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Abstract

A process of vacuum infiltration casting technique for production of surface composite on copper substrate is presented. The surface infiltrated
layer was fabricated on the copper substrate using Fe-based powder as surface alloying particles. The microstructure and several properties of
the infiltrated layer have been studied. With an appropriate choice of processing conditions, a compact infiltrated layer is achievable through the
SEM observation. The adhesion strength was evaluated through three-point bending test and thermal cycles. The macro-hardness of the infiltrated
l
t
f
©

K

1

e
a
u
o
i
d
s
[
o
t
p
m
i
p
c
c

0
d

ayer is about HRC 55 and the distribution of micro-hardness presents gradient change. The average micro-hardness of layer is about HV500. The
hermal fatigue properties and oxidation resistance of infiltrated layer were tested at 800 ◦C. The number of thermal cycles reaches to 110 and 85
or infiltrated layer with a thickness of 1.5 and 2.6 mm, respectively. The infiltrated layer oxidized more rapidly than the substrate.

2005 Elsevier B.V. All rights reserved.
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. Introduction

High electrical and heat conductive copper is widely used in
lectronics and machinery, where higher strength and hardness
re required. The failure of parts was always caused by the fail-
re of the parts’ surface. In order to improve surface properties
f copper parts, a number of methods have been developed to
mprove the surface properties of copper including internal oxi-
ation [1], chemical vapor deposition [2,3], electroplating [4],
pray techniques [5], infiltration technique [6] and other means
7,8]. Of these methods, infiltration technique has the advantages
f simplicity and feasibility over others in changing the charac-
eristic of copper surface. Infiltration of a liquid metal into a
reform can be carried out by pressureless or pressure-assisted
ethods. The main advantages of pressure-assisted infiltration

nclude the following: (a) faster process; (b) near-net shape
rocessing; (c) reduced contamination; (d) reduced porosity in
omparison with spray techniques [9–20]. However, even in the
ase of pressure-assisted infiltration, choking of pores during

infiltration can occur, which prematurely terminates the infil-
tration process [13]. This difficulty of achieving full infiltration
increases with decreasing particle size in the preform and pour-
ing temperature.

In this study, the bronze matrix surface composites were fab-
ricated by the vacuum infiltration casting technique. The present
article deals with the performance evaluation of some infiltrated
layer in terms of hardness, adhesion (bond) strength, thermal
fatigue and oxidation resistance.

2. Experimental procedures

2.1. Fabrication of infiltrated layer

In this work, Fe-based alloying particles, whose main ingre-
dient are 30 wt.% Cr, 4 wt.% C, 5 wt.% Ni, 2.5 wt.% Si, 2 wt.%
B, Fe (wt.%, in Bal.), of 120–160 mesh was chosen as the rein-
forcement, which is a kind of self-fusion alloying powder. Basic
structure of this powder is hypereutectic ledeburite. Bronze
ZQAl 9-4, with its composition listed in Table 1, was chosen
∗ Corresponding author. Tel.: +86 931 2973640; fax: +86 931 2755806.
E-mail address: yanggrming@lut.cn (G.-R. Yang).

as the matrix of the surface composite layer and the substrate
material on which the infiltrated layer is formed.
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Table 1
The chemical composition of tested aluminum bronze (wt.%)

Cu Al Fe Sb Si P As Sn Pb Mn Zn Total

Bal. 8.0–10.0 2.0–4.0 ≤0.05 ≤0.2 ≤0.1 ≤0.05 ≤0.2 ≤0.1 ≤0.5 ≤1.0 ≤1.0

Fig. 1. The sketch of forming surface composite.

The surface infiltrated layer was fabricated by a vacuum
infiltration casting process. Firstly, the Fe-based alloying pow-
der and some self-fabricated bond NJB (its main composition
is boric acid) were mixed together according to desired pro-
portion, paved on inner surface of a casting mould or outer
surface of mould cores, where the characteristic were needed
to be improved. Then the mould or mould cores was heated
to form solid preform layer at 150 ◦C under the condition of
atmosphere. Secondly, the melt of bronze was poured into the
mould at 1220 ◦C under vacuum. The mould was to be pre-
heated to 150 ± 10 ◦C. By sucking force of the vacuum, the
melt was infiltrated into the preform, and the surface composite
layer was obtained after solidification of casting. The fabri-
cation principle is shown in Fig. 1. The surface composites
with differential thickness could be obtained through fabricat-
ing differential thickness of preform. The thickness of surface
composite could reach 3.0 mm.

2.2. Microstructure and evaluation of properties

2.2.1. The microstructure of infiltrated layer
The microstructure of surface composite layer was observed

by scanning electron microscope (SEM) of HITACHI S-520.
The specimens for SEM observations were cut along the direc-
tion from composite surface to substrate, ground and polished
u

2.2.2. Hardness and adhesion (bond) strength
measurements

The macro-hardness has been measured using HRS-150
Rockwell hardness tester. The experimental load was 1471 N.
The micro-hardness has been measured using HVS-1000 micro-
hardness tester at load of 9.8 N and loading time of 20 s. A
three-point bend test was employed to evaluate the adhesion
(bond) strength. The dimensions of the specimens used in the
bend tests were 5 mm × 5 mm ×40 mm and the thickness of sur-
face infiltrated layer was 1.5–3.0 mm. Fig. 2 shows the design
of the specimens used for the three-point bend tests. The infil-
trated layer was located on the top (Fig. 2a) or at the bottom of
the specimen. Load was applied to the specimen slowly with a
definite displacement. After loading, the stress–strain curve was
obtained. This curve was transformed to the load–displacement
curve using a computer program. This test was conducted on
three specimens for each type of bend test.

2.2.3. Thermal cycling experiment
The dimensions of the specimens used in the thermal cycling

(thermal fatigue) experiment were 5 mm ×5 mm × 10 mm. For
the thermal cycling, the specimens were heated in a muffle fur-
nace and kept at 800 ◦C for 15 min, which was followed by water
cooling. The temperature of cooling water is 20 ◦C. During cool-
ing, the specimens were hold in a basin with cool water for 5 min.
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sing standard metallographic techniques.

ig. 2. The type of three-point bend test specimen for infiltrated layer. (a) Infil
pecimen.
he specimens were taken out. Its temperature was same to that
f water at that time, meanwhile, a thorough visual scrutiny of
he specimens was undertaken to evaluate the extent of dam-
ge they have undergone within the substrate, at the interface
etween the bond and the surface layer, and on the top surface
f the infiltrated layer. This thermal cycling was repeated many
imes.

.2.4. Oxidation experiment
The oxidation behavior of the infiltrated layer was evaluated

y the weight changes. Six surfaces of rectangular test speci-
ens with dimensions 40 mm × 40 mm × 10 mm were ground,

ltrasonically cleaned in water, and then rinsed in ethanol prior

layer on the top of the specimen and (b) infiltrated layer on the bottom of the
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Fig. 3. The SEM of infiltrated layer.

to drying in air. The initial weight of specimens was measured
using a photoelectric analytic balance with a precision of 0.1 mg.
The specimens were heated in a muffle furnace kept at 800 ◦C
for 2 h under the condition of atmosphere, and then cooled in
atmosphere to room temperature, then weighed specimens. This
test was repeated until the change of the specimen weight was
near to zero. The time of heating specimen lasted for 4, 8, 12
and 24 h, respectively. Weight of the specimens was measured
before and after each test to obtain the weight changes. Three
specimens were performed in test to get the average oxidation
rate.

3. Results and discussion

3.1. Microstructure of infiltrated layer

Cross-sectional view of the infiltrated layer is shown in
Fig. 3. The micrographs reveal continuous and sound inter-
faces between the substrate and the infiltrated layer without
any cracks. No spalling or separation is observed from the
micro-cross-sectional view. The infiltrated surface composite
layer doesn’t show the obvious delamination structure. The Fe-
based alloying particles within the infiltrated layer are distributed
uniformly as shown in Fig. 3(a). Fig. 3(b) shows the interface
between the partially melted Fe-based particles and the substrate.
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formation of Cu-based solid solution and low melting eutectic
phase. The eutectic phase of Al and Si separates from the liquid
metal. Fig. 4 shows that Al and Si concentrate mainly in the
area between the particles. In this area, Al in the eutectic phase
comes from the matrix and Si comes from liquid metal of melted
surface of the particles (Fig. 5). The volume fraction of eutectic
Al–Si phase separating from the liquid metal is too small to be
showed by a XRD pattern illustrated in Fig. 6. Around the grain
exists Ni–Cr and Ni–Cr–Fe intermetallics that could be detached
from Figs. 4 and 6.

Fig. 4. Line scan of infiltrated layer.
The forming of infiltrated surface layer is fusion of Fe-based
articles’ surface with copper substrate. The melt point of Fe-
ased alloying powder is 1100 ± 50 ◦C, which is somewhat
quivalent to the melt point of the matrix and its self-fusion
ffect is not very effective due to a low content of eutectic mix-
ure with lower melting point in the Fe-based alloying powder.
fter pouring the melt, the melt infiltrated into the pores and
ermeated the preform. The temperature of molten copper alloy
ecreases somewhat owing to endothermic action of the mould.
ence, only the surface of the powder particles melts, decom-
ose and diffuse within the interface between the substrate and
articles. At the interfaces between the Fe-based particles and
he melt, occurrence of metallurgical fusion gives birth to the
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Fig. 5. EDS spectrum of infiltrated layer between the infiltrated grain.

3.2. Hardness and adhesion (bond) strength

3.2.1. The macro-hardness
The hardness of infiltrated layer is about HRC 55. While, the

hardness of copper alloy is about HRB 130. The hardness of infil-
trated layer has been improved largely. The reason of increasing
hardness is the existing of boride, Ni–Cr and Ni–Cr–Fe inter-
metallics in the outer layer.

3.2.2. The micro-hardness
Fig. 7 shows the variation of average micro-hardness of infil-

trated layer. The micro-hardness of outer layer is not the highest
because the outer layer near the casting mould contains unavoid-
ably shrinkage porosity because of the chilling action of preform
and mould that leads to imperfect fusion. The micro-hardness
reaches the largest value in the sub-surface layer because its
quality of fusion is better than the outer layer. The structure of
this layer is compact, and it contains some hard intermetallic
phases. The composition of the un-melted particles is mainly
hypereutectic ledeburite. The hardness of infiltrated layer drops
sharply when the distance is near to 2.3 mm from the surface.

Fig. 7. The changing of average micro-hardness of infiltrated layer.

It can be explained by the fact the infiltrated layer is surface
composite materials, in which the powder particles distributed
uniformly and the diffusion only happened within about 200 �m.
so there is no longer diffusion area (transition layer) between the
substrate and the infiltrated layer (Fig. 4).

3.2.3. Adhesion strength
Fig. 8 shows the bending strength of specimen with infiltrated

layer located at the bottom of the specimen. There is a small
hackly change within the process of stress increasing compar-
ing with that of the substrate (Fig. 9), and then the stress–strain
changing is similar to that of the substrate as shown in Fig. 9.
The yield strength (σp, 0.2) of the specimen with infiltrated layer
is close to that of the substrate. In the course of test, we can hear
the sound of cracking when the hackly curve appears, which
suggest that the infiltrated layer has been destroyed. The main
components of the infiltrated layer are hard and brittle phases
such as the cementite and other intermetallics. Fig. 10 is the
SEM after bending test. The substrate belongs to a ductile mate-
rial and the surface layer is a brittle material from the analysis
about the structure of infiltrated layer above mentioned, so the
strain is different while the same stress. The infiltrated layer is at

F
Fig. 6. XRD of infiltrated layer.
 ig. 8. The bending strength of specimen with infiltrated layer in the bottom.
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Fig. 9. Bending strength of the substrate.

the bottom of the specimen and its deformation and stress were
larger than that of the substrate under the situation of this test.
Therefore, stress between substrate and infiltrated layer happens.
From the Fig. 10, we can see that a crack formed at the inter-
face. The crack generated at the end of the vertical crack that is
sensitive position of the crack. Then the crack grows along the
interface with the increasing stress between the substrate and
the infiltrated layer because of no transition layer between the
substrate and the infiltrated layer.

The bending strength of the specimen with infiltrated layer
located on the top of the specimen is shown in Fig. 11. We can
see that the stress–strain curve is obviously different from that
shown in Figs. 8 and 9. There is a yield point elongation, and then
the stress increases with the increasing of the strain. After reach-
ing a peak value, the stress drops rapidly. Then the stress–strain

F

Fig. 11. The bending strength of specimen with infiltrated layer on the top.

curve was similar to that of the substrate. The yielding strength
of the specimen with infiltrated layer has been improved by 31%
comparing to that of the substrate. The bending strength has been
improved by 78% at the same strain of corresponding to a peak
value comparing with the bending strength of the substrate. The
infiltrated layer was located on the top of the specimen. At the
beginning of the bending, the deformation of substrate is larger
than that of the infiltrated layer and the strain is small at the
beginning of the deformation, so the deformation of infiltrated
layer can accommodate with the strain of substrate. The strength
of infiltrated layer with hard particles is higher than that of the
substrate. When the yield point elongation appears, the accom-
modation begins to decrease. The stress goes on increasing.
Therefore, the yielding strength was improved and strength-
ening limit (the peak value) appeared. When the deformation
was increased, the accommodation was destroyed. The stress
between the infiltrated layer and the substrate appears on account
of their different strain. The infiltrated layer was destroyed when
the stress increased and exceeded the enduring limit.

Fig. 12 shows the SEM micrograph of the fractured layer.
The fracture SEM appearance of surface composite when the
infiltrated layer located at bottom is same to that of being on
the top. The particles are pulled out from the substrate because
the strength of the particle is higher than that of substrate as
shown in Fig. 13. From the appearance of substrate, the bend-
ing failure belongs to ductile fracture. While, from the fracture
a
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ig. 10. Fracture SEM of the specimen with infiltrated layer at the bottom.
ppearance of infiltrated layer, there are whole particles at the
racture appearance. It is different from classical ductile fracture.
he bending failure of surface composite belongs to like-ductile

racture.
During the test, the bending strength of specimen changed lit-

le for differential thickness (1.5–3.0 mm) of surface infiltrated
ayer. Each specimen was subjected to visual evaluation after
estroying. It was found that the destroying mode was similar
or different situation of the infiltrated layer. The difference is
hat the strain was tensile stress when the infiltrated layer located
t the bottom, and compress stress when infiltrated layer located
n the top. Their destroying type was like-ductile fracture. The
ending strength of specimen has been improved largely due to
he existence of the infiltrated layer, especially for the layer on
he top of specimen. The surface infiltrated layer belongs to com-
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Fig. 12. Fracture appearance SEM of infiltrated layer.

posite with many particles reinforced, so its strength is higher
than that of the substrate. The strength of surface composite
could strengthen the strength of the whole specimen before the
accommodation of strain between the surface infiltrated layer
and substrate destroyed.

Table 2
Results of the thermal cycling test

Thickness of
infiltrated
layer (mm)

Cycles
conducted

Observations

1.5 110 Substrate and infiltrated layer oxidation were
detected after the 20 times cycles; 1.5 mm
infiltrated layer remains fine, micro-crack in
the interface between the layer and substrate
appear after the 78 times cycles; after the 91
times cycles, the surface of infiltrated layer
appears the micro-crack; no obvious changes
after 110 times cycles

2.6 85 Substrate and infiltrated layer oxidation were
detected after the 20 times cycles; infiltrated
layer remains fine, test is conducted after
the 62 times cycles, cracks in the interface
between the layer and substrate appear; after
the 72 times cycles, infiltrated layer arched
and the micro-crack appears on the surface of
the infiltrated layer; after the 85 times cycles,
the infiltrated layer spalls off from substrate

3.2.4. Thermal cycling
The performance of the infiltrated layer under thermal cycling

conditions is mainly governed by the stresses developed at
the infiltrated layer–substrate interface because of the differ-
ence in the thermal expansion coefficients [21]. The responses
of the infiltrated layer to thermal cycling between 800 ◦C and
cool water temperature are reported in Table 2. Fig. 14 is the
scheme of the arched infiltrated layer after the 61 cycles. The
dimensions of the specimen was 5.0 mm × 5.5 mm × 9.8 mm
after the thermal experiment, while the dimensions of the spec-
imens was 5.0 mm × 5.0 mm × 10 mm before thermal experi-
ment. This was because the difference stress between the surface
infiltrated layer and the substrate resulted in the differential dis-
tortion.

It is interesting to note that the infiltrated layer offers good
thermal fatigue resistance. It is evident that the thermal fatigue
resistance of thinner layer (1.5 mm) is better than that of thicker
layer (2.6 mm). The main problem arises because of the oxida-
tion of the infiltrated layer and substrate. A point to be considered
is that these layers are subjected to very severe testing condi-
tions corresponding to accelerated tests. However, these layers
will not experience such severe conditions during applications.
It may be noted that all tests have been concluded because
of a significant oxidation of the infiltrated layer and the sub-
strate. Figs. 15–17 was the SEM micrographs of the surface and
the interface of infiltrated layer showing crack or spalling off.
F

Fig. 13. The fracture appearance SEM of substrate.
rom Fig. 15, there was partly oxidation at the interface. The

Fig. 14. The scheme of the arched infiltrated layer.
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Fig. 15. The appearance of substrate after the infiltrated layer spalling.

crack on the surface of infiltrated layer was around the particles.
Fig. 16 shows that the micro-crack was mostly around the par-
ticles because of the differential thermal expansion coefficient
between the particles and the matrix.

Fig. 17. The SEM of interface between infiltrated layer and substrate.

The most outer surface of the infiltrated layer is not some-
what compact, which may accommodate the thermal expansion
coefficient mismatch more effectively [21]. The main composi-
tion of Fe-based alloying powder is Fe, Cr, Ni, Si and B. Their
mean thermal expansion coefficients are presented in Table 3.
From Table 3, it appears that the thermal expansion coefficient
of Ni is similar to that of the substrate Cu. But the main ele-
ment of the alloying powder Fe-based alloying powder is Fe.
The difference of thermal expansion coefficient of Fe and Cu is
somewhat much more. The elements such as Cr, Ni, B and Si
exist in state of intermetallic compounds. The stress between the
particles and the substrate is much larger when cooling sharply.
So the cracks generate easily around the particles in the most
cases. The most cracks belong to vertical crack. Only one hori-
zontal crack appears at the interface between the substrate and
the infiltrated layer (Fig. 17). The stress concentration could be
reduced happened at the interface between surface layer and sub-
strate because the substrate is tough materials. The stress among
the particles in the horizontal direction was not be reduced due
to the content of copper was less than that of interface between
surface layer and substrate.

Table 3
Mean thermal expansion coefficient, α (◦C × 10−6) [22]

Cu 17.0
F
C
B
S
N

Fig. 16. The appearance of infiltrated layer.
e 11.76
r 6.2

8.3
i 2.8–7.2
i 13.4
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Fig. 18. Weight gain vs. oxidation time curves at 800 ◦C.

3.2.5. Oxidation
Fig. 18 shows the weight gain at 800 ◦C up to about 110 h

for the substrate and infiltrated layer studied. It is apparent that
the oxidation rate of infiltrated layer is higher than that of the
substrate. The mass gain curves can be divided into two parts
separated by a transition zone. The first stage, at very short oxi-
dation times, is characterized by a rapid increase in the mass
gain. For longer oxidation times, the oxidation behavior tends
to constant.

The oxidation resistance of the alloys depends on their ability
to form stable and slowly growing protective oxides, normally
corresponding to Cr2O3, formed by selective oxidation of the
corresponding alloy components [23,24]. For alloys contain-
ing chromium as a protective component, such as Fe-based
alloy, the critical Cr content required to form exclusive exter-
nal Cr2O3 scales is usually about 15–25 wt.% [24,25]. Although
the Fe-based alloying powder used for fabricated infiltrated layer
contain about 28 wt.% Cr, the oxidation resistance is improved to
certain extent. The surface of the infiltrated layer is Fe–Cu alloy.
The air oxidation of cast Fe–Cu alloys produce complex scales,
usually containing mainly Fe3O4, Fe2O3, FeO and some small
incontinuous outer layer of copper oxide (CuO + Cu2O) plus an
inner region composed of a mixture of the oxides of mainly two
components as well as of some double Fe–Cu oxides [26,27].
The chemical activation of Fe is higher essentially than that of
copper. There was no compact oxidation film produced during
t
o
o
t
t
m

4

b

properties. Fe-based powder has been successfully used as infil-
tration alloying powder to obtain good infiltrated layer on copper
substrate. The infiltrated layer has clearly excellent interfacial
boundaries, as apparent from their cross-sectional micrographs.
The infiltrated layer had no lamination structure, so it belongs
to surface composite material.

The macro-hardness of infiltrated hardness reaches about
HRC 55, and highest micro-hardness is HV 530. So the hard-
ness of infiltrated layer has been improved largely compared
with the substrate. The tests of three-point bending and thermal
cycling suggest good bonding between the infiltrated layer and
the substrate. The bending strength has been enhanced to a cer-
tain extent. The difference of thermal coefficient of all kinds of
elements is not much more, so the layer offers excellent thermal
fatigue property. The oxidation resistance of the infiltrated layer
was not good as well as the substrate.
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