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Abstract: Three kinds of Cu-Ni-Al alloys, whose chemical compositions are located in the Cu-rich
corner of the isothermal section of the Cu-Ni-Al ternary phase diagram, were prepared by melting
and casting firstly, and then solution and aging treatments were carried out. The microstructure
was characterized and the competitive formation process of Ni-Al intermetallics were discussed.
The results show that there are little amounts of NiAl phase at the grain boundary and needle-
or particle-like NizAl phase inside the Cu matrix in all the as-cast alloys, although they are in the
single-phase area. Solution and aging treatments mainly result in the disappearance and precipitation
of NizAl phase, but the precipitations during aging are much smaller than those in the as-cast
alloys. Thermodynamics and kinetics calculation indicate that the NiAl intermetallic wins out in the
solidification process because of its lower change in Gibbs free energy, while NizAl phase is first to
precipitate during aging due to its lower formation enthalpy and required Al concentration. The
most important contribution of this work is that it proves that intermetallics can precipitate from
the so-called single-phase zone in the Cu-rich corner of the Cu-Ni-Al phase diagram, which is the
necessary prerequisite for the realization of high strength and high electrical conductivity.

Keywords: Cu-Ni-Al alloy; heat treatment; thermodynamic calculation; precipitated phase

1. Introduction

A lead frame is of great importance in the integrated circuit, as it supports the bridge
between the chip and the external conductor, as shown in Figure 1. Under normal condi-
tions, copper alloys are used for lead frameworks because of their high ductility, thermal
conductivity and electrical conductivity [1-3]. However, with the development of IC to-
ward high integration and miniaturization, the number of components is increasing, while
the distance between components is decreasing. In order to meet this serious requirement,
enhancing the strength of materials on the basis of ensuring their high electrical conductiv-
ity, has become a hot topic of research for Cu-based materials. Up to now, the developed
Cu alloys with both high strength and high electrical conductivity have mainly included
Cu-Fe-(P), Cu-Ni-Si and Cu-Cr-(Zr) alloys [4-6]. Among them, Cu-Ni-Si series alloys are
considered to be the most promising candidate for the high-performance integrated circuit,
and their excellent comprehensive properties are mainly due to the precipitation of super-
saturated Ni and Si atoms as 6-Ni,Si (orthogonal structure) in a Cu-rich solid solution [7,8].
After that, the high electrical conductivity of the Cu matrix can be recovered significantly,
while the strength can also be improved by the precipitation strengthening effect. Cur-
rently, the Cu-Ni-Si series alloy can usually achieve a tensile strength of 500~800 MPa and
electrical conductivity of 30~65% IACS [9-11], which are much lower than the compre-
hensive properties of high strength and moderate electrical conductivity alloys (800 MPa
and 60% IACS) [12]. When trying to further improve its strength, the conductivity drops
rapidly, which can be attributed to the severe damage of the residual solution Ni and Si
atoms to the conductivity of the copper matrix, especially the Si atoms. Hence, this is an
obstacle to further obtaining a Cu-Ni-Si system with higher strength and conductivity.

Crystals 2023, 13, 274. https:/ /doi.org/10.3390/ cryst13020274

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13020274
https://doi.org/10.3390/cryst13020274
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-2910-4925
https://doi.org/10.3390/cryst13020274
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13020274?type=check_update&version=2

Crystals 2023, 13, 274

2 0f 10

Flasticipackage Chip Bonding layer  Bonding wire

Welding points Lead-frame PCB substance

Figure 1. Schematic diagram of integrated circuit.

In order to deal with this matter, it is possible to select other solid solution elements that
cause less damage to the conductivity of the copper matrix than Ni or Si, while they can also
precipitate in the form of intermetallic compounds. According to this principle, the addition
of Al element substituting for Si is expected to achieve a better more comprehensive
performance. Firstly, when the same concentration of the residual solution atoms exists
in the Cu matrix, the damage caused by Al to the electrical conductivity is much lower
than that of Si element [13]. Secondly, Al has a relatively larger solubility than Si, and
thus a higher Al alloying element can be used, which may produce more strengthening
precipitations. Thirdly, there are also many stable intermetallic compounds in the Ni-Al
system, such as NizAl, NiAl3, NiAl and NipAlj [14], which is similar to the Ni-Si system.
Therefore, it is reasonable to believe that the Cu-Ni-Al system has much greater potential
in terms of a higher strength and higher electrical conductivity than the Cu-Ni-Si system.

At present, it is regretful that no entire Cu-Ni-Al ternary phase diagram or similar
research work has given any credible information about the precipitation behavior in the
Cu-rich corner, which is the necessary prerequisite of Cu alloys with high strength and
high electrical conductivity [15]. On the contrary, the isothermal section of the Cu-Ni-Al
ternary system indicates that a single solution area exists in the Cu-rich corner at 500 °C, as
shown in Figure 2 [16]. Therefore, if it can be confirmed that the Cu-Ni-Al ternary system
can generate stable Ni-Al precipitates in the copper-rich area by heat treatments, it means
that the potential of the Cu-Ni-Al system with high strength and high conductivity can
finally be realized. However, there is very limited work on the Cu-Ni-Al system in this
Cu-rich corner, and hence the present work just objectively studies the phase structure and
precipitate behavior in this so-called single-phase zone.

Cuo 20 40 60 80 100N
Ni (Wt.%)

Figure 2. Isothermal section of Cu-Ni-Al ternary phase diagram at 500 °C [16].
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2. Experimental Details

Three kinds of Cu-Ni-Al alloys with different chemical compositions, summarized in
Table 1, were selected in the Cu-rich corner of the isothermal section of Cu-Ni-Al ternary
system at 500 °C (Figure 2), where the mass ratio of Ni to Al was fixed at 1.5:1. Cu-Ni-Al
alloys were prepared by the traditional smelting and casting method from Cu, Ni and Al
substance blocks with purity higher than 99.99%. Before melting, all the raw materials were
dried in a drying box at 50 °C, and the graphite crucible and mold were preheated at 200 °C
for 2 h. The smelting process was carried out in AKPS-160/1 medium-frequency induction
melting furnace, and firstly 15~20 mm thick charcoal powders were added to Cu blocks in
the molten pool surface to inhibit oxidation. After Cu blocks melted, Ni and Al blocks were
added and then held at about 1300 °C for 5 min to ensure that alloy melt was fully mixed
with the aid of electromagnetic stirring. Before pouring, an appropriate amount of phosphor
copper was added in the melts as a degassed agent, and the pouring temperature was
about 1200 °C. Finally, the samples were cut into regular samples by wire cutting, and solid
solution + aging treatments were carried out under the protection of Ar gas. According to
the previous works on the heat treatments on Cu-Ni-Si alloys [5,17], the solution treatment
was always performed at around 900 °C, while aging was carried out at 450-550 °C. In
this work, heat treatments were carried out to investigate the phase transformation rather
than regulate the properties of Cu-Ni-Al alloys, and hence the treating crafts were selected
conservatively, which were 800 °C for 2 h and 500 °C for 4 h, respectively.

Table 1. Chemical composition and serial number of the Cu-Ni-Al alloys in this work.

Content (wt.%)

Number Nominal Composition
Cu Ni Al
a Cu-5.4Ni-3.6Al 91 54 3.6
Cu-4.2Ni-2.8Al 93 4.2 2.8
c Cu-3.0Ni-2.0Al 95 3.0 2.0

Metallographic specimens were prepared by grinding, polishing and etching with
the solution of 20%H;0,(3%)-40%NH3(28%)-40%H,0, and then observed by scanning
electron microscopy equipped with energy-dispersive spectroscopy (SEM + EDS, Mer-
lin Compact, Zeiss). Phase composition was analyzed by using X-ray diffractometer
(XRD-7000, Shimadzu) at the two-theta range from 20 to 80°, and Cu target was used.
Specific microstructure observation was conducted on transmission electron microscopy
(HRTEM, JEM3010), and the samples were prepared by double spray thinning together
with ion milling.

3. Results and Discussion
3.1. Microstructure and Phase Composition of As-Cast Alloys

Figure 3 shows the metallographic and SEM photos of the as-cast alloys with different
Cu contents. It was found that their morphologies are similar and they are composed of
matrix grains, precipitates inside the matrix and secondary phase on the grain boundaries.
However, the variation in Cu content is slightly different. With the increase in Cu content,
viz. the decrease in Ni and Al content, the amount of the precipitates inside the matrix
grains decreases significantly, and their morphology also changes from needle-like to
particle-like. At the same time, the second phase on the grain boundaries also changes in
both amount and morphology, viz. changing from continuous netted-like to discontinuous
particle-like morphology, as seen in Figure 3a—c. EDS analysis was carried out on both the
particle-like phase inside and on the grain boundaries of the matrix grains, as shown in
Table 2. It was found that the chemical composition and Ni/ Al ratios are almost similar
and close to 1:1, indicating that they may be the same phase. Because of the infinite solution
characteristic between Cu and Ni, Cu is unable to solute in Ni-Al compounds. At the same
time, the size of the secondary phase is too small to make sure the EDS spot fully focuses on
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it, and the Cu element is detected in the secondary phase. However, XRD patterns of these
alloys are basically consistent, and only the «-Cu (PDF:04-0836) phase can be detected,

which may be mainly attributed to the limited amount of the precipitates and second grain
boundary phase.
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Figure 3. Microstructure of as-cast Cu-Ni-Al alloys with (a) 91%, (b) 93% and (c) 95% Cu content,
respectively. The subscript (1) means the SEM image with high magnification.
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Table 2. Results of EDS analysis on Cu-Ni-Al alloys with 95% Cu content, as shown in Figure 3c.

Chemical Composition (at. %)

Points - Atoic Ratio of Ni/Al
Cu Ni Al
1 84.90 7.28 7.82 0.931
2 84.78 7.35 7.87 0.934
3 84.17 7.15 8.69 0.823

To better understand the phase composition of the needle- and particle-like phases in
the as-cast Cu-Ni-Al alloys with different Cu contents, TEM observation and selected area
electron diffraction (SAED) analysis were carried out on the alloys with 91 wt% and 93% Cu,
and the results are shown in Figure 4. It can be seen from the bright field image that a needle-
like phase with a length of several hundred micrometers can be clearly seen in both of the
two alloys (Figure 4a,b), and the SAED results indicate that both correspond to the NiAl
phase with a B2 structure and the cell parametersare:a=b =c=0.289nm, x = =y =90°,
as seen in Figure 4a;,b;. According to the Bramffit's two-dimensional mismatch degree
theory, when the mismatch degree is lower than 0.05, the orientation relationship between
the secondary phase and matrix can be judged as a coherent interface; when that is between
0.05 and 0.25, the relationship is semi-coherent [18]. From the high-resolution images
(Figure 4ay,by), the mismatch value between the Cu matrix and NiAl phase can be calculated
as 0.02, which is lower than 0.05, indicating there is a coherent relationship between them.
These results also agree with the chemical composition confirmed by EDS in Table 2,
approximately.
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Figure 4. Transmission characterization of primary phase in as-cast (a) Cu-5.4Ni-3.6Al and (b) Cu-
4.2Ni-2.8Al alloys, while the subscript 1 and 2 means the SAED patterns and HRTEM images.

3.2. Microstructure and Phase Composition of Heat-Treated Alloys

Figure 5 shows the results of microstructure characterization on Cu-4.2Ni-2.8Al alloys
after solution and solution + aging treatments. Compared with the as-cast alloys (Figure 3b),
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both the secondary phase on the grain boundaries and the precipitations inside the matrix
have almost disappeared after solution treatment, as shown in Figure 5a. After aging
treatment, there are a large amount of small white particles precipitated from both the
grain boundaries and inside the matrix, as shown in Figure 5b. Further investigation by
TEM observation and selective area electron diffraction shows that there are several NiAl
phases with hundreds of nanometers and a needle-like shape, along with a large amount
of Ni3Al phases (face-centered cubic structure, a=b =c=0378 nm, ax = =y = 90°)
with dozens of nanometers and a particle-like shape. The morphology and sizes of the
NiAl phase are similar to those in the as-cast alloy, but Niz Al phase precipitates an as-new
phase after solution and aging treatments. The mismatch value between the Cu matrix and
NizAl phase can be calculated from the high-resolution images (Figure 5c) as 0.12, which
is between 0.05~0.25, indicating there is a semi-coherent relationship between them [18].
It is obvious that semi-coherent NizAl intermetallics can successfully precipitate from the
Cu-Ni-Al alloys by the aging treatment, demonstrating that this alloying system also has
big potential for the combination of high strength and high electrical conductivity as with
other precipitation-strengthening alloys. However, there is still a long way to go in the
study of the regulation of the precipitating behavior of Ni-Al intermetallics until excellent
comprehensive properties can finally be obtained.
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Figure 5. SEM images of (a) solid solution and (b) solid solution + aging Cu-4.2Ni-2.8Al alloy, and
(c) specific TEM characterizations on the solid solution + aging state alloy, where (c1) is SAED patterns
and (cz) is HRTEM image.

3.3. Thermodynamic Analysis on the Formation of Ni-Al Intermetallics

Although the entire ternary phase diagram of the Cu-Ni-Al system is not obtained, the
formation sequence of Ni-Al intermetallics in the Cu-Ni-Al alloying melt during the cooling
process can be approximately deduced from the as-cast and heat-treated microstructure



Crystals 2023, 13, 274

7 of 10

along with our previous work on the similar Cu-Ni-Si system [12,19], viz. NiAl phase is
the product of solidification, while Niz Al phase precipitates from the aging treatment.

3.3.1. Solidification Process

During the cooling and solidification, the competitions between the Ni-Al inter-
metallics are always judged by the Gibbs free energy criterion. According to the Ni-Al
phase diagram [14], the possible competitive reactions are shown as follows.

Ni + Al = NiAl )
3Ni + Al = NizAl @)
2Nji + 3Al = NipAl, 3)
Ni + 3Al = NiAl, )

For a given chemical reaction, the change in Gibbs free energy at a specific temperature
(AG,T) can be calculated by the following Equation (5) [15]:

AG,T=Y v, (Gf, :r) ®)

where v; is the stoichiometric coefficient of the component i, which is negative for the
reactants and positive for the products, while G/, T is the standard Gibbs free energy of
component i at temperature T. For a substance at a specific temperature T, its standard
Gibbs free energy can be expressed by the following equations [15]:

0 0 0
G/ T=H!T—-TxS!,T )
T
HE,T = AgHE,298 + / cpdT @)
298
S0, T =5%,298 + /T cpidinT + Y Limi (8)
T 208 " Ton,i

where A fo, 298 and SY,298 are the standard molar formation enthalpy and entropy of
component i at 298 K, respectively, and ¢, ; is the heat capacity at constant pressure, while
L, ; and T}, ; are the latent heat and temperature of the possible phase changes, respectively.
Since the melting point of Cu phase is around 1100 °C, the calculations on the change
in Gibbs free energy using Equations (1)-(4) are only carried out in the temperature range of
1100 to 700 °C. By substituting all the thermophysical parameters (summarized in Table 3)
from Reference [15] into the above equations, AG, T of the competitive reactions can be
obtained, as shown in Figure 6a. It is obvious that the Gibbs free energy of reaction for the
generation of NiAl is the lowest, suggesting that NiAl phase is the most likely phase during
the solidification process of Cu-Ni-Al melts. This result is also in good agreement with the
microstructure and phase composition of the as-cast alloys shown in Figures 3 and 4.

Table 3. Thermophysical parameters of Ni-Al intermetallics involved in this work [15].

Compounds AgHY, 298 s9, 298 Cp,1 (J/mol-K)
(kJ/mol) (J/mol-K) a b c
NizAl —153.13 113.80 88.492 32217 /
NiAl —118.41 54.10 41.840 13.807 /
Nip Als —282.42 136.40 106.064 34.309 /
NiAl; —150.62 110.67 84.098 35.146 /
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Figure 6. (a) Change in Gibbs free energy of potential reactions (1~4) at different temperatures and
(b) formation enthalpy of different Ni-Al compounds.

3.3.2. Solid-State Process

For the solid-state phase transformation, especially when the intermetallics are precip-
itated from a supersaturated solution, the competitions among different phases need to be
identified by the lowest formation enthalpies criterion. It can be seen from the Miedema
model that the formation enthalpy of an intermetallic compound can be calculated by
Equations (9) and (10) [20].

AH.» — fap{xa[1 + paxy (s — ¢p)]x6[1 + ppXa(@p — @)} ©)
ab
{xa VP11 + taxp(@a — @p)) + 2V [1 + ppxa(@p — (Pa)]}

2pv2 2223 ), - (0) ]~ (0= 0 - a(5))

1 1
l: (nwsl/3)a + (nwsl/3)b:|

where x, and x; are the volume fraction, V, and V), are the molar volumes, ¢, and ¢,
1/3

a
electron concentrations of atoms A and B, respectively. Constants p, q, r, a and p are

determined by the chemical composition, electronegativity and electronic structure of
the intermetallics. Substituting all the particular data from Reference [21], the formation
enthalpy of the potential compounds in the Ni-Al system can be summarized in Figure 6b.
It was found that the formation enthalpy of NiAl and NizAl is much lower than that of other
compounds, especially NiAl intermetallic, and hence the NiAl compound should be the
most likely phase during the aging process. However, in the case of solid-state treatments,
it is necessary to consider the difficulty of the diffusion of atoms in the solution matrix. It is
regretful that the diffusion data of Ni and Al in Cu are absent, and hence the comparison
between the diffusion ability can only be judged by using the atomic diameters and types of
solid solution atoms. The Al atom is a substitutional solution in the Cu matrix [22], which
is the same as Ni in Cu, but the atomic radius of Ni is smaller than that of Al, and thus it
is reasonable to deduce that the diffusion ability of Ni is better than that of Al under the
same temperature. In this case, NizAl phase finally precipitates from the supersaturated Cu
(Ni, Al) solution, since it has the lowest required Al concentrations and the second lowest
formation enthalpy among all the potential Ni-Al intermetallics, as shown in Figure 5.

fab = (10)

are the electronegativity, and (nws and (nwsl/ 3 ) , are the Wigner—Seitz boundary
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4. Conclusions

In this work, Cu-Ni-Al alloys with chemical composition located in the Cu-rich corner
were prepared by the casting method and this was followed by heat treatments. Ni-Al
intermetallic compounds were found and their phase composition was characterized firstly,
and then the competitive formation behavior was discussed. The main conclusions are
as follows:

1. Although the chemical composition is located in the single-phase area of the Cu-Ni-Al
phase diagram, NiAl intermetallic phase can be formed at the grain boundary and the
internal part of the Cu matrix, respectively. The higher the Ni and Al content is, the
bigger the amount and size of the intermetallic compound.

2. Nano-sized NizAl particles can precipitate from the solutioned Cu-Ni-Al alloys, indi-
cating that the strength and electrical conductivity of Cu-Ni-Al alloys can be regulated
by heat treatments, which is similar to other high-strength and high-conductivity
Cu alloys.

3. NiAlphase is first to form in the solidification process since it has the minimum change
in free Gibbs energy in all the potential competitive reactions of Ni-Al intermetallics,
while Niz Al is more likely to precipitate from the supersaturated Cu (Ni, Al) matrix
during the aging process because of the relative lower formation enthalpy and lower
Al concentration required.
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