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Abstract: A new Cu—La—Zn alloy system with high thermal conductivity was developed for die casting, and the
thermal conductivity of this alloy system was 200—300 W/(m-K), which was twice as that of ordinary brass. The effects
of CugLa intermetallic compounds and Zn solute atoms on the strengthening and thermal conductivity behaviors were
quantitatively studied in as-cast binary Cu—La (2.0—4.5 wt.% La) and ternary Cu—2La—xZn (0—3.0 wt.% Zn) alloys,
respectively. The results showed that for the increase of per 1 wt.% La or Zn, the thermal conductivity decreased by
about 34 W/(m-K). In Cu—2La—xZn alloys, the lattice constant of a-Cu matrix increased from 3.6163 to 3.6239 A. Due
to the solid solution strengthening of Zn atoms, the hardness of the a-Cu matrix showed a parabolically increasing
tendency, from 1.495 to 1.597 GPa. According to the calculations of the Maxwell-Eucken model based on the
microstructure, the thermal conductivity of CusLa phase was determined to be about 35.37 W/(m-K), and the reduction
in thermal conductivity of a-Cu matrix caused by Zn solute atoms was quantified to be 51.38 W/(m-K) per 1.0 at.% Zn
increase.
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pressure die casting (HPDC), is a good choice
for producing complex thin-walled electronic
component structural parts [6]. Unfortunately, the

1 Introduction

With the high integration in 3C (computer,
communication and consumer electronics),
removing the excessive heat produced by the
operation of electronic components and heat
exchangers becomes more urgent, as overheating or
deformation causes components to fail [1,2]. The
demand for materials with both excellent heat
dissipation and mechanical properties is increasing
rapidly. High thermal conductivity copper alloys are
considered to be the most promising candidate to
solve this problem [3—5]. Casting, especially high-

existing high thermal conductivity copper alloys are
wrought alloys and cannot be prepared by die
casting [7—10], and the only die castable brass has a
low thermal conductivity.

The key to designing the high thermal
conductivity die-cast copper alloys lies in the
selection of alloying elements. The addition of
ordinary alloying elements to pure copper is prone
to inclusions, poor strengthening effect and low
thermal conductivity. Recently, rare earth (RE)
elements have shown great advantages in alloying.
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Adding a small amount of RE elements can purify
the melt [11,12]. DANG et al [12] reported that
adding 0.07 wt.% RE to pure copper effectively
reduced the oxygen content from 0.1% to 0.006%.
Adding a small amount of RE elements can
effectively refine the microstructure. ZHOU
et al [13] found that adding 0.15wt.% La to
Cu—-0.25Te alloy reduced the grain size, which
resulted in a simultaneous increase in strength
and electrical conductivity. When RE is added as
the main alloying element, it can significantly
strengthen the alloy due to the formation of
intermetallic compounds with high melting point
and modulus. The advantages of purification,
refinement and strengthening of some low solid
solubility RE elements are very competitive when
designing high thermal conductivity alloys.

The effects of alloying elements on the
strengthening and thermal conductivity depend on
their forms in the microstructure. Compared with
solute atoms, intermetallic compounds can provide
more significant strengthening effect and less
conductivity [14—16].
Therefore, the alloy element selected for forming

reduction in thermal
intermetallic compound needs to have a minimum
solid solubility in the matrix. At this point, the RE
element lanthanum (La) is considered as one of the
most promising candidates. La can easily react with
Cu to form intermetallic compound CusLa (a simple
monoclinic lattice: ¢=5.143 nm, b=10.204 nm and
¢=8.144 nm) [17] to strengthen pure copper due to
their larger electronegativity difference (La, 1.10;
Zr, 1.33; Cr, 1.66; Cu, 1.90) with Cu. Besides, the
addition of La holds the high thermal conductivity
of copper to most extent, due to the smallest limit
solid solubility in the a-Cu matrix (La, 0 wt.% [18];
Cr, 0.70 wt.% [19]; Zr, 0.11 wt.% [19]). The grain
boundary can be effectively strengthened by CusLa
particles. However, the strength of «-Cu matrix
needs to be improved, and solid solution
strengthening (SSS) can be a good choice to
solve this problem. CHEN and CHEN [20], and
DINSDALE et al [21] found that Zn had the least
effect on the thermal conductivity of copper alloys
while strengthening the a-Cu matrix, which benefited
from their similar properties (the same valence,
2.9% atomic mass difference, 14.7% atomic volume
difference, and 0.25 electronegativity difference).

In this research, a series of Cu—La and
Cu—2La—xZn alloys were prepared by gravity
casting. Efforts were made to quantitatively study
the effects of the Cusla intermetallic compounds
and Zn solute atoms on the microstructure, hardness
and thermal conductivity of binary Cu—La and
ternary Cu—2La—xZn alloy systems, respectively.
The thermal conductivity of CusLa was calculated,
and the effect of Zn solute atoms on the thermal
conductivity of the a-Cu matrix was quantified
according to the results calculated by the Maxwell—
Eucken model [22] based on the microstructure.

2 Experimental

Binary Cu—La and ternary Cu—2La—xZn alloys
were prepared using pure copper (99.98 wt.%), pure
lanthanum (99.98 wt.%) and Cu—30Zn master alloy
in an induction furnace protected by high purity
argon gas. Pure lanthanum (99.98 wt.%) and Cu—
30Zn master alloy were added to the molten copper
at 1200 °C. The molten alloys were poured into a
mold preheated to 300 °C to obtain cylindrical
ingots at 1150 °C. The chemical compositions of
the ingots were determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES)
and are listed in Table 1. The actual compositions
were consistent with the expected compositions.

Table 1 Chemical compositions of experimental alloys in
present work

Content of Content of Content of

Alloy La Zn Cu

wt% at% wt% at% wt.% at%
Cu—2.0La 2.12 0.98 Bal. Bal.
Cu—2.5La 2.53 1.17 Bal. Bal
Cu-3.0La 298 1.38 Bal. Bal.
Cu-3.5La 346 1.61 Bal. Bal
Cu—4.0La 4.11 1.92 Bal. Bal
Cu—4.5La 456 2.14 Bal. Bal

Cu—2La—0.1Zn 2.06 095 0.12 0.12 Bal. Bal
Cu—2La—0.25Zn 2.09 097 0.27 0.27 Bal. Bal.
Cu—2La—0.5Zn 2.13 0.99 0.53 0.52 Bal. Bal
Cu—2La—-1.0Zn 2.05 095 1.12 1.10 Bal. Bal
Cu—2La—2.0Zn 2.14 0.99 2.03 2.00 Bal. Bal
Cu—2La—3.0Zn 2.15 1.00 3.12 3.07 Bal. Bal
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The Rigaku X-ray diffraction (XRD) with
CuK, radiation was wused to identify the
intermetallic compounds and calculate the lattice
constant of the a-Cu matrix with a scanning speed
of 1(°)/min, a voltage of 40kV and a current of
30 mA. Metallographic samples were mechanically
polished and etched with 4% HNO; for 8s.
Then, the samples were observed by a Zeiss
Axio Observer Al optical microscope (OM).
Compositions of the a-Cu matrix and intermetallic
compounds were further characterized by scanning
electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) in back-scattered electron
(BSE) mode, operated at an accelerating voltage
of 15kV. The volume fraction of intermetallic
compounds was evaluated based on 10 OM images
for each alloy using Image-Pro Plus software. The
hardness of Cu—La alloys was characterized
by a Vickers hardness tester (XHVT—10Z) with a
loading force of 1.0 kg and a loading time of 15 .
The o-Cu matrix hardness of Cu—2La—xZn alloys
was measured by an Agilent G200 XP Nanoindenter
equipped with a Berkovich tip at room temperature,
in displacement-controlled mode at a nominally
constant strain rate of 0.05 s™!, with a loading force
of 10 g and a loading time of 5s. The hardness
value of each alloy was an average of 10 individual
measurements.

Disc samples (12.70 mm in diameter and
2.50 mm in thickness) were machined from the
alloys for thermal diffusivity measurements, using
the laser flash method (Netzsch LFA 447) at 25 °C.
The surface of the specimens was painted by a
carbon coating before measurement to improve the
absorption of the light pulse. The room temperature
density of each alloy was obtained from an
electronic balance (Sartorius Quintix124—1CN)
with a densimeter (YDKO3P), using the Archimedes
method. The specific heat capacity of the alloys was
measured by differential scanning calorimeter
(DSC 2500). Thermal conductivity 4 (W/(m-K))
was calculated as follows [23]:

A=apcy )
where a is the thermal diffusivity (mm?/s), ¢, is the
specific heat capacity (J/(g'K)) and p is the density
(g/cm?). The electrical conductivity of each alloy
was measured by a Digital Eddy Current Metal
Conductivity Instrument (Sigma 2008), and the
average value of 5 individual measurements for

each alloy was used to calculate the thermal
conductivity according to the modified Weidmann—
Franz law [24]:

J=ALoTo+B ()

where A4 is a parameter, B is a constant associated
with alloys, Lo is the Lorentz constant, 7 is the
thermodynamic temperature, and o is the electrical
conductivity. As for Cu alloys, 4=0.967 [25], B=
7.53 W/(m-K) [25], and L¢=2.33x10" W-Q/K? [26].

3 Results

3.1 Phase diagram and solidification path

calculated by Pandat software

Figure 1(a) shows the phase diagram of the
binary Cu—La alloy system. There are only two
phases of a-Cu and CusLa, and only two kinds of
structures including a-Cu and eutectic CusLa + Cu
will be generated when the La content is low.
Notably, the solid solubility of La in a-Cu is almost
zero. As shown in Fig. 1(b), in the Cu—2La—xZn
alloy system, the addition of Zn does not change the
phase composition; nevertheless, only two phases
of a-Cu and CuslLa are generated, which just
decrease the liquidus and solidus. However, the
phase diagram can only provide equilibrium
information, which deviates from the actual
nonequilibrium solidification. To obtain better
prediction results, the solidification paths of Cu—La
and Cu—2La—xZn alloys were calculated by Pandat
software, based on the nonequilibrium equation of
Scheil’s model. As shown in Fig. 1(c), the addition
of La reduces the liquidus of Cu—La alloys
and stabilizes the solidus at 853.5°C due to
the formation of eutectic CuslLa intermetallic
compounds. With increasing La content, the
eutectic fraction increases approximately linearly.
As shown in Fig. 1(d), in Cu—2La—xZn alloys, the
addition of Zn reduces the solidus but hardly
changes the phase fraction, which indicates that the
fractions of a-Cu and eutectic CugLa do not change
much.

3.2 Phase identification

Figure 2 shows the XRD patterns of the
Cu—La and Cu—2La—xZn alloys. In the Cu—2La
alloy, there are two phases of a-Cu and CugLa. With
increasing La content, the phase composition does
not change, but the diffraction peaks of CusLa are
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Fig. 1 Phase diagrams of binary Cu—La (a) and ternary Cu—2La—xZn (b) alloy systems calculated by Pandat software,
and solidification paths of Cu—La (c¢) and Cu—2La—xZn (d) alloys calculated by Pandat software based on Scheil’s
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Fig. 2 XRD patterns of binary Cu—La (a) and ternary Cu—2La—xZn (b) alloys

enhanced, which indicates that the CusLa volume
fraction increases with increasing La content. In
Cu—2La— xZn alloys, as shown in Fig. 2(b), the
addition of Zn does not change the phase
composition. However, with increasing Zn content,
the diffraction angles of a-Cu tend to shift to the
left. According to Bragg’s equation 2dsin 6=ni’
(d is the interplanar spacing, 0 is the angle between
the incident wave and the crystal plane, n is the

integral multiple of wavelength, and A’ is the
incident wavelength), a smaller diffraction angle
corresponds to a larger interplanar spacing and
a larger lattice constant, which is due to the
dissolution of Zn in the a-Cu matrix.

3.3 Microstructure and hardness
3.3.1 Microstructure evolution
Figure 3 presents the representative optical
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Fig. 3 Representative microstructures of Cu—2.0La (a), Cu—3.0La (b), Cu—4.0La (c), Cu—4.5La (d), Cu—2La—0.25Zn (e),

and Cu—2La—3.0Zn (f) alloys

micrographs of the Cu—La and Cu—2La—xZn alloys.
Figure 3(a) shows that the microstructure of
Cu—2La alloy is composed of an a-Cu matrix and
eutectic CugLa intermetallic compounds. The phase
composition remains unchanged when the La
content increases to 4.5 wt.%, while the volume
fraction of Cusla intermetallic compounds
increases significantly. With increasing La content,
the networked CusLa phase becomes wider. The
volume fraction of CusLa presented in Table 2 was
evaluated based on 10 OM images for each alloy
using Image-Pro Plus software. The CuglLa volume
fraction increases from 7.55% to 18.63% with
increasing La content from 2.0 wt.% to 4.5 wt.% in
binary Cu—La alloys. Figures 3(a, e, f) imply that
with increasing Zn content from 0 wt.% to 3.0 wt.%
in Cu—2La-based alloys, there is little difference in

the microstructure, which proves that the added Zn
is only dissolved in the Cu matrix without forming
intermetallic compounds. In addition, the CuslLa
volume fraction changes little with increasing Zn
content, as presented in Table 3.

Table 2 Cugla content and hardness (HVio) of
microstructure in Cu—La alloys

Alloy CugLa content/vol.%  Hardness (HV 1)
Cu—2.0La 7.55+1.13 74.43+1.11
Cu—2.5La 9.34+1.63 76.35+1.82
Cu—3.0La 11.51£1.52 81.25+1.50
Cu—3.5La 13.57+1.44 86.26+1.91
Cu—4.0La 16.65+1.23 92.83£1.53
Cu—4.5La 18.63+1.32 94.59+2.33
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Table 3 Cugla content, Zn content in o—Cu matrix and

hardness (H) of a—Cu matrix in Cu—2La—xZn alloys

CugLa content/ Zn content/ Hardness/

Alloy vol.% at.% GPa

Cu—2La 7.55+1.13 0 1.495+0.025
Cu—2La—0.1Zn  7.22+0.81  0.12+0.03 1.513+0.022
Cu—2La—0.25Zn 7.36+0.89  0.26+0.02 1.521+0.031
Cu—2La—0.5Zn  7.34+1.10  0.53£0.04 1.530+0.028
Cu—2La—1.0Zn 7.63£0.90  1.03+0.12 1.548+0.041
Cu—2La—2.0Zn 7.23#0.52  2.12+0.11 1.573+0.032
Cu—2La-3.0Zn 7.12+0.83  3.05+0.05 1.597+0.037

As shown in Fig. 4, the matrix compositions of
Cu—2La—xZn alloys were characterized and the Zn
contents are presented in Table 3. The Zn contents
in the matrix are close to the actual composition
listed in Table 1. Based on the above observations
and discussion, it can be confirmed that Zn atoms
are entirely dissolved into the a-Cu matrix to form
a-Cu solid solution for the present Cu—2La—xZn
alloys. The EDS results indicate that the eutectic
structure shown in Fig. 4(b) is composed of CusLa
and Cu, in which CusLa accounts for the majority.
3.3.2 Hardness

To quantify the strengthening effects of La
and Zn elements, the hardness of each alloy was
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characterized. As presented in Table 2, the hardness
value of each Cu—La alloy was the average of 10
individual measurements. With increasing La
content from 2.0 wt.% to 4.5 wt.%, the hardness
value increases from HV74.43 to HV094.59 and
presents a general linear growth trend. This results
from the second phase strengthening of CusLa. For
Cu—2La—xZn alloys, the effect of Zn on the
hardness is not obvious, which may be masked if
the Vickers hardness tester is used to characterize
due to the hard CusLa phase. Therefore, the solid
solution strengthening effect of Zn on the a-Cu
matrix was characterized by an Agilent G200 XP
Nanoindenter. The a-Cu matrix hardness values of
Cu—2La—xZn alloys are presented in Table 3. With
increasing Zn content from 0 to 3.0 wt.%, the
hardness of the a-Cu matrix slowly increases from
1.495 to 1.597 GPa.

3.4 Data for calculating thermal conductivity
3.4.1 Density

Figure 5 shows the density values of Cu—La
and Cu—2La—xZn alloys at 25°C. As shown in
Fig. 5(a), with increasing La content from 2.0 wt.%
to 4.5 wt.%, the density slowly decreases from
8.8443 to 8.7763 g/cm®. In general, the density of
an alloy can be considered as the weighted average

Cu
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C: Eutectic Cu
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187.91 at.% Cu | 1100.00 at.%)
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Fig. 4 SEM image of Cu—2La—3.0Zn alloy (a), eutectic structure in Cu—4.5La alloy (b), and EDS data of Positions 4, B,

and C (ci—c3)
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of various phases. The density of CuslLa is
8.07 g/cm®, which is smaller than that of Cu
(8.90 g/cm?). Therefore, with increasing La content,
the increasing volume fraction of CuglLa results in a
decreasing density of Cu—La alloys. Since the
volume fraction of CusLa is almost unchanged, as
shown in Table 3, the heavier Zn (65.38 g/mol,
larger than that of Cu, 63.55 g/mol) atoms dissolved

9.0 @

Density/(g+cm™)

8.7L L

2.0 2.5 3.0 3.5 4.0 4.5

La content/wt.%
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into the «a-Cu matrix increase the density of
Cu—2La—xZn alloys. However, the increase is very
small, as shown in Fig. 5(b).
3.4.2 Specific heat capacity

As shown in Figs. 6(a, b), the specific heat
capacity of each alloy was measured by differential
scanning calorimeter, and the value of each alloy at
25 °C was calculated based on the results of linear

9.0 )

89

Density/(g-cm™)

8.8

8.7L 1 1 1 1 I I
0 0.5 1.0 1.5 2.0 2.5 3.0

Zn content/wt.%

Fig. 5 Density values of Cu—La (a) and Cu—2La—xZn (b) alloys at 25 °C
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Cu—La (c) and Cu—2La—xZn (d) alloys at 25 °C
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fitting from 20 to 140 °C. As shown in Figs. 6(c, d),
the specific heat capacity changes little with
increasing La or Zn content in the present work.
The specific heat capacity (c,) of Cu, La and Zn at
25 °C can be calculated by Egs. (3)—(5) [27-29]:

p(Cu)=0.36+0.92x10*T 3)
¢»(La)=0.19+0.17x 10T )
p(Zn)=0.33+1.80x 10T (5)

The specific heat capacities of Cu—La and
Cu—2La—xZn alloys were calculated using the
Neumann—Kopp rule [30]:

¢,(1)=Ye, /(T)x, (6)

where x is the mass ratio. Figures 6(c, d) show
that the theoretical value hardly changes with
increasing La (2.0—4.5 wt.%) and Zn (0—3.0 wt.%)
contents in Cu—La and Cu—2La—xZn alloys,
respectively. The experimental results are close to
the calculation results.
3.4.3 Electrical conductivity and thermal diffusivity
In metal alloy materials, the conductive
behavior is caused by the directional movement
of free electrons. Generally, higher electrical
conductivity is associated with more free electrons
and less scattering. The thermal conductivity
behavior also mainly depends on free electrons, and
its change rule is consistent with the conductive
behavior, so the electrical conductivity and thermal
conductivity have a certain linear relationship.
Thermal diffusivity represents the temperature
diffusivity of an object, that is, the ability of an
object to reach a steady state. The greater the
thermal diffusivity is, the shorter the time for heat
to diffuse from the local high temperature area to
the low temperature area is. Thermal conductivity
refers to the heat transfer per unit time and unit area,
so it is proportional to the thermal diffusivity. As
shown in Fig. 7, the electrical conductivity and
thermal diffusivity decrease approximately linearly
with increasing La content and Zn content in Cu—La
and Cu—2La—xZn alloys, respectively. As shown in
Fig. 7(a), the electrical conductivity decreases from
44.50 to 30.40 MS/m with increasing La content
from 2.0 wt.% to 4.5 wt.% in Cu—La alloys, which
approximately decreases by 5.64 MS/m for per
1.0 wt.% La. For the Cu—2La—xZn alloys shown in
Fig. 7(b), the electrical conductivity deceases by
5.63 MS/m for per 1.0wt.% Zn. The thermal
diffusivity deceases by 9.00 and 9.91 mm?%s per
1.0 wt.% La and Zn, respectively.
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Fig. 7 Electrical conductivity and thermal diffusivity of

Cu—La (a) and Cu—2La—xZn (b) at 25 °C

4 Discussion

4.1 Increase of a-Cu lattice constant of Cu—2La-
based alloys by Zn solute atoms

As shown in Fig. 8(a), the diffraction angles of
o-Cu present a decreasing trend with increasing
Zn content in Cu—2La-based alloys. According to
Bragg’s equation, a decrease in 26 means an
increase in interplanar spacing. A substitutional
solid solution will be formed when Zn atoms are
dissolved in the o-Cu matrix. Since the atomic
radius of Zn (134 pm) is larger than that of Cu
(128 pm), the Zn solute atom increases the lattice
constant of a-Cu. Eventually, the increase in lattice
constant enlarges the interplanar spacing and then
decreases the diffraction angles of a-Cu. The
Nelson—Riley extrapolation function [31] is known
as an accurate method to calculate the lattice
constant of a crystal. Figures 8(b, c) show the
method to calculate the lattice constant of a-Cu in
Cu—2La and Cu—2La—1.0Zn alloys based on the
diffraction angles obtained by XRD analysis. As
shown in Fig. 8(d), the lattice constant of a-Cu
increases from 361.63 to 362.39 pm (from 3.6163
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1.0Zn (c) alloys, and effect of Zn content on lattice constant of a-Cu in Cu—2La—xZn alloys (d)

to 3.6239 A) as the actual solid solute Zn content
increases from 0 to 3.05 at.%. The lattice constant
of a-Cu increases linearly with increasing Zn
content, approximately 0.25 pm per 1.0 at.% Zn
solute atoms.

4.2 Effects of Cucla intermetallic compounds
and Zn solute atoms on hardness of Cu—La—
Zn alloys
4.2.1 Second phase strengthening
In the present work, the hardness of Cu—La
alloys can be approximately calculated by using the
weighted average of the two phases [32]:

H=fiH o H? (7)

where H is the hardness of the alloy, fi and H; are
the volume fraction and hardness of the matrix,
respectively, and f> and H> are the volume fraction
and hardness of the second phase, respectively.
Since fi + f>=1, Eq. (7) can be rewritten as

H={(H,—H\)+H, ()

In general, in the same alloy system prepared
by the same process, the hardness value of the same
phase is almost unchanged in the absence of solute
atoms. Therefore, in Cu—La alloys, the hardness
values of a-Cu and CuslLa can be considered as
constants. As shown in Fig. 9(a), the hardness of
Cu—La alloys increases linearly with increasing
CugLa volume fraction, which is consistent with the
law given by Eq. (8). In addition, according to the
fitting results, the hardness value of CuglLa is
approximately HV255.

4.2.2 Solid solution strengthening

As presented in Table 3, the hardness of the
o-Cu matrix increases with increasing Zn solute
atom content in Cu—2La—xZn alloys. Considering
that the La content is constant and the solid
solubility of La in a-Cu is zero in Cu—2La—xZn
alloys, the solid solution strengthening effect should
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all be attributed to the Zn solute atoms. Since the
larger Zn atoms replace the smaller Cu atoms to
form substitutional solid solutions, distortions are
generated in the crystalline network. These
distortions hinder the dislocation movement [33]
and increase the stress level correspondingly.
According to the work of LABUSCH ([34] and
VOHRINGER [35], the contribution of solid
solution strengthening (oss) to the yield strength of
Cu-based alloys can be calculated by using the
following equation:

G
Ao-sss = M(_) 83/3612/3 (9)

where M(=3.1) is the Taylor factor, G(=45 GPa) [36]
is the shear modulus, ¢ is the solute fraction (at.%),
and e is

]

SR SR VA
1+|gG|/2) .

£ :\/(158b)2+(

where the atomic size misfit (&) and modulus
misfit (eg) are given by e&=(1/a)(da/dc) and
e6=(1/G)(dG/dc), respectively, and a and c are lattice
constants. The contribution from the modulus effect
was found to be negligible when the Zn solute atom
content in the Cu matrix was low [37]. Therefore, in
Cu—2La—xZn alloys, based on the lattice constant
effect shown in Fig. 8(d), e was calculated to be
1.037, and Eq. (9) can be calculated as [37,38]

AO’sss:kC%/3 ( 11 )

where k (=12.36 MPa/at.%*?) is the corresponding
scaling factor. According to Tabor’s relationship in
Refs. [39—41], the increment in matrix hardness
produced by solid solution strengthening can be
expressed as follows:

AHi=3A05s=3kc?" (12)

In the present work, AHs was calculated
according to the hardness wvalue of each
Cu—2La—xZn alloy presented in Table 3. As shown
in Fig. 9(b), the increment in the hardness of the a-Cu
matrix produced by solid solution strengthening and
the Zn solute atom content satisfy the relationship
of AH«=46.11¢??. The corresponding scaling
factor k is 15.37 MPa/at.%?>?, which is close to the
theoretical value of 12.36 MPa/at.%?".

4.3 Effects of La and Zn contents on thermal

conductivity of Cu—La—Zn alloys

As shown in Figs. 10(a,b), the thermal
conductivity results calculated by the two methods
are consistent. Since the data calculated by Eq. (1)
reflects the thermal conductivity of the material
better, the thermal conductivity calculated by Eq. (1)
is used for discussion. As shown in Figs. 10(a, b),
the thermal conductivity decreases by 33.88 W/(m-K)
per 1.0 wt.% La in the Cu—La alloys, and that
decreases by 33.72 W/(m-K) for per 1.0 wt.% Zn in
Cu—2La—xZn alloys. The thermal conductivity of
the Cu—La—Zn alloys can be described as follows:

Acu-La-zn=—33.88w(La)—33.72w(Zn)+367.78 (13)

where La and Zn contents vary in the ranges of

2.0—4.5 wt.% and 0—3.0 wt.%, respectively.

4.3.1 Effects of CusLa intermetallic compounds and
Zn solute atoms on thermal conductivity of
Cu—La—Zn alloys

As shown in Figs. 10(a, b), although each
increase of 1.0 wt.% La or Zn reduces the thermal

conductivity of coper alloys by about 34 W/(m-K),
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their presence in the microstructure is completely
different. Therefore, it cannot be considered that
these elements have the same effect on the thermal
conductivity of copper alloys. As shown in
Fig. 10(c), the thermal conductivity of Cu—La
alloys decreases approximately linearly with
increasing CusLa volume fraction. The results
show that the thermal conductivity decreases by
approximately 7.43 W/(m-K) for increasing per
1.0% CusLa when the Cugla is distributed in a
network in Cu—La alloys. As shown in Fig. 10(d),
the thermal conductivity of Cu—2La—xZn alloys
also decreases linearly with increasing Zn solute
atom content, which decreases by 32.92 W/(m-K)
for every 1.0 at.% increase of Zn solute atoms.
4.3.2 Thermal conductivity of CuslLa intermetallic

compound

In the present work, the intermetallic compound
Cusla is present in the form of a network
surrounding the o-Cu grains, and the thermal

conductivity can be estimated wusing the
Maxwell-Eucken model [22]:

+24, =2V (4, -
gy Pt YW= A) .

A2 4V (L= A)

where 41 and 4, are the thermal conductivities of the
a-Cu matrix and the CusLa intermetallic compound,
respectively, and Vi is the volume fraction of the
0-Cu matrix. Since the solid solubility of La in
the Cu matrix is zero, A is approximated as the
thermal conductivity of pure copper (398 W/(m-K)).
Therefore, in Eq. (14), there is only one unknown
parameter A, for binary Cu—La alloys in this work.
According to the thermal conductivities of Cu—
2.0La, Cu—2.5La, Cu—3.0La, Cu—3.5La, Cu—4.0La
and Cu—4.5La, the thermal conductivities of
CusLa in these alloys were calculated to be 34.43,
34.77, 35.40, 35.61, 36.56 and 35.44 W/(m-K),
respectively. Because these six values are very
close, the thermal conductivity of Cusla can be
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considered to be the average of 35.37 W/(m-K).
4.3.3 Effect of Zn solute atoms on thermal
conductivity of a-Cu matrix

Although Fig. 10(d) shows the effect of Zn
solute atom content on the thermal conductivity of
Cu—2La—xZn alloys, Zn solute atoms essentially
first affect the thermal conductivity of the a-Cu
matrix and then affect that of the alloy. Therefore,
the thermal conductivities of the a-Cu matrix in
Cu—2La, Cu—2La—0.1Zn, Cu—2La—0.25Zn, Cu—
2La—0.5Zn, Cu—2La—1.0Zn, Cu—2La—2.0Zn and
Cu—2La—3.0Zn were calculated to be 395, 386, 376,
365, 332, 280, and 237 W/(m-K), respectively. As
shown in Fig. 11, the thermal conductivity of the
0-Cu matrix in Cu—2La—xZn alloys decreases
approximately linearly, which decreases by
51.38 W/(m-K) for every 1.0 at.% increase of Zn
solute atoms.

400
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2 320}
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Fig. 11 Variation of thermal conductivity of a-Cu matrix
with content of Zn solute atoms in Cu—2La—xZn alloys

5 Conclusions

(1) A new high thermal conductivity copper
alloy system suitable for die casting was developed,
which met the requirements of electronic component
structural parts for high thermal conductivity and
certain strength, and filled in the blank of high
thermal conductivity die-casting copper alloys.

(2) With increasing Zn content from 0 to
3.0wt.% in Cu—2La-based alloys, the lattice
constant of o-Cu increased from 3.6163 to
3.6239 A; the hardness of the a-Cu matrix increased
from 1.495 to 1.597 GPa and was quantitatively
expressed as AH=46.11¢3".

(3) The thermal conductivity of Cu—La—Zn
alloys was quantitatively expressed as A(cu-ra-zn=

—33.88w(La)—33.72w(Zn)+367.78, where La and
Zn contents varied in ranges of 2.0—4.5 wt.% and
0—3.0 wt.%, respectively.

(4) The thermal conductivity of Cu—La alloys
decreased by 7.43 W/(m-K) with increasing per
1.0 vol.% Cugla. The thermal conductivities of
Cu—2La—xZn alloys and the a-Cu matrix decreased
by 32.92 W/(m-K) and 51.38 W/(m-K), respectively,
for every 1.0 at.% increase of Zn solute atoms.
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3. NHEARGRAF, wII 518129
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