- s

v, Science
ELSEVIER Press

N

- St

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 23(2013) 2229-2235

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Interfacial reactions and bending strength of
S1C/A356/FeNi50 composite fabricated by gas pressure infiltration

Chun-xue MA, Jia-kang YU, Chen XUE, Zhi-qing ZHANG

State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China
Received 26 March 2012; accepted 8 June 2013

Abstract: The SiC/A356/FeNi50 composite was fabricated by gas pressure infiltration. The interfacial region of the
SiC/A356/FeNi50 composite consisted of FeNiS0 reaction layer, Al reaction layer and Al alloy matrix. The main intermetallic
compounds were (Fe,Ni)4(Al,Si);; and (Fe,Ni),(Al,Si)s at the Al reaction layer and FeNi50 reaction layer, respectively. The bending
behavior versus different infiltration temperatures and holding times was also investigated. The bending strength at 670 °C was the
highest and close to the bending strength of Al alloy (223 MPa), and 46% of SiC/A356. The brittle intermetallic compounds existing
at the interface induced the decreasing of the bending strength. The pores were reduced by adequate heating time due to the
homogeneous temperature of preform, which was beneficial to improve the bending strength of the composite.
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1 Introduction

Silicon carbide reinforced aluminum (SiC/Al)
composites have received considerable attention in
electronic packaging applications due to the attractive
properties resulting from the combination of their
constituents, such as high thermal conductivity, high
specific strength, tailorable coefficient of thermal
expansion and low density [1-3]. The properties of the
composites are influenced by many factors, including the
volume fraction of inclusions, interfacial bonding
between inclusions and matrix, and the characteristics of
matrix and inclusions itself. The volume fraction of the
inclusion in the SiC/Al composite with a bimodal
particle distribution is increased by distributing fine SiC
particles in the interspace of coarse SiC particles in order
to adjust the coefficient of thermal expansion of the
composite [4]. The pressure infiltration and spark plasma
sintering are two common ways used to fabricate the
SiC/Al composite in the current works [5—7], and the
interface condition of the composite fabricated by
pressure infiltration seems more favorable while it still
remains some problems by spark plasma sintering

method. The studies on the thermal expansion [8,9],
thermal conductivity [10,11] and mechanical properties
[12,13] have also been carried out with the support of the
experimental results and theoretical models. Thus, the
researches of SiC/Al composites involved microstructure
and properties in the recent ten years are quite
comprehensive and deep.

However, most of the studies are about the SiC/Al
composite itself. Actually, the SiC/Al composite should
be jointed with the components of different materials,
such as alloys, glasses or ceramics, to obtain the final
products in practical applications. Due to the characters
of inhomogeneous distribution and multi-phase in the
SiC/Al composite, the bonding between the composite
and metal components cannot be carried out effectively.
The traditional welding methods, such as laser beam
welding, make the SiC dissolve and produce a large
number of interfacial reactions, which introduce Al,Cs
and Al,SiC, brittle phases to the jointing area, and will
finally decrease the mechanical properties of the
composites [14—16]. Therefore, this work which
develops a new method to join SiC/Al composites with
packaging
significance and practical value.

components has important theoretical
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In this work a concurrent integration (CI) method
was used to join the composite to the components of the
alloys. The CI is a new method was used to join the
composite with the alloy component by chemical
reactions or other physical diffusion between the
composite and alloys during the infiltration process, and
the method can prevent the formation of the brittle phase
and reduce the cost by about 50% [17]. The main
components of the alloys are Ti alloy and FeNi alloy in
the electronic market. The FeNi50 alloy was used in
manufacturing frame and board for the integration circuit
(IC), and thus the SiC/Al composites joining with the
FeNi50 alloy by a CI method were fabricated. The
chemical reactions in the joining area and the interface
evolution were investigated, and the effects of infiltration
parameters, such as temperature and holding time, on
microstructure, interface and mechanical properties were
also analyzed.

2 Experimental

Al-7Si—0.3Mg (A356) Al alloy was used as matrix.
Green and abrasive grade SiC particles with a purity of
98.5% were used as inclusions. In order to obtain the
high volume fraction of SiC particles, a bimodal particle
size distribution of 5—50 pm in SiC particle sizes was
adopted. The chemical composition of the FeNi50 alloy
was listed in Table 1.

Table 1 Chemical composition of FeNi50 alloy (mass fraction,
%0)
Ni Si Ti C Mn P Fe
48.60  0.30 - 1.88 0.40 0.09 Bal.

Preparation of the compacts turned out to be one of
the most delicate aspects of the experiments. In the case
of mixtures the process required two stages: one was the
mixing of the particles, and the other was the packing of
the mixtures. Mixing was carried out in ethanol via the
method described in Ref. [18]. The mixtures were then
dried, introduced into the tube and packed as above.
Strokes and vibrations on dry mixtures were identified as
the main sources of segregation. In addition, other
procedures were tried for the packing stage so as to
reduce segregation and attain the maximum compactness
possible. All reduced segregation (at least visually)
decreased the maximum compactness at the same time.
Here we described one of the procedures. The wetted
mixture was introduced into the quartz tube, and the tube
was vacuumized to partially evaporate the ethanol
without fully drying the particles; subsequently, after
applying 100 strokes, the compact was dried at a low
temperature. After these procedures (if not specified, the
results discussed here correspond to samples obtained

through packing on dry mixtures), the mixtures of coarse
and fine particles were prepared, and then were all
packed in quartz tubes.

Infiltration was carried out in a pressure infiltration
apparatus which was introduced in Refs. [19,20]. The Al
alloy was placed in the lower furnace and the
SiC/FeNiS50 was placed in the upper furnace. The
temperature of the lower furnace was set at 800 °C, and
the temperatures of the upper furnace were set at 670,
690, 710 and 730 °C, respectively, for the different
samples. Before heating, pressure of the furnace was
vacuumized to 4000 Pa. Then the Al alloy was melted in
the lower furnace with SiC preform and Fe—Ni50 alloy
substrate being preheated in a steel cylinder attached in
the upper furnace. After achieving the specified
temperature, the system was allowed 2, 4, 6, 10, 14 and
18 min, respectively, to approach thermal equilibrium.
Finally, the pressure for infiltration was applied by
introducing air into  pre-vacuumed chambers.
Solidification of the metal alloy occurred within
approximately 1 min after pressurizing the melt.

The microstructure of the composites was observed
by scanning electron microscopy (SEM, Zeiss Supra 55)
and optical microscopy (OM). XRD (PHILIPS X’Pert
Pro) was used to analyze the composition of the
microstructure. The 3 mmx4 mmx36 mm specimens
were prepared for bending strength test which was
carried out under a three-point loading using a
Instron1195 machine. In all the cases the results
represent the average of three tests.

3 Results and discussion

3.1 Interfacial reaction layer

The microstructure of the composites are greatly
influenced by both temperature and holding time during
heterogeneous bonding process. Figure 1 shows the
microstructure  of  SiC/A356/FeNi50 at different
infiltration temperatures for the holding time of 10 min.

The interface of SiC/A356 and FeNi50 can be
clearly seen, which shows a great bonding between the
two materials. The FeNi50, interfacial reaction layer
(including reaction layer on the side of the FeNi50
substrate and the Al alloy), Al alloy matrix and the
SiC/A356 are distributed from wupper to down,
respectively. The SiC/A356 composites at different
infiltration  temperatures are all dense and
microscopically homogeneous, and seldom particle
cluster is observed. The pores or cracks cannot be
observed at the interfacial region until the infiltration
temperature reaches 730 °C. A spindly crack with
approximately 20 pum in length can be observed at the
reaction layer. The thickness of the reaction layer on
the side of the FeNi50 substrate keeps a constant as the
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FeNi50 substrate reaction
layer on side of FeNi50 substrate

Fig. 1 Effect of infiltration bonding temperature on structure of SiC/Al/FeNi50 joints: (a) 670 °C; (b) 690 °C; (¢) 710 °C; (d) 730 °C

temperature changes, while the thickness of the reaction
layer on the side of Al alloy matrix has a quick increase
up to 690 °C at first and then a nearly linear increase
with the increasing of infiltration temperature, which is
depicted in Fig. 2.
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Fig. 2 Thickness infiltration

temperature

The value of the thickness is measured via average
ten figures in different regions and the errors are in the
range of 5%—9%.

Furthermore, holding time is another parameter
significantly affecting the interfacial bonding. Figure 3
shows the microstructure of SiC/A356/FeNi50 infiltrated
at 710 °C for different holding time.

The thickness of the interfacial reaction layer varies
a little as the holding time increases, which indicates that
it is not influenced by the holding time but the
temperature. However, the short holding time introduces
pores at the interface, and the number and size of the
pores decrease as the holding time increases. It can be
seen from Figs. 3 (a) and (b) that the pores at the 2 min
have a continuous distribution while the pores at the
6 min become finer. A well interfacial bonding and no
pores can be observed at the 10 min. The pores will
produce the stress concentration under loading and
therefore they should be avoided in order to improve the
bonding quality.

3.2 Interfacial reaction products

Figure 4 shows the microstructure of SiC/A356/
FeNi50 joints (P=1.2 MPa, =690 °C, =10 min) which
consisted of FeNi50 substrate, interfacial reaction layer
and SiC/Al matrix from left to right, respectively.

Line analysis of chemical composition at the
SiC/A356/FeNi50 interface is investigated and it is
shown in Fig. 4. The length of the total line is 182 pm
and the interface region is approximately in the range of
60—120 um. The Si is mainly distributed at the SiC/Al
side and seldom is observed at the FeNi50 region. The
intensities of the Fe and Ni, which exhibit the very
similar distributions, decrease from the FeNi50 side to
the SiC/Al side at the interface. The Fe, Ni, Al and Si
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(a)

Fig. 3 Effect of holding time on microstructure of SiC/Al/
FeNi50 joints: (a) 2 min; (b) 6 min; (c) 10 min

Fig. 4 Microstructure and line analysis of chemical
composition at SiC/Al/FeNi50 interface (Blue curve represents
Fe(Ni), light blue curve represents Al and green curve
represents Si)

keep constant at the interfacial region resulting from the
existence of intermetallics which may
significantly the mechanical properties of the composites

influence

[21]. Thus it is important to investigate the formation and
growth of the intermetallics.

Figure 5 shows XRD pattern of fracture surface at
infiltration temperature of 690 °C.

. — Fe(Ni)
. — (Fc, Nl}4(A], Si)u

20 40 60 80
26/(%)

Fig. 5 XRD pattern of fracture surface on FeNi50 side

The results show that (Fe,Ni)4(Al,Si);; and little
Fe—Ni solid solution exist on the fracture surface.
However, another intermetallic may exist at the FeNi50
reaction layer due to the different chemical composition
at the Al reaction and FeNi50 reaction layers, which is
detected by EDS analysis (Fig. (4)) and the results are
shown in Table 2.

Table 2 EDS result of Al reaction and FeNi50 reaction region

Spot  x(Fe)/%  x(Ni)/% XAN%  x(Si)%
1 1431 13.15 70.97 1.57
2 11.31 6.85 76.73 5.11

It can be deduced that the new intermetallic may be
(Fe,Ni),(Al,Si)s because Fe,Als phase normally exists in
the Fe—Al infiltration reaction as reported in many
articles [22,23]. However, no direct evidence confirms
this point and more work should be done further.

Figure 6 shows the interfacial reaction process of
SiC/A356/FeNi50.

In the initial stage of infiltration, the Fe and Ni were
dissolved and absorbed by molten Al. The chemical
reactions carried out at the FeNiS0 side (Fig. 6(b)). The
thickness of reaction layer was only 3—4 pm which may
be due to the existence of Si. The thickness of interfacial
layer increased as a result of the diffusion of Al along the
¢ axis by addition of Si which would be enriched at the
interface. Meanwhile, the Al reaction layer begins to
form (Fig. 6(c)). The Fe and Ni can diffuse continuously
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Fig. 6 Interfacial reaction process of SiC/Al/FeNi50: (a) Initial
stage of infiltration; (b) Formation of FeNi50 reaction layer; (c)
Formation of Al reaction layer; (d) Growing up of Al reaction
layer

to the Al as a result of the high temperature in Al alloy.
As the temperature decreased, the peripheral of the
FeNi50 alloy firstly cooled down, a temperature gradient
was generated between the Al and the FeNi50, and the
vertical solidification of the (Fe,Ni)4(ALSi);3 was
generated in Al oriented columnar crystal along the
Al-FeNi50 temperature gradient. The growing up
behavior of the Al reaction layer can be seen in Fig. 6(d).
In the later period of infiltration, the Al reaction layer

grew continuously along the temperature gradient. In the
initial stage of infiltration, (Fe,Ni)4(Al,Si);; priority
nucleated in the crystal defect and then grew up. Thus,
the interfacial reaction products are shown to be a
discontinuous distribution. Later, the interfacial reaction
accelerated the growth of intermetallics and thus the
thickness of the reaction layer increased.

3.3 Bending strength

Figure 7 shows the bending strength of
SiC/A356/FeNi50 joints contrast with SiC/A356 at
different infiltration temperatures.
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Fig. 7 Bending strength of SiC/Al/FeNi50 joints contrast with
SiC/Al at different infiltration temperatures

The bending strength of the SiC/A356 composite
keeps nearly constant as the infiltration temperature
changes. Oppositely, the bending strength of the
SiC/A356/FeNi50 is significantly influenced by the
infiltration temperature. At 670 °C, low temperature
induces poor diffusion as a result of thin interface
(24.6 pm) and relatively good bending strength (215
MPa). The value of this bending strength is close to the
bending strength of the Al alloy (223 MPa), and 46% of
the SiC/A356 composite (467 MPa). When the
temperature is lower, there is less or even no interfacial
bonding which leads to a lower bending strength. Certain
thickness of interfacial reaction layer helps the bonding
of SiC, Al and FeNi50 which is not easy. As temperature
increases, diffusivity of metals increases and thickness of
interface increases which lead to a quickly decreasing of
interfacial bending strength caused by brittleness of
interfacial reaction layer. As temperature reaches 690 °C,
bending strength decreases to 112 MPa, only 26% of the
SiC/A356. After that, it decreases slowly as infiltration
temperature increases.

In addition, holding time affects greatly the bending
strength because the microstructure is sensitive to the
holding time as is described in the discussion above.
Figure 8 depicts the relationship between the bending
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Fig. 8 Relationship between bending strength of joints and heat
holding time when infiltrated at 670 °C

strength of joints and holding time when infiltrated at
670 °C.

As holding time is lower than 10 min, bending
strength is lower and it increases sharply as the holding
time increases. The inhomogeneous temperatures in the
preform, resulting from the insufficient holding time,
lead to the imperfect infiltration and pores nearby the
interface which reduce the bonding strength. A maximum
bending strength (215 MPa) is obtained as holding time
reaches 10 min. An adequate holding time makes
preform heated homogeneously and reduces formation of
pores, which are beneficial to improving bending
strength of the composite. Furthermore, it is very
interesting to observe that bending strength varies a little
as holding time continuously increases. Thus, a
minimum holding time is necessary to insure a
homogeneous temperature in preform, which is
beneficial to reducing the pores at the bonding region
and obtaining a well infiltrated composite.

4 Conclusions

1) Higher infiltration temperature and lower holding
time induce more cracks or pores at the bonding region.
The thickness of reaction layer on side of FeNiS0 keeps
steadiness as temperature is changed, while thickness of
reaction layer close to Al alloy matrix has a quickly
increase up to 690 °C at first and then a nearly linear
increase with the increasing of bonding temperature.

2) Interfacial region of SiC/A356/FeNi50 consists
of reaction layer on side of FeNi50 substrate, reaction
layer on side of Al alloy and Al alloy matrix. The main
intermetallics at reaction layer is (Fe,Ni),(Al,Si);3 on
side of Al alloy. Interfacial reaction layer of the
SiC/A356/FeNi50 composite comes from a process of
formation and growth.

3) Bending strength decreases as the infiltration

temperature increases. The value of bending strength at
670 °C is close to the bending strength of Al alloy (223
MPa), and 46% of SiC/A356. Brittle intermetallic
compounds existing at interface induces the decreasing
of bending strength. Adequate holding time makes
preform temperature homogeneous and reduces the
formation of pores, which is beneficial to improving
bending strength of the composite.
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