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Given the sub-rapid solidification characteristics of twin-roll strip casting (TRSC), the solidification
structure and growth process of precipitates during aging treatment were studied. The results showed that
TRSC could refine the solidification structure and inhibit the microsegregation of Cu-3.2Ni-0.75Si alloy.
During aging treatment, the precipitates mainly consisted of rod p-Ni;Si and disk 8-Ni,Si. The precipitate
size was increased by increasing the aging time, which altered the mechanism of precipitation strength-
ening. Also, the experimental results indicated that precipitate strengthening arises either from the cutover
mechanism or from the Orowan mechanism. Furthermore, the Avrami equation, which describes the
kinetics of phase transformation and electrical conductivity during aging were established for the Cu-Ni-Si
alloy, and the calculated results are consistent with the data. The Cu-3.2Ni-0.75Si alloy after aging treat-
ment at 450 °C for 4 h exhibited optimum performance, and the tensile strength and electrical conductivity
were as high as 711 MPa and 43.2% IACS, respectively.

Keywords Cu-3.2Ni-0.75Si alloy, precipitation behavior, strip
casting, transformation kinetics, twin-roll strip casting

1. Introduction

The Cu-Ni-Si alloy is a structural and functional material
and can be widely used in electrical connectors, lead frames,
and electronic packaging owing to its outstanding properties
(Ref 1-3). To surmount the strength and conductivity trade-off
dilemma, it is essential to achieve nanometer-sized precipitates
during aging treatment (Ref 4-7). Furthermore, adding Ni
provides excellent heat stability compared to other types of Cu
alloys (Ref 8, 9). Gholami et al. (Ref 10) studied the effects of
grain refinement on the phase transformation kinetics of Cu-Ni-
Si alloys, and maximum strength at 6 and 12 h was obtained for
ultrafine-grained and coarse-grained Cu-Ni-Si alloys, respec-
tively. Lee et al. (Ref 11) investigated the precipitation behavior
of Cu-Ni-Si alloys, and demonstrated achieving synergistic
strengthening by grain refinement and fine precipitates; mean-
while, high electrical conductivity was retained. Wu (Ref 12)
also studied the correlation between microstructure and prop-
erties of Cu-Ni-Si alloys and suggested that both the degree of
precipitate and tensile strength were improved simultaneously
during aging treatment. Jia (Ref 13) explored the morphology
and orientation of 6-Ni,Si precipitates and disclosed that many
disk-shaped 8-Ni,Si precipitates were uniformly distributed
over Cu-Ni-Si alloys and 8-Ni,Si precipitates demonstrated an
orthogonal structure. The microstructural characteristics of Cu-
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Ni-Si alloys during aging were systematically studied by few
researchers, providing useful theoretical guidance during
processing of high-performance Cu-Ni-Si alloys (Ref 10-13).
However, a few studies have focused on the coarse grain and
severe microsegregation of the solidification structure of Cu-
Ni-Si alloys, which were obtained through slow cooling. Based
on the above results, an improvement in the properties of Cu-
Ni-Si alloys is severely limited in the conventional processes
(Ref 10, 11, 14). Fortunately, twin-roll strip casting (TRSC), a
sub-rapid solidification technology, has been successfully used
to fabricate a variety of metals. Liu et al. (Ref 15) successfully
prepared 17% Cr ferritic stainless steel (FSS) cast strip (CS) by
TRSC at different melt superheating, and the as-cast structure
of FSS CS was composed of fine equiaxed and columnar
grains. Zhao et al. (Ref 16) effectively developed TRIP-aided
lean duplex stainless steel by TRSC. Interestingly, the as-cast
CS consisted of fine Widmanstatten structure and equiaxed
crystals on account of sub-rapid cooling rate. Daamen et al.
(Ref 17) also pointed out that TRSC is an option to produce
TWIP steels with competitive tensile strength compared to
TWIP steels obtained through the conventional processing
methods. All these studies revealed that TRSC is beneficial to
refine microstructure as well as inhibit segregation.

The present work aims at fabricating a high-performance
Cu-Ni-Si alloy utilizing TRSC. The Cu-3.2Ni-0.75Si alloy was
processed using strip casting, solution treatment, cold rolling,
and aging treatment. Also, the evolution of precipitates and
electrical conductivity was investigated in detail.

2. Experimental Materials and Methods

The 3.0-mm-thick Cu-3.2 wt.%Ni-0.75 wt.%Si alloy was
cast by a vertical type twin-roll strip caster having internally
water-cooled copper rolls superheated at 30 °C and then water-
cooled to room temperature. The speed of the casting roll was

Journal of Materials Engineering and Performance


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-020-05371-y&amp;domain=pdf

30 m/min. The strip was subjected to a solution treatment at
900 °C for 0.5 h, followed by cold rolling to 0.3 mm thickness
and aging at 300-500 °C for 0.5-8 h.

Grain size distribution analysis was conducted using Zeiss
Ultra 55 field emission scanning electron microscopy (FE-
SEM). The samples were prepared by conventional electrolytic
polishing using 70% H;PO,4 + 30% H,O (volume fraction).
Element segregation behavior was observed in a JEOL JXA-
8530F electron probe microanalyzer (EPMA). The microstruc-
ture and precipitate morphology were examined in a transmis-
sion electron microscope (TEM, Tecnai G* F20), where the
samples were prepared by double jet electrolytic polishing in a
bath kept at 30 °C and containing 30% nitric acid and 70%
methanol (volume fraction). The tensile test was carried out on
CMTS5105-SANS tensile machine from three test samples. The
gauge length of tensile samples was 25 mm, and the tensile rate
was 2 mm/min. The electrical conductivity at room temperature
was measured by a ZY 9987 digital micro-ohmmeter, where the
sample length exceeded 100 mm. The measured error was less
than 1 pQ, and there were five test samples.

3. Experimental Results

3.1 Microstructure and Microsegregation of Initial as-Cast
Strip

The microstructure of the as-cast strip is shown in Fig. 1.
The electron backscattered diffraction (EBSD) data revealed a
mixed structure consisting of coarsened equiaxed grains in the
surface layer and fine equiaxed grains in the central layer. The
grain size varied from 5 to 200 pm, and the mean size was
about 100 um. The grains were found to be refined as
compared to that of conventional ingot (Ref 18-21). The
formation of fine equiaxed crystal zone in the center is linked to
the unique forming process of TRSC. The casting strip must
bear the rolling force during solidification. Some solidified
grains may be crushed to act as nucleation sites of the solid
metal melt in the central layer (Ref 16, 17). Therefore, the
solidification structure of the as-cast strip is characterized by
coarse equiaxed grains in the surface layer and fine equiaxed
grains in the central layer.

Figure 2 presents Ni and Si distributions of the as-cast strip
and solution specimen. The Ni and Si segregate at grain

boundaries, as shown in Fig. 3(a). Also, this microsegregation
can be eliminated after subjected to a solution treatment for
0.5 h, indicating that the solution treatment time can be
significantly shortened in TRSC compared to conventional
processing. Generally, during the process of solidification, the
grain boundary segregation is related to solute redistribution.
The degree of solute redistribution in the solid and liquid
phases is also related to the cooling rate (Ref 22). The sub-rapid
solidification characteristics of TRSC can considerably improve
the initial nucleation undercooling of molten metal which
causes the atomic clusters in the liquid phase to obtain a higher
nucleation and growth rates. As a result, finer solidification
structure with weaker element segregation is formed during
sub-rapid solidification. Based on the above analysis, TRSC
offers an encouraging microstructure to further improve the
properties of Cu-3.2Ni-0.75Si alloy through the incorporation
of subsequent aging treatment.

3.2 Microstructure Evolution During Aging

Figure 3 shows the microstructure of the samples aged at
400, 450, and 500 °C for 3 h. When the alloy was aged at
400 °C, the diffusion rate of atoms was slow, and the degree of
recovery was weak. Thus, shear band and deformation structure
produced by cold rolling are still visible (Fig. 3a). When the
alloy was aged at 450 °C, shear band and deformation structure
were decreased while the precipitation rate was increased. Fine
precipitates were gradually reached the saturation level and
were uniformly distributed at grain boundaries, as shown by
white arrows in Fig. 3(d). When the aging temperature reached
500 °C, the coarsened recrystallized grains and precipitates
were observed, and the size of some of the precipitates reached
between 0.4 and 0.5 um, as shown by the white arrow in
Fig. 3().

Figure 4 displays the microstructure of the samples aged at
450 °C for 2, 4, and 6 h. With an increase in the aging time, the
alloy does not experience recovery and recrystallization, and
the fibrous structure formed by plastic deformation could still
be noted in Fig. 4(a), (c), and (e). The size of the precipitates
grew substantially to 0.7—0.8 um for 6 h of aging, as shown in
Fig. 4(%).

Fig. 1 EBSD orientation map of the experimental Cu-3.2Ni-0.75Si alloy
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Fig. 2 Elemental maps for the as-cast strip and solution specimen (a) as-cast strip and (b) solid solution at 900 °C for 0.5 h

3.3 Conductivity Measurements

The tensile curves of Cu-3.2Ni-0.75Si alloy after aging are
displayed in Fig. 5. And the effect of aging temperature on
electrical conductivity and tensile strength of the alloy is
displayed in Fig. 6. As the aging temperature was increased,
both the tensile strength and electrical conductivity also
increased rapidly. The peak temperature of hardening is around
450 °C, after which the tensile strength began to decrease with
a further increase in the aging temperature, while electrical
conductivity increased gradually. At the peak temperature of
hardening, the effect of aging time on electrical conductivity
and tensile strength of the alloy is shown in Fig. 7. With an
increase in the aging time, both tensile strength and electrical
conductivity increased quickly. The peak time of hardening was
around 4 h, and the tensile strength and electrical conductivity
were 711 MPa and 43.2% IACS, respectively. When the aging
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time was greater than 4 h, overaging occurred, tensile strength
decreased sharply, and the increasing trend of electrical
conductivity was slowed down.

A comparison of the properties of different elastic coppers
(Ref 21) and the alloy obtained in this study are shown in
Fig. 8. The TRSC can improve the tensile strength and
conductivity of Cu-3.2Ni-0.75Si alloy under the conditions of
similar components and hence can exhibit a promising prospect
in replacing the casting process.

3.4 Correlation Between the Microstructure and Properties
of Cu-3.2Ni-0.75Si Alloy

The microstructural evolution and precipitation behavior of
the alloy during aging influence the macroscopic properties.
During aging at 300450 °C, with an increase in temperature,
on the one hand, the diffusion rate of atoms gradually increases,
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Fig. 3 Microstructural evolution of Cu-3.2Ni-0.75Si alloy aged at (a, b) 400 °C, (c, d) 450 °C, and (e, f) 500 °C for 3 h

rapid recovery occurs in the matrix, and residual supersaturated
vacancy produced by the solution treatment significantly
reduces, resulting in a decrease in the scattering of electrons.
On the other hand, the stored energy accumulated by plastic
deformation is rapidly released. As a result, alloying elements
dissolved in the matrix precipitate and uniformly distribute at
the grain boundaries, which effectively hinders dislocation
migration and purifies the matrix (Ref 23-25). The tensile
strength and conductivity of the alloy during the process of
aging at 300-450 °C increased rapidly. When the aging
temperature was greater than 450 °C, the recrystallized grains
began to grow up, and the softening effect reduced the tensile
strength of the alloy. Moreover, the precipitates began to
coarsen, which lead to the weakening of the pinning ability of
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precipitates to dislocation and grain boundaries (Ref 26-28).
Thus, the tensile strength of the alloy was decreased.

3.5 The Microstructure of the Precipitated Phase

Figure 9 shows the TEM images of the specimens aged at
300 °C and 450 °C for 3 h. When the specimens were aged at
300 °C for 3 h, deformation bands and sub-grains produced by
cold rolling were visible, as illustrated in Fig. 9(a). The formed
high-density dislocations during plastic deformation provide
the nucleation sites for precipitates (Fig. 9b). Also, a small
amount of precipitates appears at Y-type dislocation heads, as
indicated in Fig. 9(c). When the aging temperature increased to
450 °C, the recovery degree of the alloy increased, the
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Fig. 4 Microstructural evolution of Cu-3.2Ni-0.75Si alloy aged at 450 °C for (a) (b) 2 h, (c) (d) 4 h, and (e) (f) 6 h

precipitation rate accelerated, and the number of precipitates
increased. Figure 10 exhibits the TEM images of the specimens
aged at 450 °C for 0.5 h, 4 h, and 8 h. When the specimens
were aged at 450 °C for 0.5h, a few nanometer-scale
precipitates were seen (Fig. 10a). With the aging time being
increased to 4 h, the number of precipitates significantly
increased and was uniformly dispersed in the matrix, as shown
in Fig. 10(b). A further increase in the aging time to 8 h led to
overaging of the specimens, and the precipitates in the bright-
field micrograph were greater than 50 nm, as revealed in
Fig. 10(c). The corresponding selected area diffraction (SAD)
patterns were analyzed, and two types of precipitates were
identified: 6-Ni,Si and B-Ni3Si. 3-Ni,Si possesses the follow-
ing structural parameters: a = 0.703 nm, b = 0.499 nm, and
¢ = 0.372 nm, whereas the structure of B-Ni;Si is a simple
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cubic lattice with a = 0.3351 nm. The phase transformation
sequence of the alloy at 450 °C is: supersaturated solid
solution — LI, ordering (Ni3Si phase) — Ni3Si phase —
Ni;Si phase + Ni,Si phase. The above-observed results are
consistent with the outcomes of other researchers (Ref 29-33).
Through the energy spectrum analysis, it has been found that
the disk shape is Ni,Si, whereas the rod shape is Ni;Si.
Meanwhile, twins formed during aging treatment appeared
in the matrix. The emergence of twins has a positive impact on
tensile strength and electrical properties of the alloy. Twins can
be regarded as the internal barrier of dislocation movement,
which is similar to the strengthening effect of the grain
boundary. The twin boundaries that hinder dislocation move-
ment were confirmed in situ through electron microscopic
observations of the deformation process of nanocrystalline
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copper. Also, the arrangement of interfacial atoms at twin
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Fig. 8 Comparison of the properties between cast strip and alloy
with similar components

boundaries is relatively regular, which can effectively weaken
the scattering ability of free electrons (Ref 34).

4. Discussion

4.1 Precipitation Hardening Mechanism

Precipitate strengthening arises either from the cutover
mechanism or from the Orowan mechanism. The cutover
mechanism is responsible for coherent precipitates with small
size. In contrast, the Orowan mechanism operates when the
coherent precipitate size exceeds a critical value or when the
precipitate is incoherent (Ref 35, 36). In the early stages of
aging, the precipitates nucleate at the solute enrichment zone
via spinodal decomposition. Due to a short aging time, the
precipitates are relatively stable and may not grow. Dislocations
can cut through smaller precipitates, leading to an increase in
the surface area of the precipitates and interfacial energy. An
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Deformation band

Fig. 9 TEM images of the specimens aged for 3 h (a) (b) (c) at 300 °C and (d) (e) (f) at 450 °C

increase in the strengthening can be estimated using the
following Kelly-Nicholson Eq (1) (Ref 37-39).

_ 2\/1_7fVab

nr

Ao (Eq 1)
where ¥, is the interface energy between the precipitates and
matrix; b is the Bernoulli’s modulus, f'is the volume fraction of
precipitates, and 7 is the radius of precipitates.

According to Eq (1), in the early stage of aging, when the
radius (r) of the precipitate is small, the main factor influencing
the strengthening effect is the volume fraction (f) of precipi-
tates. Tensile strength increases with an increase in the volume
fraction (f) of precipitates. The tensile strength of cold-rolled
Cu-3.2Ni-0.75Si alloy was 553 MPa, and after aging at 450 °C
for 0.5 h the tensile strength increased to 667 MPa. The
strengthening increment was 114 MPa.

With the aging time extended to 4 h, the precipitates grew
up to the critical size. The interfacial tension between the
precipitates and matrix exceeded the yield strength of the
matrix, resulting in the movement of misfit dislocations and the
transformation of a coherent interface into a non-coherent
interface. The critical size of precipitates corresponds to the
peak tensile strength (Ref 34, 35). It can be seen from Fig. 7
that the tensile strength of the alloy reached its peak at 4 h.
When the aging time was further prolonged, the size of
precipitates exceeded the critical size, and dislocations by-
passed precipitates. The strengthening increment can be
estimated by the following Orowan strengthening Eq (2) (Ref
38):
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0.81 MGb In(2r/b)
= Eq 2
27z(1—v)1/2 7 (Ea 2)

where M = 3.06 is the mean orientation factor for the fcc
polycrystalline matrix, G is the shear modulus of the matrix,
41.0 GPa, b is the magnitude of the Burgers vector of the
matrix, 0.256 nm, v = 0.34 is Poisson’s ratio (Ref 37). 4 is the
effective particle spacing, and 7 is the radius of precipitates. In
this experiment, according to the transmission results, the
/4 =160 nm and r = 25 nm after aging at 450 °C for 4 h.

Based on Eq (2), it can be calculated that the strengthening
increment was 166 MPa. It can be seen from Fig. 7 that after
aging at 450 °C for 4 h, the tensile strength of the alloy was
711 MPa. And the tensile strength of cold-rolled was 553 MPa.
The strengthening increment was calculated as 158 MPa. The
calculated values are in good agreement with the experimental
data, which proves that the Orowan mechanism plays a leading
role at the peak aging stage.

4.2 Precipitation Kinetic Models

The electrical conductivity of the alloy in the aging state is
extremely sensitive to the purity of the copper matrix, the size
and amount of precipitates (Ref 23, 24). A part of solute atoms
precipitates from the supersaturated solid solution during aging
at a specific temperature. The volume fraction of precipitates,
@, can be expressed by the V/V, where Vis the volume fraction
of precipitates per unit volume during aging for a specific time;
V is the equilibrium volume of precipitates per unit volume
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during aging at the same temperature for a longer time until the
completion of phase transformation.

Before aging treatment, both ¢ and J should be zero (V' = 0,
¢ = 0), and the electrical conductivity of the alloy is (. After a
long time, the phase transformation process completes. Hence,
it is reasonable to consider V as *V and ¢ as one (V= *V,
¢ = 1), and the electrical conductivity of the alloy iS 0. @
and ¢ have a linear relationship according to the law of
Partition, which can be expressed by following Eqs (3) and (4).

0 =00+ (Gmax — 00)@ (Eq 3)

(Eq 4)

Therefore, ¢ can be obtained by measuring the electrical
conductivity of the alloy during aging at different times. The
electrical conductivity and volume fraction of precipitate Cu-
Ni-Si alloy aged at 400, 450, and 500 °C for different times are
shown in Fig. 11.

The kinetic Avrami equation of phase transformation can be
expressed as follows (Eq 5) (Ref 10).

¢ = (0 —00)/(Omax — 00)

(Eq 5)

where ¢ is the volume fraction of precipitates, ¢ is the aging
time, and b and n are constants. b depends upon the temperature
of phase transformation, the composition of supersaturated

@ =1—exp(—bt")
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solid solution, and size of the crystal grain. n depends on the
type of phase transformation and the location of nucleation.
Following Eq (5), Eq (3) can be expressed as the following
electrical conductivity equation (Eq 6).

a0)[1 — exp(—bt")] (Eq 6)

After rearranging Eq (5), following Eq (7) can be obtained.
(Eq 7)

By taking the logarithm of both sides of Eq (7), it
transforms into Eq (8).

1
lg(1
g<n1—fp

Based on Fig. 11, the relationship between Ig[Ref In(1/1-¢)]
and lgr is shown in Fig. 12, and it displays approximately a
straight line.

n is the slope coefficient of the line, and Igb is the intercept.
The approximate values of n and b can be deduced from the
straight line in Fig. 12.

The measured and calculated electrical conductivity of the
alloy aged at 400, 450, and 500 °C for different times is shown
in Fig. 13. The observed error is less than 4%, which is in the
acceptable range. Also, the calculated results are in agreement
with the experimental values.

6 =100+ (Omax —

1 — p=exp(—bt")

>:lgb+nlgt (Eq 8)
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The kinetic curve of precipitation is exhibited in Fig. 14.
The volume fractions of precipitates increase rapidly at 500 °C
and relatively slowly at 400 and 450 °C. The volume fractions
of precipitates at 400, 450, and 500 °C reach 50% at aging for
60, 70, and 30 min, respectively. At 500 °C, the migration rate
of elements is fast and the volume fractions of precipitates
increase rapidly, which makes it easy to over age. The total
amount of precipitation is low at 400 °C, so the time to reach
50% 1is faster. At 450 °C, the total volume fractions of
precipitates are large, which is the precipitation peak temper-
ature.

5. Conclusions

The key conclusions observed from this investigation are:

(1) TRSC can refine the solidification structure of Cu-
3.2Ni-0.75Si alloy significantly, and the average grain
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3

4)

size of the cast strip was 100 um. Also, the solidifica-
tion structure of the as-cast strip was characterized by
the coarser columnar and equiaxed grains in the surface
layer and fine equiaxed grains in the central layer.

The microstructural analysis confirmed the presence of
0-Ni,Si and B-Ni3Si, which strengthens the alloy
through dislocation shearing action or Orowan mecha-
nism.

The strip casting Cu-3.2Ni-0.75Si alloy aged at 450 °C
for 4 h exhibited optimum performance in the tensile
strength and electrical conductivity of 711 MPa and
43.2% IACS, respectively.

The Avrami equation of phase transformation kinetics at
400, 450, and 500 °C was ¢ = 1-exp(-0.056271"63%%%),
@ = 1-exp(-0.02773°7°77), and ¢ = l-exp(-
0.072481"°7393), respectively.
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