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Abstract: The microstructural evolution of Cu—19Ni—6Cr—7Mn alloy during aging treatment was investigated. After
aging for 120 min at 500 °C, the alloy exhibited excellent mechanical properties, including a tensile strength of
978 MPa and an elastic modulus of 145.8 GPa. After aging for 240 min at 500 °C, the elastic modulus of the alloy
reached 149.5 GPa, which was among the highest values reported for Cu alloys. It was worth mentioning that the tensile
strength increased rapidly from 740 to 934 MPa after aging for 5 min at 500 °C, which was close to the maximum
tensile strength (978 MPa). Analysis of the underlying strengthening mechanisms and phase transformation behavior
revealed that the Cu—19Ni—6Cr—7Mn alloy underwent spinodal decomposition and DOy, ordering during the first 5 min
of aging at 500 °C, and L1, ordered phases and bcc-Cr precipitates appeared. Therefore, the enhanced mechanical
properties of the Cu—19Ni—6Cr—7Mn alloy can be attributed to the stress field generated by spinodal decomposition and
the presence of nanoscale ordered phase and Cr precipitates.

Keywords: Cu—Ni—Cr—Mn alloy; mechanical properties; nanoscale precipitates; spinodal decomposition; elastic
modulus

application of the Cu—Be alloy. In recent years,

1 Introduction

Copper alloys are widely used in marine
engineering and the electrical and electronics
industries owing to their excellent mechanical
properties, electrical and thermal conductivities,
and corrosion resistance [1—3]. Copper—beryllium
(Cu—Be) alloys are among the most extensively
utilized copper-based elastic alloys. Nevertheless,
they have obvious limitations. In particular, many
beryllium compounds, such as beryllium oxides,
are highly toxic, which limits the production and

researchers have developed new high-elasticity Cu
alloys as alternatives to the Cu—Be alloy, such as
Cu—Ni—Sn [4,5], Cu—Ni—Al [6,7], Cu—Ni—Mn [8,9],
Cu-Ti [10,11], and Cu—Ni—Cr [12]. Cu—Ni—Cr
alloys are novel Cu-based elastic alloys with
excellent mechanical strength, elastic modulus, and
corrosion resistance. Cu—Ni—Cr alloys are typical
spinodal decomposition alloys. During the aging
process, Cu—Ni—Cr alloys are synergistically
strengthened by the spinodal decomposition,
coherent ordered phases, and a large proportion
of nanoscale Cr precipitates [12,13]. In summary,
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Cu—Ni—Cr alloys have great potential in the
development of high-strength, high-elasticity Cu
alloys.

The investigations into the phase transition
behavior of Cu—Ni—Cr alloys have mainly focused
on the effects of aging treatment on the mechanical
properties and wavelength of spinodal decomposition
[14-16]. CHOU et al [13] subjected Cu—31.6Ni—
1.7Cr to an aging treatment and observed significant
morphological changes in the precipitation-induced
spinodal decomposition. Specifically, they found
that the structural transformation sequence during
spinodal decomposition was cuboid — rod — sheet
(raft). LI et al [12] studied the microstructural
evolution of Cu[Ni;Cri] (x=1, 2, 3,4, 5,7, 9, and
12) with different compositions. As x increased,
the tensile strength of the aged alloy gradually
decreased from 818 to 484 MPa. Aged Cu—0.19Ni—
0.27Cr exhibited remarkable stress relaxation
resistance, which was attributed to the combined
effects of dislocation strengthening, second-phase
strengthening, spinodal decomposition, and ordered
coexistence [2]. Moreover, after cold rolling,
Cu—1.16Ni—0.36Cr exhibited a tensile strength of
536.1 MPa. Notably, the precipitation of NisCrs
significantly increased the high-temperature
resistance of the alloy [17,18]. Advancements in
high-tech industries such as electronics have
increased the demand for Cu alloys with enhanced
mechanical properties. Therefore, this study aimed
to satisfy the performance requirements of high-
strength, high-elasticity Cu alloys by further
optimizing the mechanical properties (e.g., tensile
strength) of Cu—Ni—Cr alloys using different aging
parameters.

Understanding the phase transition pathways
during aging is beneficial for the design and
processing of multiphase materials, since it allows
the microstructure to be tailored to control the
mechanical properties for technical applications
[19,20]. Therefore, studies are required to
investigate the formation and evolution of spinodal
decomposition structures and nanoprecipitates
during alloy aging and their effects on the
mechanical properties of alloys. Previous studies
have shown that Cu—15Ni—8Sn undergoes spinodal
decomposition during aging, which leads to the
formation of periodic structures within the alloy.
In particular, during prolonged aging, spinodal
decomposition leads to the gradual formation of

DO, and L1, ordered phases, which improve the
mechanical properties of the alloy through complete
coherence with the matrix [21]. The precipitation
sequence in Cu—3Ti—1Cr alloy aged at 500 °C
was also investigated, indicating that the f-CusTi
phase is formed through spinodal decomposition.
Moreover, the strengthening effect of Cr on the
matrix is mainly induced by the formation of a
coarse Cr phase, a Ti—Cr phase and nanosized Cr
precipitates [22]. Alloying elements are widely used
to increase the strength of alloys. When Cu—Ni—
Si—Cr alloys are aged at 500 °C, their mechanical
properties are improved because of the formation of
three precipitated phases: S-Ni3Si, 6-Ni2Si, and rich
(Ni1,Cr,Si) phases [23]. During aging process of
Cu—20Ni—20Mn, numerous finely-dispersed NiMn
phases, with dimensions of 2—3 nm, precipitate
from the matrix. These nanoscale NiMn phases
possess an L1, crystal structure and have complete
coherence with the surrounding matrix, which
significantly improves the mechanical properties of
the Cu—20Ni—20Mn alloy [24].

In this study, we examined the spinodal
decomposition and multiscale precipitate evolution
in the Cu—19Ni—6Cr—7Mn alloy, an Mn-enhanced
Cu—Ni—Cr alloy. Aging time and temperature
significantly affect phase transformations and
precipitation. Therefore, the primary objective of
this study was to explore the effects of various
aging parameters on the microstructure and
mechanical properties of Cu—19Ni—6Cr—7Mn
alloy, and thereby elucidate the underlying phase
transformation behavior and the strengthening
mechanisms. The results provide theoretical
insights into the design and application of high-
strength, high-elasticity Cu—19Ni—6Cr—7Mn alloy.

2 Experimental

2.1 Preparation of Cu—19Ni—6Cr—7Mn alloy
Cu—19Ni—6Cr—7Mn alloy was prepared using
pure Cu (99.99 wt.%), electrolytic Mn (99.99 wt.%),
and Ni—Cr intermediate alloy (x(Ni)/x(Cr)=3) as the
raw materials. The chemical compositions of the
ingot are given in Table 1. The alloy preparation
process was as follows. A graphite crucible was
heated using a resistance wire. After preheating, the
pure Cu and Ni—Cr intermediate alloys were placed
in the crucible and melted. Next, electrolytic Mn
was added to the crucible. Charcoal was used as a
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covering agent to isolate the alloy from the air to
reduce oxidation. Once all the raw materials melted,
the melt was poured into a high-purity graphite
crucible (80 mm x 200 mm) to complete the
casting process. The melting temperature was
1200—1300 °C, and the pouring temperature was
controlled at 1100—1150°C. The ingot was
homogenized in an electric heating furnace
(5X—12—-11) for 12 h at 1050 °C. After holding for
1 h at 980 °C, the ingot was forged using an air
hammer (C41-750), which produced an 8 mm-thick
strip. The strip was processed for 3 h at 900 °C
through solution treatment and 90% cold
deformation. Subsequently, the alloy strips were
subjected to isothermal aging treatments across a
temperature range of 400—700 °C with controlled
holding durations. The processing methodology and
heat-treatment parameters are illustrated in Fig. 1.
The microstructural evolution and mechanical
properties of the Cu—19Ni—6Cr—7Mn alloy samples
aged under different conditions were analyzed.

Table 1 Chemical composition of Cu—19Ni—6Cr—7Mn

alloy (wt.%)
Cu Ni Cr Mn
Bal. 19.34 5.74 7.18

2.2 Microstructural characterization

The microstructural evolution of the Cu-—
I9Ni—6Cr—7Mn alloy during the aging process
was investigated. First, the alloy samples were
pre-ground, polished, and etched using a mixture of
HNOs, CH3;COOH, and H,O (volume ratio of 3:3:4).
Subsequently, microstructures of the alloy were

identified through scanning electron microscopy
(SEM, JSM-IT100). Field-emission SEM (JSM—
7800F, JEOL Ltd.) conducted at an acceleration
voltage of 20 kV and a sample tilt of 70° was
performed to observe the surface microstructure and
elemental distribution of the alloy samples. X-ray
diffraction (XRD; D8 Advanced analyzer, Bruker)
conducted at a voltage of 40 kV, current of 40 mA,
scanning speed of 0.2 s per step, and scanning range
of 35°-100° was carried out for phase identification.
The cold-rolled and aged samples were characterized
through transmission electron microscopy (TEM;
FEI Talos F200X, Thermo Fisher Scientific Inc.).
The TEM samples were prepared by grinding them
to a thickness of 30 um, followed by immersing the
disks with a diameter of 3 mm into an electrolyte
solution containing perchloric acid and ethanol.

2.3 Mechanical and electrical performance

measurements

The microhardness of the alloy was evaluated
using a digital microhardness tester (HVS—1000A)
and a load of 9.8 N was applied for 10s. The
measurement was conducted five times for each
sample, and the data were averaged to obtain the
representative results. The conductivity of the alloy
was assessed using a digital conductivity meter
(Sigma 2008B1). The measurement was conducted
ten times for each sample, and the data were
averaged to obtain the representative results.
The dog-bone-shaped tensile specimens with
dimensions of 65 mm % 15 mm were cut from the
plane along the rolling direction of each strip
through electrical discharge machining. The

observed and microstructural changes were computer-controlled electronic universal testing
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Aging temperature 400 °C, 30, 60, 120, 180, 240, 300, 360, 480 min;
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Fig. 1 Flow chart of machining and heat treatment of Cu—19Ni—6Cr—7Mn alloy
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machine (WDW-100) was operated at a fixed rate
of 1 mm/min. Three parallel samples were tested at
room temperature (~25 °C) for each group to ensure
the accuracy and reliability of the measurements.

3 Experimental results

3.1 Mechanical and electrical properties

Figure 2(a) shows the hardness as a function of
aging time for the Cu—19Ni—6Cr—7Mn alloy aged
at 400, 500, 600, and 700 °C. The hardness of the
alloy aged at 400 and 500 °C initially increased
and then decreased as the aging time increased.
The hardness exceeded that of the cold-rolled
alloy (HV 311.7), which indicates a substantial
age-hardening effect. By contrast, the hardness of
the alloy aged at 600 and 700 °C decreased to a
value lower than that of the cold-rolled alloy.
The hardness of the alloy aged at 500 °C was
significantly higher than that of the samples aged
at other temperatures. The alloy aged at 500 °C
achieved its peak hardness (HV 375.5) after
120 min, while that aged at 400 °C reached its peak
hardness (HV 370.8) after 300 min. This indicates
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that the peak aging time decreased as the aging
temperature increased.

Figure 2(b) shows the conductivity as a
function of aging time for the Cu—19Ni—6Cr—7Mn
alloy aged at 400, 500, 600, and 700 °C. The
conductivity of the alloy increased as the aging
time increased. Notably, the conductivity of the
Cu—19Ni—6Cr—7Mn alloy aged at 500 °C was
significantly higher than that of the alloys aged
at other temperatures. After aging for 30 min at
500 °C, the conductivity of the Cu—19Ni—6Cr—7Mn
alloy increased rapidly from 2.74% (IACS) to
3.74% (IACS). The maximum conductivity of
3.83% (IACS) was observed for the alloy aged at
500 °C for 120 min.

Figure 2(c) shows the ultimate tensile strength
(UTS) as a function of aging time for the Cu—19Ni—
6Cr—7Mn alloy aged at 400, 500, 600, and 700 °C.
For the Cu—19Ni—6Cr—7Mn alloys aged at 400 and
500 °C, the tensile strength initially increased and
then decreased as the aging time increased; their
tensile strength values surpassed that of the
cold-rolled alloy (740 MPa). For the alloys aged
at 600 °C, the tensile strength increased briefly and
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Fig. 2 Mechanical and electrical properties of Cu—19Ni—6Cr—7Mn alloys after aging: (a) Hardness; (b) Electrical
conductivity; (c) Ultimate tensile strength; (d) Elastic modulus (aged at 500 °C)
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then decreased as the aging time increased. For the
alloys aged at 700 °C, the tensile strength was
lower than that of the cold-rolled alloy and
decreased as the aging time increased. Over-aging
at 600 and 700 °C degraded the properties of the
alloy. By contrast, the tensile strength of the alloys
aged at 500 °C greatly exceeded that of the samples
aged at other temperatures. The time required to
reach the peak tensile strength decreased as the
aging temperature increased. The tensile strength of
the alloy aged at 500 °C remained stable over time
and did not decrease. Figure 2(d) shows the elastic
modulus of the Cu—19Ni—6Cr—7Mn alloys aged at
500 °C for 60—300 min. The elastic modulus of the
alloy was 143.8 GPa after 60 min, and it peaked at
149.5 GPa after 240 min.

As shown in Fig. 2, the tensile strength and
other mechanical properties of the Cu—19Ni—
6Cr—7Mn alloys aged at 500 °C remained stable
with no significant decline as the aging time
increased. Therefore, additional short-term (5, 10,
and 20 min) and long-term (600, 720, and 3000 min)
aging tests were conducted at 500 °C. Figure 3
shows the mechanical properties and electrical
conductivity of the Cu—19Ni—6Cr—7Mn alloys aged
at 500 °C for different time. Figures 3(a, b) show
the tensile and yield strengths over time for the
Cu—19Ni—6Cr—7Mn alloys aged at 500 °C. Both
strength values showed similar trends. After aging
for 5 min at 500 °C, the tensile strength of the alloy
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increased from 740 MPa (cold-rolled) to 934 MPa,
which was only 4.5% less than the maximum
tensile strength of 978 MPa. After aging for 600,
720, and 3000 min at 500 °C, the tensile strength
values of the Cu—19Ni—6Cr—7Mn alloy were 951,
948, and 800 MPa, respectively. After aging for
3000 min at 500 °C, the tensile strength of the aged
sample remained higher than that of the cold-rolled
alloy. These results indicate that aging for 5 min at
500 °C significantly improved the strength of the
Cu—19Ni—6Cr—7Mn alloy. Moreover, the properties
of the alloy remain stable upon extended aging,
and they are highly resistant to softening [25].
Figures 3(c, d) show the hardness and conductivity
over time for the Cu—19Ni—6Cr—7Mn alloy aged
at 500 °C. The hardness of the alloys initially
increased, peaked at HV 375.5 after aging for
120 min, and decreased. Moreover, the electrical
conductivity of the alloy initially increased and then
stabilized as the aging time increased.

3.2 Microstructural evolution
3.2.1 XRD analysis

The XRD results reveal the evolution of the
precipitated phase during the aging process.
Figure 4 shows the XRD patterns for the
Cu—19Ni—6Cr—7Mn alloy aged at 400, 500, 600,
and 700 °C for different aging time. The diffraction
peaks of the alloy after cold rolling mainly
correspond to a Cu matrix. After aging, the peak
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Fig. 3 Mechanical and electrical properties of Cu—19Ni—6Cr—7Mn alloys aged at 500 °C: (a) Ultimate tensile strength;

(b) Yield strength; (c) Hardness; (d) Electrical conductivity
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Fig. 4 XRD patterns of aged Cu—19Ni—6Cr—7Mn alloys: (a) 400 °C; (b) 500 °C; (c) 600 °C; (d) 700 °C

broadened owing to the precipitation of the NisMn
precipitates [26]. As shown in Figs. 4(a, b), the
diffraction peaks corresponding to the NizMn
precipitates appeared in the patterns of the
Cu—19Ni—6Cr—7Mn alloy aged at 400 and 500 °C.
The lattice parameters of the NizMn precipitates
closely matched those of the Cu matrix, which
caused their diffraction peaks to partially overlap
(Table 2); diffraction peak broadening is an
important feature of spinodal decomposition
[22,27]. The diffraction peaks of the Cu—19Ni—
6Cr—7Mn alloy aged at 400 °C shifted slightly to
the right as the aging time increased owing to the
gradual precipitation of solute atoms reducing the
interplanar spacing of the matrix. When the
aging temperature increased to 600 and 700 °C,
the diffraction peak corresponding to the NisMn

Table 2 Comparison of information in PDF cards of Cu
and NizMn

Cu (PDF# 00-001-1241)

Ni;Mn (PDF# 04-003-3877)

200°)  dimm  (hkl)  20/°)  dinm  (hk)
434716 0205 (111)  43.5945 0207 (111)
50.3734 0.181 (200) 50.7787 0.180  (200)
73.9952 0.128 (220)  74.6547 0.127  (220)
89.9309 0.109 (311) 90.6373 0.108 (311)

precipitates disappeared, as shown in Figs. 4(c, d),
and the remaining peaks mainly corresponded to the
Cu matrix and side bands. Prolonged aging shifted
the Cu diffraction peak to a lower 26 value, which
indicates that the NisMn precipitates precipitated in
the matrix and that the crystal plane spacing
increased.
3.2.2 SEM analysis

Figure 5 shows the SEM and energy-dispersive
X-ray spectroscopy (EDS) elemental distribution
images of the Cu—19Ni—6Cr—7Mn alloy aged for
120 min at 500 °C. As shown in Fig. 5(a), two
shapes of precipitates appeared in the matrix.
The long-strip precipitates resulted from particle
elongation along the rolling direction after 90%
cold deformation. Even after aging for 120 min at
500 °C, the precipitates did not exhibit recovery.
The EDS elemental distributions corresponding to
Fig. 5(a), shown in Figs. 5(bi—bs), indicate that Cr
segregation occurred in the precipitate regions.
A magnified image of the precipitates in Fig. 5(a)
is shown in Fig. 5(c). Point-scan results indicate
that the precipitates and matrix consisted of
Cu76Ni2Cre37Mngs  and  Cue7.7Ni22.5Cr2.1Mny 7,
respectively. Line-scan results, shown in Fig. 5(d),
reveal that the precipitates had high Cr content. The
low solubility of Cr in Cu and the high Cr content
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bW

Distance/um

Fig. 5 SEM and EDS element distribution images of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for 120 min: (a) SEM
image; (b1—b4) Element distribution maps in (a); (c) Partial enlargement of SEM image; (d) Element distribution result

of line sweep in (c)

of the alloy in this study caused preferential Cr
precipitation during cooling, which led to the
formation of Cr-rich particles in the matrix [22].
Mn, a solid-solution constituent, was uniformly
distributed in the Cu matrix, which significantly
affected the movement of dislocations and grain
boundaries [28].
3.2.3 TEM analysis

Dislocation intersections and entanglements
during movement lead to dislocation pile-ups,
which impede dislocation motion and increase
the strength of alloys. The TEM images of the
cold-rolled Cu—19Ni—6Cr—7Mn alloy are shown in
Fig. 6. The bright-field (BF) image of the matrix
and selected area electron diffraction (SAED)
pattern in Fig. 6(a) indicated that the Cu matrix had
a face-centered cubic (FCC) structure. Moreover,
the inverse fast Fourier transform (IFFT) image
in Fig. 6(b) showed numerous dislocations. Cold
rolling typically increased the number of defects
in the Cu—19Ni—6Cr—7Mn alloys. This was evident
in Fig. 6(c), wherein the substantial dislocation
entanglement and accumulation were observed
because of deformation. Moreover, larger particles
were also observed, as could be seen in the BF

image and EDS elemental point-scan results
for these particles (Cugo.s90Niz2133Cr196Mn7.9 and
Cu5,93Ni23Cr65_45Mn5_52) in FigS. 6(d, e). According
to the “Image” measurement software, the Cr-rich
particles in Fig. 6(e) had a diameter of 299 nm. The
calibration results for the precipitated particles
in Fig. 6(e) are shown in Fig. 6(f). The Cr
precipitations possessed a body-centered cubic bcc
structure with a crystal face spacing of 0.203 nm, as
shown in the IFFT and SAED images.

The TEM images of the Cu—19Ni—6Cr—7Mn
alloy aged for 5 min at 500 °C are shown in Fig. 7.
The Cu—19Ni—6Cr—7Mn alloy contained large Cr
precipitates, numerous dislocation lines, dislocation
tangles, and dislocation pile-ups, as shown in
Figs. 7(a,b). The EDS results (Figs. 7(bi—ba))
indicated that the average size was approximately
31.4 nm. The BF images of the Cr precipitations
are presented in Figs. 7(c,d), and the high-
resolution TEM (HRTEM) images of the
precipitated phase are shown in Fig. 7(e). The fast
Fourier transform (FFT) model in Fig. 7(e) showed
that the precipitated phase was the bce-Cr
precipitates and the (OIT)Cr crystal plane spacing
was 0.203 nm. The Cu matrix contained the bce-Cr
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Fig. 6 TEM analysis of cold-rolled Cu—19Ni—6Cr—7Mn alloy: (a) BF image of matrix; (b) SAED image of red box area
in (a); (c—e) BF images of precipitates; (f) SAED image of precipitated particles in (e)
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Fig. 7 TEM analysis of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for 5 min: (a, b, d) BF images; (b;—bs) Element
distribution in (b); (c) Local enlarged view of P1 region in (b); (¢) HRTEM image of precipitates in (d)
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precipitates and the (110)c, crystal face spacing was
0.204 nm. The mismatch (o) between the bcc-Cr
precipitates and the Cu matrix crystal faces can be
expressed as

o 2d, —dy)  2x(0.204-0.203)
d,+d, 0.204 +0.203
0.64% < 5% (D

x100% =

where d, and dj are the crystal face spacings of
(011),,., precipitates and (110)c, parallel crystal
faces, respectively. The results showed that the
interface between the bcc-Cr precipitates and Cu
matrix is coherent. The orientation relationship
between the Cu matrix and Cr precipitates was
found to be (01 1), //(002)¢,, [111],/[100],.
The TEM images of Region P2 (in Fig. 7(d))

for the Cu—19Ni—6Cr—7Mn alloy aged for 5 min at
500 °C revealed needle-like precipitates, as shown
in Fig. 8(a). The FFT diagrams (Figs. 8(ai, a2))
showed additional superlattice diffraction spots and
the standard diffraction spots corresponding to the
(100)cy matrix. IFFT diagrams corresponding to the
yellow and green boxes in the HRTEM image (in
Fig. 8(a)) are shown in Figs. 8(b, c), respectively.
The FFT diagrams in Figs. 8(bi, ¢i) showed the
L1, (Pm3m, a=0.359 nm) and DO (I4/mmm, a=
0.377 nm, ¢=0.724 nm) phases. The superlattice
diffraction spots corresponding to the DO, ordered
phase confirmed that spinodal decomposition
occurred and suggested that the spinodal
decomposition structure of the alloy underwent an
ordered transformation [29].

@ 7, [100]

Fig. 8 Detailed TEM analysis of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for 5 min showing L1, and DO» phases:
(a) HRTEM image of Region P2 in Fig. 7(d); (a1, a2) FFT diagram of (a) and calibration diagram corresponding to FFT

diagram, respectively; (b, ¢) Enlarged views of corresponding area in (a); (b1, by, ¢, ¢2) FFT diagrams and calibration

diagrams corresponding to FFT diagram in (b) and (c), respectively
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IFFT transformation and crystal face spacing
measurement were performed using Fig. 8(bi);
the results are shown in Fig.9. As shown in
Figs. 9(b, c), the crystal face spacings of L1,
ordered phases (100) and (110) were dqoo=
0.353 nm and d(110=0.257 nm, respectively. These
values were consistent with the lattice spacing of
NizsMn (XRD data in Fig. 4 and Table 2). Therefore,
the L1, diffraction spots in the Cu—19Ni—6Cr—7Mn
alloy might be caused by NisMn phase [8] or
DO»; and L1, structures produced by the spinodal

decomposition [30]. The orientation relationship
between the DO2, and L1, ordered phases and the
matrix was found to be

(020)c//(010)L1,, [100]cu//[100]L1,;

(020)cw//(220)p0,,, [100]co//[111]po,,.

The TEM images of the Cu—19Ni—6Cr—7Mn
alloy aged for 5 min at 500 °C are shown in Fig. 10.
Figures 10(a, b) show the BF, HRTEM, and FFT
images of the acicular precipitates (ordered phase),
which contained the DO diffraction spots that
confirmed the presence of the DO, ordered phases.

—1.796 nm

1.0
Distance/nm

Fig. 9 FFT and IFFT diagram of L1, superlattice diffraction spots and measurement results of crystal plane spacing:
(a) FFT diagram of L1,; (b) IFFT diagram of L1, in (001) direction; (c) IFFT diagram of L1, in (011) direction

.~

Fig. 10 Detailed TEM analysis of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for 5 min showing strain state: (a) BF
image; (b) HRTEM image of green box area in (a); (c) Stained picture of (b); (d) Horizontal normal strain, E.;

(e) Vertical normal strain, E,,; (f) Shear strain, Ej,
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The HRTEM image in Fig. 10(c) shows the DO,
ordered phase region, which had a distinct wavy
striped structure under alternating light and dark
conditions. A geometric phase analysis (GPA)
of this region was conducted, as shown in
Figs. 10(d—f). The alternating strain fields of the
stretched and compressed atoms in the matrix are
shown in Fig. 10(d). These periodic elastic stress
fields could impede dislocations, thereby increasing
the tensile strength and elastic modulus of the
matrix [31].

The TEM images of the Cu—19Ni—6Cr—7Mn
alloy aged for 120 min at 500 °C are shown in
Fig. 11. The matrix species exhibited significant Cr-
rich precipitates and numerous dislocation lines,
tangles, and pile-ups (Figs. 11(a, b)). After aging for
120 min at 500 °C, recovery and recrystallization
did not reduce the number of dislocations in
the matrix. The EDS elemental distributions
corresponding to Fig. 11(b), shown in Figs. (bi—bs),
revealed that numerous smaller bcc-Cr phaes
precipitated from the alloy. The BF images of these
phases are shown in Fig. 11(c). The HRTEM and
FFT images of the precipitated particles and matrix
are shown in Fig. 11(d). The FFT images showed
the superlattice spots corresponding to the L1,

-
-
-
=<

_______

v <

ordered phase, which confirmed that a precipitated
phase with an L1, structure was present. No
superlattice diffraction spots corresponding to the
DO, phase were found, which suggested that
the DO» phase completely transformed to the
L1, phase after aging for 120 min at 500 °C.

The TEM images of the Cu—19Ni—6Cr—7Mn
alloy aged for 120 min at 700 °C are shown in
Fig. 12. As shown in Fig. 12(a), the coarsening
occurred after aging, most of the dislocations in the
matrix were annihilated, and the precipitated phase
grew. The EDS elemental distribution and statistical
results for the size and quantity distribution of the
precipitated phase are shown in Figs. 12(a;—as) and
13, respectively. After aging, the size of the bce-Cr
particles increased significantly. The BF and SAED
images (Fig. 12(b)) showed a Cr-rich particles with
a grain diameter of ~714.9 nm, which confirmed
the existence of the Cr-rich particles. The BF image
of the precipitated bcc-Cr precipitates (Fig. 12(c))
showed the Cr precipitates at the grain boundary.
The HRTEM, FFT, and IFFT results revealed the
coherent interfaces between the bce-Cr precipitates
and Cu matrix, as shown in Figs. 12(di—d>). In the
SAED mode, the aged Cu—19Ni—6Cr—7Mn alloy
exhibited a diffraction pattern corresponding to the

e - CERERRRC L SRR

1

Fig. 11 TEM analysis of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for 120 min: (a, ¢c) BF images; (b) Low power BF
image; (bi—bs) EDS element distribution in (b); (d) HRTEM and FFT images of precipitates; (¢) HRTEM image of

matrix and superlattice diffraction spots
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(002) FFT
(0) ‘® =
)

Fig. 12 TEM analysis of Cu—19Ni—6Cr—7Mn alloy aged at 700 °C for 120 min: (a, b) BF images; (a;—as) EDS element
distribution in (a); (c) BF image of precipitates; (d) Enlarged HRTEM image of precipitates in (c); (di, d2) FFT and
IFFT images corresponding to blue and red areas in (d), respectively; (e¢) BF image of twin boundary; (f) HRTEM
image of crystal structure; (g) FFT image of (f)
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Fig. 13 Size distributions of precipitated phase of aged Cu—19Ni—6Cr—7Mn alloy: (a) 500 °C, 5 min; (b) 700 °C, 120 min
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Cu matrix and no superlattice diffraction was
detected, which indicated that L1, ordered phase
was dissolved in the matrix. The XRD results in
Fig. 4 indicated that the NisMn precipitates
disappeared after aging at for 120 min at 700 °C,
which suggested that the NizMn precipitates with
an L1, structure formed a solid solution with the
matrix. These findings were consistent with the
TEM results. The twin boundary and HRTEM
image are shown in Figs. 12(e, f), respectively. The
FFT image in Fig. 12(g) showed a symmetrically
distributed electron diffraction pattern, a characteristic
of twinned crystals. The coherent twinned structure,
confirmed by the interplanar spacing measurements,
could store dislocations, which improved the strain-
hardening ability and elongation of the alloy [32].

4 Discussion

4.1 Aging precipitation Kinetics of Cu—19Ni—

6Cr—7Mn alloy

The conductivity of the Cu—19Ni—6Cr—7Mn
alloy increased during aging owing to the change in
the number of dissolved alloy atoms and the
proportion of precipitates. Precipitation kinetics
are typically investigated through the resistivity
measurement, which indicates a proportional
relationship between the conductivity and volume
fraction of the precipitated phase of Cu alloys
[33,34]. In this study, the aging kinetics equation
for Cu—19Ni—6Cr—7Mn was derived using the
conductivity after isothermal aging at 500 °C. The
electrical conductivity is linearly proportional to the
number of integrals of the precipitated objects,
which can be expressed as follows [35]:

o=0,tAf )

where oy is the initial conductivity of the alloy
before aging, ¢ is the conductivity after a given
aging time, A is the difference between the
maximum conductivity after aging and the initial
conductivity (A=omax—00), and f is the volume
fraction of precipitated phase.

Aging time ¢ and volume fraction f conform to
Avrami’s empirical equation for the dynamics of
phase transitions [36]. That is,

S =1-exp(=bt") 3)

where b and n are constants; b is related to
the phase transition temperature and the original

composition of the solid solution and # is related
to the grain shape, which is related to the phase
transition and nucleation modes and can indicate
boundaries (n=1), edges (n=2), and angles (n=3).
When #n<l, the precipitated phase undergoes
uniform nucleation within the matrix. Taking the
logarithm of both sides of Eq. (3) gives

In[In1/(1- f)]=nlnt+Inb “4)

According to Eq.(4), a linear graph of
In[In1/(1—f")] can be used to obtain the values of b
and n, as shown in Fig. 14(a). Thus, b and n were
determined to be 2.28 and 0.1, respectively. The
variation in f'with the aging time can be determined
by fitting the conductivity value. The values of b
and 7 in the transformation kinetic equation for
Cu—19Ni—6Cr—7Mn alloy after aging at 400, 500,
600, and 700 °C are listed in Table 3.

Table 3 Values of » and n in transformation Kkinetic
equation for Cu—19Ni—6Cr—7Mn alloy

Aging temperature/°C b n
400 0.28 0.35
500 2.28 0.1
600 0.37 0.32
700 0.13 0.5

The relationship between the volume fraction
of the precipitated phase at 500 °C and aging time
is shown in Fig. 14(b). The precipitation rate
initially increased sharply, and then gradually
decreased and stabilized. This was primarily
caused by the supersaturation of matrix during
early aging, which is the main driving force
for precipitation. Upon prolonged aging, the
concentration of solute elements in the solid
solution decreased, which weakened the driving
force for nucleation [5]. The volume fraction of the
precipitated phase in the Cu—19Ni—6Cr—7Mn alloy
was high, reaching 93.13% after aging for 5 min at
500 °C; this indicates that the properties of the alloy
were improved rapidly.

4.2 Strengthening mechanism of Cu—19Ni—6Cr—
7Mn alloy aged for 5 min at 500 °C
The yield strength of an alloy is typically
defined by four strengthening mechanisms:

o0=0, Ao tAc Aoy, TAa, %)
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Fig. 14 Aging kinetics curves of Cu—19Ni—6Cr—7Mn alloys: (a) 400 °C; (b) 500 °C; (c) 600 °C; (d) 700 °C

where o is the total yield strength of the alloy, oy is
the yield strength of annealed Cu (00=40 MPa [28]),
Aoy 1s the solid solution reinforcement, Aoy is the
dislocation strengthening, Acg, is grain boundary

reinforcement, and Acg, is the precipitation
strengthening.
4.2.1 Solid-solution strengthening

At high temperatures, Cu and Ni in the

Cu—19Ni—6Cr—7Mn alloy are miscible and can
form an infinite solid solution, and Mn can be
dissolved in Cu to a large extent, which strengthens
the alloy. Solid-solution strengthening (Aoss) can be
expressed as [35]

Ao =MG &2*c"? 700 (6)

where M is the Taylor factor of the Cu matrix (3.06);
G is the shear modulus of the Cu alloy (46 GPa); &
1s the mismatch strain; ¢ is the mass fraction of the
Ni and Mn atoms (19.34 wt.% + 7.18 wt.%, in this
study). At room temperature (~25 °C), the solid
solubility of Cr was much lower than that of Ni and
Mn. Therefore, the increase in the strength of Cr

was considered to be insignificant. The strength
increments due to the Ni and Mn atoms in the
Cu—19Ni—6Cr—7Mn alloy were 108.2 and 66 MPa,
respectively.
4.2.2 Dislocation strengthening

Dislocations provide a path for the short-
circuit diffusion of solute atoms, which accelerates
the precipitation of bce-Cr and ordered phases [36].
Dislocation strengthening (Acg) can be estimated
using the Taylor relation [37]:

Ac,=MaGbp"? (7)

where a is a constant (0.2); b is the magnitude
of Burgers vector of the Cu matrix (0.2556 nm).
Moreover, p is the dislocation density, which can
be determined using the equation [38,39]:

®)

where ¢ is the microstrain, which can be obtained
from the XRD results using the Williamson—Hall
plot method.

p=16.1&/b*
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4.2.3 Grain boundary strengthening
Grain boundary strengthening (Aog) can be
expressed using the Hall-Petch equation [40]:

Ao, =kD™"? )

where k is a constant for Cu alloys (140 MPa-m?)
[41] and D is the average diameter of the grains
(determined to be 1.13 um based on the TEM
images using the conventional intercept method).
4.2.4 Precipitation strengthening

The deformation and softening form fine
precipitates, which obstruct dislocation movement
and increase the alloy strength [42]. The bcc-Cr
precipitates are harder than the Cu matrix. The size
of the ordered phase exceeded the critical phase
size; therefore, its yield strength contribution was
calculated on the basis of the Orowan mechanism.
The Orowan strengthening contribution can be
calculated using Eq. (10) [43,44]:

Ao =p 22 _GP lh{z(mﬂ} (10)
P T \/l—vﬂ. b

z:( (3n)/(4f)—1.64)r (11)

f=(Nis)1/6nd? (12)

where v is Poisson’s ratio (0.34); r is the radius of
the bee-Cr precipitates (#=1/2d and d =31.4 nm,
as shown in Fig. 11(a)); 4 is the spacing of the
precipitate precipitates. Moreover, S is the
measurement area and N is the number of the
precipitated phases in TEM images (Figs. 8(bs, f)).
The calculation based on Egs. (10)—(12) shows that
the strength contributions of the bee-Cr precipitates
and the DO», and L1, ordered phases relative to the
matrix were 281.1 and 158.6 MPa, respectively.
Figure 15 shows the strength contributions
from each mechanism and compares the calculated
and measured tensile strengths. The measured
tensile strength of the Cu—19Ni—6Cr—7Mn alloy
was 806 MPa, and the theoretical contributions
from precipitation, solid-solution, grain-boundary,
and dislocation strengthening were 439.7, 174.2,
131.7, and 78.9 MPa, respectively. The actual
calculated strength slightly exceeded the theoretical
value, mainly due to the statistical errors when
determining the precipitated phase size and quantity
[45]. These findings indicate that precipitation
strengthening is the primary strengthening
mechanism during short-term aging at 500 °C.

The bce-Cr precipitates, L1, ordered phase, and
spinodal decomposition of the DO, ordered phase
collectively improve the mechanical properties of
the alloy.
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Fig. 15 Contribution of strengthening mechanisms to

strength of Cu—19Ni—6Cr—7Mn alloy aged at 500 °C for

5 min

4.3 Strengthening mechanism of Cu—19Ni—6Cr—
7Mn alloy after short time aging

The microstructures and properties of the
Cu—19Ni—6Cr—7Mn alloy aged at various
temperatures for different durations were
investigated. Optimum results were achieved after
aging for 120 min at 500 °C. In the first 5 min of
aging at 500°C, the tensile strength of the
Cu—19Ni—6Cr—7Mn alloy increased rapidly from
740 to 934 MPa, which was only 43 MPa lower
than the maximum tensile strength achieved under
the optimum aging conditions. The mechanical
properties of the Cu—19Ni—6Cr—7Mn alloy
improved quickly during the early stage of aging,
which is characteristic of spinodal decomposition.
The periodic elastic stress field from component
fluctuations by spinodal decomposition causes
dislocation distortion, which leads to a sharp
increase in the mechanical properties during the
early stage of aging [2]. This study focused on the
microstructural evolution during short-term aging
for 5 min at 500 °C with the aim of clarifying
the correlation between the microstructure and
properties of the Cu—19Ni—6Cr—7Mn alloy.

The mechanical properties and electrical
conductivity of the Cu—19Ni—6Cr—7Mn alloy aged
at 500 °C for various durations are shown in Fig. 3.
After aging for 5 min at 500 °C, the tensile strength
of the alloy reached 934 MPa, which was only 4.5%
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lower than the maximum value achieved under
the optimum aging conditions. After aging for
3000 min, the strength of the Cu—19Ni—6Cr—7Mn
alloy remained at 800 MPa, which surpassed that of
the cold-rolled alloy (740 MPa). Among the alloy
aged for 60—300 min at 500 °C, the maximum
elastic modulus of 149.5 GPa was achieved after
240 min. This is one of the highest values reported
for Cu alloys.

The TEM analysis (Figs. 7-12) revealed a
strong correlation between the properties of the
Cu—19Ni—6Cr—7Mn alloy and the formation and
growth of the precipitated phases during aging.
During the early stage of aging, the strength
of the Cu—19Ni—6Cr—7Mn alloy increased rapidly
owing to Cu matrix supersaturation and spinodal
decomposition, which prompted precipitation.
Aging for 5 min at 500 °C resulted in superlattice
spots, which indicated the presence of the DOx
ordered phase in the matrix. This is evidence of
phase separation and DO»; ordering during spinodal
decomposition. This ordered phase precipitation
involves a two-stage transformation of spinodal
decomposition initiation followed by structural
ordering/disordering [16]. The periodic distribution
of spinodal decomposition structures significantly
improves the mechanical properties of the
Cu—19Ni—6Cr—7Mn alloy through strengthening
effects [46]. Cu—Ni—Sn alloys decompose rapidly
during the early stage of aging at 400 °C [47] and
WANG [48] showed that spinodal decomposition
occurred after aging for just 10 s. The TEM images
showed DO, ordered spots when Cu—19Ni—
6Cr—7Mn alloy was aged for 5min at 500 °C,
which indicates that spinodal decomposition
occurred. The time of spinodal decomposition was
calculated using the equations [46,49]:

t =4 /(12|D))) (13)
A =[(hay)[(h* + k* +1*)]-[tan 6/ A6)] (14)

where ¢ is the time of spinodal decomposition; 4,
is the wavelength of the spinodal decomposition
structure, which can be estimated using the Daniel—
Lipson formula [15]; ao is the lattice parameter
(3.615 nm); (hkl) is the Miller index. In this study,
based on (220), € is the Bragg diffraction angle and
A8 is the distance between the diffraction peak
side and the diffraction peak. Moreover, D; is the
diffusion coefficient of the solute atoms, which is

6.8x107”m?/s [50]. Thus, the spinodal-resolution
wavelength of the Cu—19Ni—6Cr—7Mn alloy was
~11.2 nm and the time of spinodal decomposition
was ~15s. The Cu—19Ni—6Cr—7Mn alloy aged
for approximately 15s possessed the spinodal
decomposition structure. The TEM results showed
that after aging for 5 min, the DOy ordered
transformation occurred during the spinodal
decomposition. Simultaneously, many small and
dispersed bcc-Cr  precipitates were rapidly
generated within the matrix, and the L1, ordered
phases were observed. The bcc-Cr precipitates,
DO, ordered phase, and L1, ordered phase were
completely coherent with the matrix, which
significantly improved the mechanical properties of
the Cu—19Ni—6Cr—7Mn alloy [51].

The transformation sequence of the Cu—15Ni—
8Sn alloy involved the spinodal decomposition
structure, the DO, ordered phase, co-existing DO»»
and L1, ordered phases, and the transformation of
the DO, to L1, ordered phase [30]. In Cu—15Ni—
8Sn—0.2Nb aged at 400 °C, spinodal decomposition,
DOy»/L1, ordered phases, and a discontinuous
precipitated phase were observed [46]. Furthermore,
as shown in Fig. 11, the number of bcc-Cr
precipitates increased with prolonged aging of
120 min at 500 °C. The -corresponding TEM
image (Fig.7) only showed superlattice spots
corresponding to the L1, ordered phase in the
matrix, and no DO, phase spots were observed.

The Cu—Ni—Cr alloy considered in this study
is a typical spinodal decomposition alloy, in which
the oversaturated solid-solution phases decompose
and form ordered phases during aging. Over time,
the nanoparticles become ordered and transition
from the DOy to L1, phase appears. During
nanoparticle formation, chemical segregation and
structural ordering occur sequentially [52]. The
Cu—19Ni—6Cr—7Mn alloy containing Mn element
precipitated L1, ordered phases during aging.
Therefore, further investigations are required to
understand the spinodal decomposition evolution
in this alloy. Both the L1, and DO phases are
coherently related to the matrix, which improves
the mechanical properties of the alloy [53].

When the aging temperature and aging time
increased to 700 °C and 120 min, respectively, the
bee-Cr precipitates coarsened and lost coherence
with the matrix. The XRD and TEM results
revealed no diffraction peaks or superlattice points
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for the L1, ordered phase at 700 °C, due to the
redissolution of the NisMn precipitates into the Cu
matrix as the aging temperature increased. The
increased spacing between the NizMn precipitates
reduced the dislocation movement resistance and
facilitated dislocation slip, thereby reducing the
alloy strength and hardness, and increasing
plasticity [54]. The aging process involves a
balance between precipitation strengthening and
recovery softening, in which the dislocation
disappearance and precipitate coarsening degrade
the mechanical properties.

5 Conclusions

(1) Cu—19Ni—6Cr—7Mn alloy achieved peak
hardness (HV 375.5) after aging for 120 min at
500 °C, and the corresponding tensile strength
and elastic modulus were 978 MPa and 145.8 GPa,
respectively. Notably, after short-term aging for
5 min at 500 °C, the tensile strength of the alloy
increased to 934 MPa rapidly. After aging for
240 min at 500 °C, the elastic modulus of the
Cu—19Ni—6Cr—7Mn alloy reached 149.5 GPa,
which is one of the highest values reported for Cu
alloys.

(2) At aging temperatures of 400 and 500 °C,
the NizMn precipitates in the Cu—19Ni—6Cr—7Mn
alloy gradually precipitated from the matrix. At
aging temperatures of 600 and 700 °C, the NizMn
precipitates redissolved into the matrix, the L1,
ordered phase diffraction spots disappeared, and
significant coarsening of the bcc-Cr precipitates
occurred.

(3) The Cu—19Ni—6Cr—7Mn alloy underwent
precipitation hardening after a short aging time
of S5min, which improved the mechanical
properties through a combination of precipitation
strengthening, solid-solution strengthening, and
deformation strengthening. The main strengthening
mechanism in the alloy was precipitation
strengthening owing to the spinodal decomposition
and the presence of nanoscale ordered phase and
Cr precipitates. The periodic coherent stress field
generated by spinodal decomposition plays a
crucial role in determining the mechanical
properties of the alloy.
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ET AR A REMREIHEIERR
Cu—19Ni—6Cr—7Mn & &58L1TH

F!, AZZE!, BAERL, EERAD, LR, RAEX!?

1. R K MRS TR M A A OB RS 5in THEARE m it =, & 471023;
2. TMrd B RNERE MR T W R St SRR B S SEIR =, FBM 4500465
3. Bt LREEARMABARAT, dbix 101407

#  E: WA T Cu—19Ni—6Cr—7Mn & &7 BOLFEH 1 B 208 AR . 45 53R 500 ‘CHY 2L 120 min F& 471
SR RE IR AL, HPTh o SRR > BN 978 MPa F1 145.8 GPa. 500 ‘CHFRL 240 min ()4 &3 MR A 5
149.5 GPa, N HHATHAR SRR &4. EE 81, 500 T S min &S HPIRIERE N 740 MPa
I T2 934 MPa, 2T KAE (978 MPa). SHEE FIBRUALHIFIA LT A B MR B, Cu—19Ni—6Cr—7Mn &
&1E 500 CHF 2L 5 min 3 FE A &AL TR 2R DO B b, I L1 B FAHM bee-Cr ki R f7 =1
NS85 WK FEAEAT Cr R Cu—19Ni—6Cr—7Mn & 4 /12 MRS w10 2R A .
XHEIR: Cu-Ni—Cr-Mn &4 J15MEGE: 9URPT A RS R #isE

(Edited by Bing YANG)



