

)︂ 1
2

r
1
2

The relationship between α and the radius and volume
fraction of the nanoscale precipitates can be calculated us-
ing the following equation [34]:

α =
(︂
2π
3f

)︂ 1
2

r − πr2

Putting the relevant parameters into formula. (G =
44.1MPa; b = 0.2556nm; v = 0.35; θ = 0.5; ϵ = 0.015; r0 =
2b) Since the electric conductivity remains high level, we
assume that Ag precipitates entirely from the copper ma-
trix. According to alloy composition, the volume fraction
of the precipitated phase was calculated to be 0.044%. So,
one can get the following formula:

0.012r
1
2 ≤ 0.028

r ln (3.07r)

Working out as 4<r<5. Therefore, when the aging time
is prolonged, the nanoscale precipitates increases and the
hardness decreases.

5 Conclusion
1. In the early stage of aging, the electric conductiv-

ity andmicro-hardness increased significantly.With
the extension of aging time, the electric conductiv-
ity remains at a high level and basically unchanged.
While the micro-hardness increases slowly, the
change trend is different at variuos temperatures.
Therefore the micro-hardness is more sensitive to
temperature than electric conductivity.

2. The optimum aging parameters are obtained within
the experimental range. The best alloy can be ob-
tained after aging at 723 K for 2 h, with the micro-
hardness of 104.1HV0.1 and electric conductivity of
95.8% IACS.

3. TheXRD result shows that the value changed greatly
after aging. Only the diffraction front of copper ma-
trix can be observed after solid solution. The peak
of Cu (200), Ag (103) and Cr (211) are beginning to
appear after aging. This means that Ag and Cr are
precipitated from copper matrix.
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4. Nanometer precipitates have a significant effect on
the improvement of alloy properties. In the ag-
ing process, Cr exists at the sub-boundary in the
form of larger nanoscale precipitates (100-200 nm).
At the same time, a large number of Ag parti-
cles dispersed on copper matrix. The size of Ag
nanoscale precipitates is 8-10 nm. The nanoscale
precipitates are semi-congruent with the matrix.
The phase relationship between the precipitated
phase and the copper matrix can be expressed as
(110)α//(110)𝛾, [001] α//[111]𝛾. The synergistic
effect of Ag and Cr nanoscale precipitates greatly im-
proved the properties of the alloy.
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