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Process
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Cu/Al bimetallic composites were fabricated by compound casting where aluminum melts were
cast on Ni-coated Cu substrates. Effects of the melt-to-solid volume ratio (VR) and the pouring
temperature on interfacial microstructures and mechanical properties of Cu/Al bimetals were
investigated systematically. Results show that a continuous and compact interface can be
formed when the pouring temperature exceeds 953 K (680 °C). When the VR or pouring
temperature increases, the solidification time of a(Al) increases, resulting in an increase in the
dissolution content of Cu substrate. The transition zone consists of a(Al) + Al,Cu eutectic
layer and intermetallic compounds (IMCs) layer, and the IMCs are identified as Al,Cu, AlCu,
and Al4Cug. Ni coating participates in the formation of AICuNi phase between the Al,Cu layer
and AlCu layer when the pouring temperature is 973 K (700 °C). The presence/absence of
Ni-containing phase has a close relationship with the dissolution of the Cu substrate.
Shear-strength tests show that shear fracture mainly occurs at the hard brittle IMCs layer, and
the highest shear strength of 36.01 MPa is obtained for the samples fabricated at 993 K + VR

49.24 (720 °C + VR 49.24).
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I. INTRODUCTION

BIMETALLIC composites are commonly used in
various industrial fields, such as heat-transfer, electrical,
and transportation industries..'!" Numerous bimetals
have been fabricated, .8 AVALM Mg/ALRPY Fe/
ALP! Ti/AL® and Cu/ALY! Among these bimetals, Cu/
Al bimetal, which combines the good electrical and
thermal conductivities of Cu with the low density and
corrosion resistance of Al, has attracted great attention
across the whole world.® ' Although compound cast-
ing method has exhibited great superiority in fabricating
irregular shapes of Cu/Al bimetallic composites,!'" it
still has some drawbacks in the aspects of the rapid
growth of IMCs and the oxidation of the solid Cu
substrate.['?!
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It is confirmed that five IMCs (i.e., Al,Cu, AlCu,
AlyCuy, Al,Cus, and Al4Cug) are prone to be formed at
the interface.'>'¥ IMCs of a certain thickness can
improve the interfacial bonding strength. However, Lee
et al. claimed that a thicker IMCs layer could seriously
degrade the tensile strength of Cu/Al metal joints.[" It
has been reported that the critical thickness of IMCs is
about 2.5 um for Cu/Al bimetals produced by cold roll
welding method.''"” When the thickness of the IMCs
layer exceeds that of a critical value, the interfacial bond
strength will deteriorate greatly. Su ez al.l'” found that
when the thickness of the IMCs layer increases from 1.2
to 33.7 um, the interfacial shear strength decreases from
67.9 to 40.5 MPa for the Cu/Al bimetals produced by
core-filling continuous casting process. Therefore, the
study of methods to control the growth of Cu-Al IMCs
is of great significance.

On the other hand, Cu bar is easy to be oxidized at
elevated temperatures, and the grown oxide film would
inhibit the solid-liquid bonding.!"® To tackle this
problem, researchers have laid great attention focusing
on planting thin coating layers on the Cu substrate
before the solid-liquid bonding process, such as Zn
layer,'"™® Ni-P layer,'” and Ni layer.'”! As described
above, redundant IMCs at the interface would greatly
weaken the mechanical and electrical properties of Cu/
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Al bimetals. It is an urgent need to find a coating
material that can protect the substrate and inhibit the
rapid growth of IMCs. Ni coating is a good candidate,
and it has shown good effects in Mg/Al and Fe/Al
bimetals. Han used the Ni layer to modify the inter-
metallic phases which were formed during a chemical
reaction between the molten aluminum and the steel
insert.”” Sun e al.?" and Wang er al.** found that the
Ni interlayer can effectively restrain the formation of
Mg-Al intermetallics during the hybrid welding of Mg to
Al

According to the phase diagrams of AI-Ni**! and
Cu-Ni,”¥ Ni has maximum solid solubilities of 6.1
(wt pct) and 100 (wt pct) in Al and Cu matrixes,
respectively, and it could be a suitable coating material
for the casting-bonded Cu/Al bimetals. It has been
found that the Ni interlayer can effectively restrain the
formation of Cu-Al IMCs based on the research of Zhao
et al "™ Hu er al"* deposited an Ni-P coating on the Cu
substrate, and they identified that the Ni-P interlayer
can effectively inhibit the formation of Cu-Al IMCs by
acting as a diffusion barrier and protective film. How-
ever, few studies have been conducted on the reaction
mechanism between Ni layer and adjacent substrates in
Cu/Al bimetals.

Although Ni coating has been applied to inhibit the
formation of IMCs in Cu/Al bimetals, how the Ni
coating participates in the formation of IMCs for Cu/Al
bimetals fabricated at different processing parameters
during compound casting still needs further study. This
study investigates the interfacial microstructural evolu-
tion and mechanical properties of Ni-coated Cu/Al
bimetals at different melt-to-solid volume ratios (VRs)
and pouring temperatures. Interfacial temperature—time
curves were monitored by a real time computer-aided
recording system. The interfacial bonding strength and
Vickers microhardness of Cu/Al bimetals were evalu-
ated simultaneously. The underlying reaction mecha-
nisms between the Ni coatings and adjacent substrates,
and the interfacial fracture mechanisms are studied in
detail.

II. MATERIALS AND METHODS

Commercial T2 Cu bars with the dimensions of
5 x 5 x 50 mm?® and 12 x 12 x 50 mm® were used as
the solid insert materials. Pure Al casting ingots with
99.7 pct purity were prepared for the casting materials.
Cu bars were first treated with brush scratching,
degreasing, alkali cleaning, and 30 pct nitric acid pick-
ling in sequence, and then a Ni layer was coated on the
Cu bars according to the electroplating process reported
in the literature.”>! The Ni-plating electrolytes included
350 g nickel sulphate (Ni,SOy), 50 g nickel chloride
(NiCl,'6H,0), and 1 L deionized water. The operating
plating voltage was 8 volts and the plating time duration
was 12 minutes. The thickness of Ni coating is about
4 um, as presented in Figure 1.
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Fig. 1—Optical image of the cross section of a Cu bar with Ni
coating.

12 x 12 x 50 mm® and 5 x 5 x 50 mm® Ni-plated
Cu bars were mounted on the left and right cavities of
the mold, respectively, as illustrated in Figure 2(a). Then
the mold and Cu bars were preheated at 373 K (100 °C)
for 30 minutes. The Al ingots were melted in an electric
resistance furnace. After degasing and refining, the Al
melts were poured into the mold at the temperatures of
953 K, 973 K, and 993 K (680 °C, 700 °C, and 720 °C),
respectively. K-type thermocouples were welded on the
surface of the Cu bars to record the temperature of Al
near the interface during compound casting. A heat-re-
sisting material which was made of alkali-free glass fiber
was sheathed on the thermocouple to ensure a good
contact, and it was a hollow tube with a diameter of
3 mm. The temperature—time curves were monitored by
a real time computer-aided recording system. The
obtained Cu/Al bimetals are displayed in Figures 2(b)
and (c). The VR in the present study can be calculated
by the equation':

Vo wrth—a*h 2
VR =gt = () 1]

where V, and V, are the effective volumes of the Al melt
and mold, respectively, r is the radius of the cavity, and
a is the length of the Cu bars, % is the height of the Cu
bar. The VRs are calculated as 7.72 and 49.24 for the
12 x 12 x 50 mm® and 5 x 5 x 50 mm® Ni-plated Cu
bars, respectively.

An electrodischarge cutting machine was used to cut
Cu/Al bimetallic disks for microstructural analysis and
mechanical properties evaluation. As shown in
Figure 2(b), Cu/Al bimetallic disks were cut with a
same thickness of 7 mm. The third disk (®) was used for
metallographic observation, and the other samples were
used for mechanical properties evaluation. Interfacial
microstructures were observed by a LEICA MEF4M
optical microscopy (OM). IMCs were analyzed on a
NOVA Nano 230 scanning electron microscopy (SEM)
equipped with X-ray energy dispersive spectroscopy
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Fig. 2—Schematic illustration of the compound casting process (a), the as-received Cu/Al bimetals (b), and the Cu/Al bimetallic disks (c).
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Fig. 3—Schematic illustration of the push-out test for different Cu/Al bimetallic samples (units: mm): (¢) VR 7.72; (b) VR 49.24.

(EDS). X-ray diffraction (XRD) and electron backscat-
ter diffraction (EBSD) were used to detect the IMCs at
the interface. Image Pro Plus 6.0 software was used to
measure the average thicknesses of the IMCs. Push-out
test was applied to assess the interfacial shear strength.
Figure 3 shows the schematic illustration of the push-
out test for Cu/Al bimetals at ambient temperature. A
high-strength steel was machined to two different
punches. The dimentions of the contact surface between
the punch and Cu/Al bimetals with VR 7.72 and VR
49.24 are 8 x 8 mm? and 3 x 3 mm?, respectively. The
upper side of each punch was fixed on a Zwick/Roell-20
kN test machine; the lower side of each punch was
pushed to contact with the copper substrate. The
indenter moving rate for the push-out test is 0.5 mm/
min. The shear strength (1) is calculated by © = F/4Lh,
where F is the maximum load, L is the width of the Cu
bars, and / is the specimen disk thickness. At least three
specimens were measured under each condition. Micro
Vichers hardness across the interface was measured on a
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Zwick/Roell/zhy machine at a load of 25 g and a dwell
time of 15 second.

III. RESULTS
A. Cooling Curves

Figure 4 shows the cooling curves of Cu/Al bimetals
at different VRs and pouring temperatures. When the Al
melts come to contact with the Cu bars, an instant
temperature increase occurs. Then the cooling curve
profiles vary in two different ways for the VR 7.72
bimetallic samples: a slow temperature increase in the
form of a smooth arc for the samples pouring at 953 K
and 973 K (680 °C and 700 °C); a quick descent from
the highest temperature, staying at roughly 933 K
(660 °C) about 8 seconds for the sample pouring at
993 K (720 °C), as is seen from the local magnification
zone in Figure 4(a). The plateau is deemed to be the
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Fig. 4—Cooling curves of Cu/Al bimetals produced at different VRs: (a) VR 7.72; (b) VR 49.24.

solidification of a(Al), as reported by Pintore et al.*®
Cooling curves for the VR 49.24 samples at different
pouring temperatures shown in Figure 4(b) display the
similar profiles as the 993 K + VR 7.72 (720 °C + VR
7.72) Cu/Al bimetals. The main differences are the
solidification times of a(Al). The solidification time of
o(Al) increases when the pouring temperature increases
from 953 K to 993 K (680 °C to 720 °C). In order to
further study the interfacial phase transformation, the
first-derivative curves are obtained.

Figure 5 shows the cooling curves and the correspond-
ing first-derivative curves of Cu/Al bimetals fabricated at
different VRs and pouring temperatures. Some charac-
teristic points on the cooling curves can be clearly seen.
Based on d7/d¢ = 0, the solidification time of a(Al) (1)
can be calculated. For the samples of 973 K + VR 49.24,
993 K + VR 7.72 and 993 K + VR 49.24
(700 °C + VR 49.24, 720°C + VR 7.72 and
720 °C + VR 49.24), the corresponding solidification
times (zy) are recorded as 11, 5 and 12 seconds, respec-
tively. The a(Al) solidification time has a close relation-
ship with the dissolution of solid Cu substrates, and it will
be discussed in the Section IV-A. As solidification
continues, a new phase nucleates at about 897 K
(624 °C) with a sudden change in derivative, as indicated
in position A4 in Figures 5(b) and (d). According to the
research of Pintore er al*® it means the formation of
Al,Cu phase. The eutectic reaction is captured at position
B with the formation temperature of 821 K (548 °C) for
relatively high pouring temperature Cu/Al bimetals. The
average cooling rate (CR) was calculated by the equa-
tion:"?I CR = (T} — Ty)/(ts — 1), where T} and Ty are
the liquidus and solidus temperatures, respectively; ¢ and
ts are the times from the cooling curve corresponding to
the liquidus and solidus temperatures, respectively. The
cooling rates for Cu/Al bimetals fabricated at 973 K
+ VR 7.72, 993 K + VR 7.72, 973 K + VR 49.24,
and 993K + VR 4924 (700 °C + VR 7.72,
720 °C + VR 7.72, 700 °C + VR 49.24, and
720 °C + VR 49.24) are 4.01, 4.18, 3.54, and 3.22 K/s,
respectively. When the VR increases from 7.72 to 49.24,
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the cooling rate always decreases for the Cu/Al samples
produced at 973 K and 993 K (700 °C and 720 °C).

B. Microstructure

Figure 6 shows the typical interfacial microstructures
of Cu/Al bimetals at different VRs and pouring tem-
peratures. When the pouring temperature is 953 K
(680 °C), the Cu substrates will obtain less energy from
the Al melt to activate the interface reaction, so there is
no obvious transition layer on the interface. However,
when the pouring temperature increases to 973 K and
993 K (700 °C and 720 °C), a relatively uniform inter-
face is formed, and the thickness of the transition zone
for Cu/Al bimetals fabricated at VR 7.72 increases to
617 and 1138 um, respectively; the thickness of the
transition zone for Cu/Al bimetals fabricated at VR
49.24 increases to 859 and 1152 um, respectively. The
interfaces between the transition zones and Cu sub-
strates are all displayed in a wave-like shape, indicating
the non-uniform dissolution of the Cu substrates under
different process conditions. Figures 7(a) through (d)
present the SEM image of Cu/Al bimetal produced at
953 K + VR 7.72 (680 °C + VR 7.72) and the corre-
sponding concentration mappings of Al, Ni, and Cu. As
shown in Figure 7(a), some gaps exist at the interface. A
continuous thin Ni layer exists at the interfacial region,
indicating that the Ni coating has not been absolutely
dissolved into the molten Al at relatively low pouring
temperature and VR. It is also found that few Al atoms
have diffused into the Cu substrates (Figure 7(b)), while
the Ni atoms have diffused into both the adjacent Cu
and Al substrates (Figure 7(c)), and the Cu atoms have
diffused into the Al substrate through the Ni interlayer
(Figure 7(d)). Figure 7(e) shows the magnified interfa-
cial microstructure of 953 K + VR 49.24
(680 °C + VR 49.24) Cu/Al bimetal. Flake-like Al,Cu
phase is observed near the interface at the Al substrate,
which shows a good accordance with the cooling curve
shown in Figure 5(b). Some gaps are clearly seen at the
interface, which indicates that the molten Al does not

METALLURGICAL AND MATERIALS TRANSACTIONS A



720
______________________________________ Lo
660
R —680°C+VR7.72 -3
%) 6004 — 1st derivative curve
° L6 ©
2 5404 Q
& =
[} Lo 8
o 4
g 480 5
K
420 F-12
360 +— T T T T 7 T —-15
0 20 40 60 80 100 120 140
Time(s)
(a)
720
______________________________________ Lo
660
. —700°C+VR7.72 -3
(5) 6004 —1st derivative curve
T le @
2 5404 Q
& =
[} Lo 8
o i
g 480 5
0
420- r-12
360 +— T T T T T T —+-15
0 20 40 60 80 100 120 140
Time(s)
(©
720
R Lo
660
R —720°C+VR7.72 -3
© 600+ i —1st derivative curve
T ' L6 ©
2 5404 Q
o =
@ Lg B
[e N -
g 480 5
K
420 r-12
360 +— T T T T T T —-15
0 20 40 60 80 100 120 140
Time(s)
(e

720
______________________________________ _0
660
R —680°C+VR49.24 -3
(5) 600 — 1st derivative curve
® le @
2 5404 Q
o =
0] Lo 8
o 4
g 480 5
2
420 F-12
360 +— T T T T T T —-15
0O 20 40 60 80 100 120 140
Time(s)
(b)
720
{ --------------------------------- Lo
660
R —700 °C+VR 49.24 -3
© 600+ — 1st derivative curve
I3 L6 @
2 540 Q
g g
[0 L. <
g 480 o 5
0
420 r-12
360 T T T T T T —-15
0 20 40 60 80 100 120 140
Time(s)
(d)
720
R _,0
660
— —_720°C+VR49.24 [
9 600+ — 1st derivative curve .
T )
3 5404 O
o =
o Lo B
o 4
g 480 5
K
420 F-12
360 +— r r T T T T —+-15
0 20 40 60 80 100 120 140
Time(s)

Fig. 5—Cooling curves and first-derivative curves of the Cu/Al bimetals produced at different processing parameters: (a) 680 °C + VR 7.72; (b)
680 °C + VR 49.24; (¢) 700 °C + VR 7.72; (d) 700 °C + VR 49.24; (e) 720 °C + VR 7.72; (f) 720 °C + VR 49.24. Position 4 corresponds to
the nucleation of Al,Cu, and position B corresponds to the eutectic reaction.

melt the Ni coating completely and a metallurgical
bonding fails to form between the Cu layer and Al layer
at 953 K (680 °C). It should be noted that there may be
formed Al-Ni and Cu-Ni intermetallic compounds®” at
the interface for the Cu/Al bimetals fabricated at 953 K
(680 °C). Therefore, Cu/Al bimetals pouring at 973 K
and 993 K (700 °C and 720 °C) with continuous inter-
faces are the main research subjects in the following
part. On the other hand, the thicknesses of the dissolved
Cu substrate (dc,) are measured, and the results are
shown in Table I. It is found that the Cu/Al bimetals
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produced at high VRs and pouring temperatures have
larger dc, values.

To further investigate the microstructural evolution of
Cu/Al bimetals produced at different processing condi-
tions, the metallographic microstructures with higher
magnification are obtained from three typical positions
of the transition zone, i.e., the near-aluminum region,
the middle region of the transition zone, and the
near-copper region, as presented in Figure 8. The
transition zone can be divided into two layers: layer I
is mainly composed of IMCs, and layer II is primarily

VOLUME 50A, JANUARY 2019—405



Fig. 6—OM images of the Cu/Al bimetals produced at different processing parameters: (a) 680 °C + VR 7.72; (b) 700 °C + VR 7.72; (¢)
720 °C + VR 7.72; (d) 680 °C + VR 49.24; (¢) 700 °C + VR 49.24; (f) 720 °C + VR 49.24.

Fig. 7—SEM image of 680 °C + VR 7.72 Cu/Al bimetal (a) and its local chemical elements mappings of Al, Ni, and Cu shown in (b through
d), respectively; magnified OM image showing the interfacial microstructure of 680 °C + VR 49.24 Cu/Al bimetal (e).

the a(Al) + Al,Cu eutectics. It is interesting to find that
the types and morphologies of IMCs vary with the
increasing pouring temperatures. Some dispersed phases
grow on the Cu-rich intermetallics and stretch into the
bulk Al,Cu for the Cu/Al samples at 973 K (700 °C).
However, when the pouring temperature increases to
993 K (720 °C), these phases disappear. The presence/
absence of the new phases is closely related to the Ni
coating and pouring temperatures, and it will be
discussed in the Section IV-A. Some bulk Al,Cu phase
grows adjacent to the IMCs layer. Layer I seems to have
a larger thickness for Cu/Al bimetals pouring at 973 K
(700 °C) than that pouring at 993 K (720 °C). At the
middle region of the transition zone, the eutectics
occupy the main microstructure, and some dispersed
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Al,Cu phases are also detected. The «(Al) + AlL,Cu
eutectics are observed in lamella and anomalous mor-
phologies. The anomalous eutectics seem like networks
growing across the transition zone, which are sur-
rounded by the lamella eutectics.

Figures 9(a) through (d) display SEM images of the
Cu/Al bimetals produced at different VRs and pouring
temperatures. Four kinds of IMCs are formed on the
layer I with different morphologies and contrasts at 973
K (700 °C). However, when the pouring temperature
increases to 993 K (720 °C), the dispersed phase which
grows in a perpendicular orientation to the interface
disappears. The IMCs were detected by EDS, and the
corresponding results are presented in Table II. The
IMCs are identified as Al,Cug, AlCu, and AlL,Cu in

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table I. Thicknesses of the Dissolved Cu Substrate (d¢,) at Different Processing Parameters

Cu/Al 700 °C + VR 7.72

720 °C + VR 7.72

700 °C + VR 49.24 720 °C + VR 49.24

dcy (pum) 79.3 + 8.1

1913 £ 4.6

112 £ 8.2 226 + 6.6

Fig. 8—The typical interfacial microstructures in three characteristic regions identified in Fig. 5(b). (a; through d;) correspond to the
near-aluminum region under the conditions of 700 °C + VR 7.72, 700 °C + VR 49.24, 720 °C + VR 7.72, and 720 °C + VR 49.24,
respectively; (a, through d>) correspond to the middle region of the transition zone under the conditions of 700 °C + VR 7.72, 700 °C + VR
49.24, 720 °C + VR 7.72, and 720 °C + VR 49.24, respectively. (a; through d;) correspond to the near-copper region under the conditions of
700 °C + VR 7.72, 700 °C + VR 49.24, 720 °C + VR 7.72, and 720 °C + VR 49.24, respectively.

sequence from the Cu layer to the eutectic layer. Ni
atoms participate in the formation of an AICuNi phase
between the Al,Cu layer and the AlCu layer with the Ni
concentration of 1 ~ 2 (wt pct) at 973 K (700 °C). The
AlCuNi phase needs to be further characterized in the
future research. Figure 9(e) shows the EBSD analysis of
IMCs distribution on the Cu/Al bimetal produced at
993 K + VR 7.72 (720 °C + VR 7.72). The IMCs are
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identified as Al;Cug, AlCu, and Al,Cu. These results are
well in agreement with EDS results. Figure 10 presents
the EDS line scanning analysis of the IMCs layer along
the marked-up lines in Figure 9. The relative contents of
Cu and Al atoms across the Al,Cu phase remain almost
constant. However, there exist Al(Cu) concentration
gradients for the AlCu, AICuNi, and Al4Cug phases. It
is also confirmed from Figure 10 that Ni atoms only
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Fig. 9—SEM images of Cu/Al bimetals produced at different processing parameters: (@) 700 °C + VR 7.72; (b) 720 °C + VR 7.72; (¢)
700 °C + VR 49.24; (d) 720 °C + VR 49.24; (¢) EBSD phase image identifying the IMCs layer for Cu/Al bimetal fabricated at 720 °C + VR

7.72.

exist on the AICuNi phase, and the other IMCs or Cu
matrix has excessively low content of Ni. In order to
evaluate the presence and distribution of Ni for the Cu/
Al bimetals fabricated at 993 K (720 °C), concentration
mappings of Al, Ni, and Cu near the interfacial region
(see the red dash lines in Figures 9(b) and (d)) are shown
in Figure 11. It is found that the Ni atoms are uniformly
distributed in both the Cu substrate and adjacent IMCs
for Cu/Al bimetals produced at different VRs.

In the current study, since the average thickness of
Al,Cu exceeds 15 um, which is far higher than the other
IMCs, only the thicknesses of Al;Cug, AlCu, and
Al,Cug + AlCu are calculated, and the results are
presented in Figure 12. The thickness of AlCu phase
decreases obviously with the increasing pouring temper-
ature, while the thickness of Al;Cug phase remains
almost constant. The presence of the AICuNi phase is
responsible for this change. For the Cu/Al bimetals
pouring at 993 K (720 °C), when the VR increases from
7.72 to 49.24, the thickness of AICu phase decreases
from 1.5 to 1.1 um, while the thickness of Al;Cug phase
remains almost constant.

C. Interfacial Shear Strength

Figure 13 shows the interfacial shear strength of Cu/
Al bimetals produced under different processing condi-
tions. The Cu/Al bimetallic samples pouring at 993 K
(720 °C) have a higher shear strength than those
pouring at 973 K (700 °C), and the Cu/Al bimetals
produced at 993 K + VR 49.24 (720 °C + VR 49.24)
have the highest shear strength of 36.01 MPa. The
interfacial shear strength seems to have an inversely
proportional relationship with the thickness of AlCu in
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the present study. Cross-sectional images and typical
fractographs of the shear fractured Cu/Al bimetals are
presented in Figure 14, and the phases indicated by
arrows are identified by EDS. As shown in
Figures 14(a;) through (d;), some IMCs remain on the
shear fractured Cu substrates. In the Cu/Al sample
produced at 720 °C + VR 49.24, a crack was found
through the ecutectic structure. Some fractured bulk
AL, Cu phases are observed on both the Al side and Cu
side. The AICu phase displays the convex shape on the
fractured Al side and coupled concave shape on the
fractured Cu side. When the cross-sectional images are
combined with the corresponding fractographs, it was
found that interfacial fracture mainly occurred at the
IMCs layer. Trace AlCuNi and Al;Cuy phases are
detected on the Al side, as shown in Figures 14(b,) and
(¢»). Figure 15 shows XRD patterns on the fractured
Cu/Al bimetals fabricated at 973/993 K + VR 7.72
(700/720 °C + VR 7.72). Al,Cu and AlCu are identified
on the Al side. All the three IMCs (Al,Cu, AlCu, and
Al4Cuy) are identified on the Cu side. However, Ni-con-
taining phase is not found in the Cu/Al bimetal
fabricated at 973 K + VR 7.72 (700 °C + VR 7.72).
These results are consistent with SEM analysis.

D. Microhardness

Figure 16 shows the microhardness indentations and
microhardness profiles across the transition zone of Cu/
Al bimetals produced at different VRs and pouring
temperatures. It is found that the Al,Cu phase (see the
red dashed circles in Figure 16(a)) has higher hardness
values than both the adjacent substrates and eutec-
tics regions. It is the IMCs layer that makes the

METALLURGICAL AND MATERIALS TRANSACTIONS A
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microhardness increase sharply. When combining the
microhardness profiles with the as-received microstruc-
tures, it is easy to find that the microhardness of Al-Cu
eutectics is 150 to 200 HV, which shows a good
accordance with the previous research.*® The micro-
hardness profiles further confirm that the transition zone
widens further with the increasing pouring temperature.
Interestingly, the hardness values of the eutectic region
at 973 K (700 °C) seem to be mildly higher than these at
993 K (720 °C) for the VR 7.72 Cu/Al bimetals. The
different eutectics layer spacings may be responsible for
the hardness change. It should be noted that for Cu/Al
bimetals fabricated at 993 K (720 °C), due to the solid
solution strengthening of Ni, the microhardness values
of Cu substrates near the interface are slightly higher
than those fabricated at 973 K (700 °C).

1V. DISCUSSION
A. The Reaction Mechanism of Ni Coating

A deep understanding of the interfacial reaction
behavior is of great significance. When the Cu insert
contacts directly with the molten Al melt, an in situ
oxide film can be formed during the mold-filling process
by the radiation of heat from the molten Al before their
contact.®” The formed oxide film will act as a barrier
that prevents the metallurgical bonding between the Cu
insert and the Al melt. However, the Cu substrate has
been coated by a 4 um-thick Ni layer to inhibit surficial
oxidation before casting in the present study. The Ni
coating which serves as a sacrificial layer will be
dissolved into the molten Al and promotes the metal-
lurgical bonding between the Cu insert and the Al melt.
It should be noted that the Ni coating will also be
oxidized during the preheat treatment and compound
casting process, and the formed Ni oxide film may
hinder the interfacial metallurgical bonding.

Considering the as-received OM and SEM images of
the Cu/Al bimetals, it is found that the interfacial
reaction between the Ni coating and the molten Al
during the casting process has a close relationship with
the pouring temperature, more accurately, the thickness
of the dissolved Cu substrate (dc,). When the pouring
temperature is 953 K (680 °C), due to the short contact
time and less energy absorbed for the solid-liquid
interface, the Al melt solidifies rapidly, resulting in the
local melting of the Ni coating, and some gaps and pores
are easily detected. However, the Ni coating and part of
the Cu matrix are detached off the surface and join in
forming a continuous interface for Cu/Al bimetals
fabricated at higher pouring temperature [973 K and
993 K (700 °C and 720 °C)]. It is thought that there
exists a critical value (x, 112 < x < 191.3 um) for dc, to
indicate the reaction of the Ni coating with the
neighboring substrates. When dc, exceeds that critical
value, the Ni content is so trace that no Ni-containing
phase will be formed.

It has been discovered that particularly good sup-
pression of Cu-Al IMCs may be obtained when the Cu/
Al bimetal is formed from a Cu alloy containing about
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Fig. 10—EDS line scanning results of Cu/Al bimetals produced at different processing parameters: (a) 700 °C + VR 7.72; (b) 720 °C + VR
7.72; (¢) 700 °C + VR 49.24; (d) 720 °C + VR 49.24.

Fig. 11—Concentration mappings of Al, Ni, and Cu from Cu/Al bimetals produced at (a) 720 °C + VR 7.72 and (b) 720 °C + VR 49.24.
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Fig. 13—Shear strengths of Cu/Al bimetals produced at different
VRs and pouring temperatures.

15 ~ 30 pct Ni.l®" In the current study, the Ni coating
together with the surface layer of the Cu matrix has been
dissolved in the Al melt during the casting process, and
the Ni content can be defined as

_ Wi PNiSAN; _ PNidNi
Wrot  prisdni + peusdes pidni + peuden’
2]

WNi

where wy;; is the weight percentage of Ni in the dissolved
metal, Wy; is the weight of the dissolved Ni coating,
Wt 1s the sum weights of the dissolved Ni coating and
Cu substrate; p and d are the density and thickness of
the dissolved material indicated by the subscripts,
respectively; and s is the contact area of solid-liquid
bond. Due to the similar densities of Cu and Ni, Eq. [2]
can be rewritten as:

. dni
dni +dcy

3]

WNi

It is known that dy; is constant, 4 um, and dc, can be
obtained from Table I. The calculated results show that
the weight percentages of Ni at the interface range from
2.1 to 3.5 pct. This calculated content of Ni is slightly
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higher than that measured by EDS. The reason could be
attributed to the fact that the diffusion amount of Ni
into the adhering Cu matrix and transition zone is
neglected.

B. The Interfacial Microstructure of Cu/Al Bimetals

As seen in Figure 8, the microstructures at the
transition zone vary at different VRs and pouring
temperatures. The transition zone is comprised by two
major layers with different thicknesses and morpholo-
gies. Layer I consists of the IMCs which are identified as
Al,Cu, AlCu (AICuNi) and Al4Cug. Layer II is mainly
composed of the [a(Al) + Al,Cu].y, eutectics, and it can
be divided into two sublayers: [a(Al) + AlL,Culey +
AlLCu; [e(Al) + Al Culey eutectics. The hypereutectic
and eutectic microstructures are determined by the
distribution of Cu atoms across the transition zone. The
diffusion temperature and time are two key factors
affecting the distribution of Cu atoms across the
transition zone, as discussed in the previous research.l**!

The solidification time of «(Al) has a close relation-
ship with the dissolution of the Cu substrate. The
dissolution amount of the Cu substrate increases with
the increasing solidification time of a(Al). Chen et al.**
reported that the dissolved thickness of steel exhibits a
linear relationship with the reaction time in the steel/
aluminum system produced by hot dip method. How-
ever, in the current study, due to the non-isothermal
dissolution of the Cu substrate, the thickness of the
dissolved Cu shows a complicated relationship with the
solidification time. It should be noted that the high-tem-
perature interdiffusion between Cu and Al atoms to
form solid solution at the interface will accelerate the
local melting of the interface, resulting in an increased
amount of Cu atoms to be dissolved.

On the other hand, by combining Figures 9 and 12, it
is found that the growth of AICuNi seems to promote
the growth of AICu, while it exerts no influence on the
growth of Al4Cuy. The reaction process between the
IMCs and Ni atoms is different from the previous
study."™ It has been reported that the activation
energies of Al,Cu, AlCu, and Al4;Cuy are found to be
127.5, 148.4 and 135.9 kJ/mol, respectively.?**! And the
diffusivity of Cu in Al is greater than that of Al in Cu.[*¥
Therefore, Al,Cu is thought to form first-and then the
next reaction phase is Al;Cug and AlCu. Guo et al B!
have verified the same results by using the effective heat
of formation model. In this study, the AICuNi phase
grows between the AlL,Cu and AlCu phase when the
pouring temperature is 973 K (700 °C). The underlying
formation mechanism of AICuNi needs to be further
studied in future research.

C. The Interfacial Fracture Mechanism of Cu/Al
Bimetals

In the current study, the Cu/Al bimetals with VR
49.24 have relatively higher shear strength than those
with VR 7.72. According to the research of Durrant
et alP¥ the Al matrix around the Cu insert will shrink
during the solidification process, inducing a large
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Fig. 14—Cross-section view and SEM micrographs of the shear fractured Cu/Al bimetals produced at different processing parameters: (a;
through a;) from 700 °C + VR 7.72 bimetal; (b; through b;) from 720 °C + VR 7.72 bimetal; (c¢; through c¢;) from 700 °C + VR 49.24

bimetal; (d; through d;) from 720 °C + VR 49.24 bimetal.

compressive stress normal to the Cu substrate. There-
fore, it is thought that the bimetallic samples with high
VR have a higher bonding strength than those with low
VR. Besides, as mentioned before, the Cu/Al samples
with high VR mean that they have relatively low cooling
rates. The lower the cooling rate, the more the interdif-
fusion between the substrates and precipitated phases.
Thus, more and more IMCs have been dissolved in the
transition zone. The thickness of the IMCs decreases
with the increasing VR. It is known that the thickness of
the IMCs is closely related to the interfacial bonding
strength. Abbasi er al'® have reported that the

412—VOLUME 50A, JANUARY 2019

interfacial bonding strength of Cu/Al bimetals decreases
with the increasing thickness of the IMCs. Therefore,
the Cu/Al bimetals produced at 993 K + VR 49.24
(720 °C + VR 49.24) with the minimum thickness of
AlCu + Al4Cuy have the highest shear strength
36.01 MPa in this study.

It is widely accepted that the shear failure of Cu/Al
bimetals mainly occurs on the hard brittle IMCs at the
interface.l'”'® The reasons for this phenomenon are
summarized in two aspects: (1) the high hardness and
poor plasticity of the IMCs layer; (2) uncoordinated
deformability among the IMCs, the o(Al) + Al,Cu
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Fig. 15—XRD patterns on shear fractured Cu/Al bimetals fabricated at 700/720 °C + VR 7.72: (a) Al side; (b) Cu side.
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Fig. 16—~OM image showing microhardness indentations of Cu/Al bimetals (a); microhardness evolution across the transition zone of Cu/Al

bimetals: () VR 7.72, (¢) VR 49.24.

eutectics, and Cu substrates. In the current study, layer
II containing large amounts of a(Al) + Al,Cu eutectics
can be thought as a new component of the Al matrix.
Thus, shear fracture is prone to occur at the hard brittle
IMCs, i.e., Al,Cu, AlCu (AlCuNi) and Al4Cuy. As
shown in Figure 14, Al,Cu and AICu are simultaneously
visible on the surfaces of Cu and Al substrates after
shear testing, and the crack may stretch to the adjacent
eutectic layer. This result shows a good accordance with
the previous studies in Cu/Al bimetals.['$>*]
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V. CONCLUSIONS

This study investigates the effects of VRs and pouring
temperatures on the interfacial microstructural evolu-
tion and mechanical properties of Ni-coated Cu/Al
bimetals fabricated by compound casting. Conclusions
can be drawn as follows:

(1) A short plateau of «(Al) solidification is captured
at approximately 933 K (660 °C). With the
increasing VR or pouring temperature, the solid-
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ification time of «(Al) increases. A longer solid-
ification time will induce a larger amount of the
Cu atoms to be dissolved.

(2) At the pouring temperature of 953 K (680 °C), Ni
coating is partly dissolved, and some micro-gaps
exist at the interface. When the pouring temper-
ature rises to higher values [973 K and 993 K
(700 °C and 720 °C)], a continuous interface with
a(Al) + ALCu eutectics and IMCs is formed.
The IMCs are identified as Al,Cu, AlCu, and
A14C1l9.

(3) Ni coating participates while reacting with the
IMCs when the pouring temperature is 973 K
(700 °C), and a Ni-containing phase of AICuNi is
formed between the AlL,Cu and AlCu layers.
When the pouring temperature increases to
993 K (720 °C), no Ni-containing phase
precipitates.

(4) The Cu/Al bimetals produced at 993 K + VR
49.24 (720 °C + VR 49.24) have the highest
shear strength of 36.01 MPa. Shear fracture
mainly occurs at the hard brittle IMCs layer.
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