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The spontaneous infiltration method for fabricating composites was used, in which molten Cu-Ni-Mn-Fe bind-
ers penetrated W-C filler particles due to capillary forces. The metal matrix composites thus obtained were char-
acterized for phase composition, microstructure, porosity and microhardness. All composites were studied in their
as-prepared condition with further annealing at 900°C for 60 and 750 h. It was shown that the mechanism based on
the dissolution/diftusion bonding of the particulate/matrix interface was in agreement with the results of this study.
The interfacial reactions provided a driving force for wetting but did not give rise to unwanted phases that could
degrade the properties of the composite materials. From the EDX measurements it was concluded that mainly Fe
atoms diffused from the Cu-Ni-Mn-Fe binders into the WC phase of the eutectic (WC+W,C) filler. Dissolution of
this phase resulted in the appearance of W,C layer at the interface. Annealing at 900°C significantly promoted the in-
terfacial reaction especially during the first 60 h of heat treatment. The degree of the reaction between the molten
Cu-Ni-Mn-Fe alloys and W-C particulate could be limited by controlling the iron content of the binders to obtain
an optimal interface.
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1. Introduction

Metal matrix composites (MMCs) are advanced
materials displaying improved strength, a superior
resistance to wear and corrosion and a high tem-
perature stability making them suitable for a wide
range of industrial applications [m, ﬁ]. Over recent
decades, many new composites have been devel-
oped, some with very valuable properties [@]. By
carefully choosing the reinforcement, the matrix,
and the manufacturing process that brings them
together, engineers can tailor the properties to meet
specific requirements. To fabricate MMCs with en-
hanced properties, the processing technique must
ensure a high volume fraction of reinforcement, its
uniform distribution and acceptable adhesion be-
tween the matrix and the reinforcing phase with-
out unwanted interfacial reactions that degrade
the mechanical properties. Many processing tech-

niques have been developed to produce MMCs
employing a variety of binder and reinforcement
combinations [6-12]. Among these, a spontane-
ous infiltration process is widely used for making
MMCs with a high volume fraction of reinforce-
ments which offers many more advantages com-
pared to those of other conventional manufactur-
ing processes [].

The reinforcement, the matrix and the inter-
face between them determine the characteristics
of MMC:s. Particles of various materials are cur-
rently used as reinforcement []. The size of
particles varies from millimetres to nano levels.
Even though various kinds of composites have
been developed, among them tungsten carbides as
reinforcement particles have proven to be promis-
ing materials because of their excellent mechani-
cal properties coupled with a good tribological
performance [@].
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In terms of high-temperature strength proper-
ties, copper-matrix composites are superior com-
pared with other MMCs []. Commercial
copper alloys usually contain manganese, nickel
and iron to improve performance characteris-
tics []. The cast materials have a high fluidity
and can reproduce fine details in master patterns
during infiltration, while their good corrosion and
oxidation resistance promotes longer service life.
The high strength of the Cu-Ni-Mn-Fe alloys is
attained by precipitation hardening []. This
process involves the formation of 6-NiMn phase
from a supersaturated solid solution of alpha-cop-
per. The evolution of NiMn precipitates dispersed
in the a-Cu matrix affects the achievement of
the material’s final strength [@, @].

Although the precipitation hardening of
the Cu-Ni-Mn-Fe alloys may allow wear resist-
ance and mechanical strength desired in special
applications of the composite materials, no infor-
mation has been found in the literature concern-
ing the usage of Cu-Ni-Mn-Fe alloys as bind-
ers of MMCs reinforced by the W-C particulate
which are prepared by the infiltration process. The
processing to produce MMC materials and com-
ponents commonly involves high temperatures.
During such processing, the high reactivity of
the molten binder often leads to the production of
thick interfacial layers, which tend to be defective
and brittle. These usually embrittle and weaken
the composites, with the interface having a very
important influence on their properties. Hence,
the understanding of the mechanism of interfacial
reactions during infiltration is of significant im-
portance in controlling the microstructural and
mechanical properties of MMCs [@, @]. This
allows the properties of MMCs to be tailored to
applications requiring a combination of high-per-
formance characteristics. Therefore, in this work
the mechanism of the interfacial reactions was
analyzed to obtain a theoretical and experimental
basis for the preparation of (Cu-Ni-Mn-Fe)/(W-
C) particulate composites with improved overall
properties.

2. Materials and methods

The (Cu-Ni-Mn-Fe)/(W-C) particulate compos-
ites were made by a spontaneous infiltration pro-
cess, in which tungsten carbides with an average

particle size of about 0.2-1.5 mm were penetrated
by a molten Cu-Ni-Mn-Fe binder metal, which
filled the space between the filler particles [].
The used W-C filler, containing C (3.5-3.7 wt.%)
and W - the remainder, had a eutectic (WC+W C)
structure. The investigated Cu-Ni-Mn-Fe binders
were prepared in the following compositional rang-
es (purity better than 99.9%): Ni (19.3-21.0 wt.%),
Mn (19.5-20.5 wt.%), Fe (0-2.35 wt.%) and Cu -
the remainder. Infiltration process parameters were
as follows: infiltration temperature 1050°C and
infiltration time 30 min. The quality of infiltra-
tion was subsequently investigated by optical mi-
croscopy (NEOPHOT-2), quantitative metallogra-
phy (EPIQUANT), scanning electron microscopy
(JEOL-2010 F) and energy-dispersive X-ray spec-
troscopy (EDX).

The wetting properties of Cu-Ni-Mn-Fe alloys
were evaluated for W-C substrates to determine
their viability for the production of MMCs via
spontaneous infiltration. This was accomplished
through the use of sessile drop experiments at
a typical processing temperature of 1050°C in vac-
uum [@]. The uncertainty of the measured contact
angles did not exceed £1°.

To investigate the precipitation hardening of
Cu-Ni-Mn-Fe matrix, the MMCs samples were
annealed at 900°C for 60 and 750 h and then cooled
in water to preserve their structure. Annealing un-
der these conditions for 750 h was assumed to be
equivalent to a 3-year service life at 500°C [@]. Mi-
crohardness (H#) was measured by a PMT-3 Vickers
indenter. Measurements were done by using 0.196
and 0.49 N loads at room temperature. The loading
and unloading times were 10 s each.

3. Results and discussion

The initial contact angle of Cu-Ni-Mn alloy on
the W-C substrate was 30°, and the final contact
angle was 3°. The molten metal continued to spread
across the surface throughout the experiment.
The Cu-Ni-Mn-Fe alloys had initial contact an-
gles of 20-25°, decreasing with increasing the iron
content, and the final contact angle was 0°, which
means that the metal fully spreads across the sur-
face of the W-C substrate. So, iron has no negative
effect on the wettability of the W-C substrate by
the Cu-Ni-Mn-Fe alloys, and these alloys may be
used as binder materials for MMCs.
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Through the spontaneous infiltration process,
(Cu-Ni-Mn-Fe)/(W-C) composite materials with
more than 55 vol.% reinforcement and a low poros-
ity (~2%) were successfully fabricated. The poros-
ity decreased by 3-4 times when iron was added
to the Cu-Ni-Mn binder. This decrease in poros-
ity can be attributed to the role of Fe in enhanc-
ing the wettability between the Cu-Ni-Mn-Fe
binders and W-C particles. The microstructure of
the infiltrated composites was mainly composed
of the reinforcement phase (W-C particles) with
a bright contrast and the matrix phase (Cu-Ni-
Mn-Fe alloy) with a grey contrast (Fig. ). The final
MMCs had a homogenous distribution of the rein-
forcement phase which usually ensures enhanced
performance properties and prolonged service
life []. The W-C particles retained their initial
shape and surface morphology.

The matrix/filler interfaces were examined to
determine if there were reactions at the interface to
effectively control physical-and-chemical processes
between the Cu-Ni-Mn-Fe molten binders and
the W-C particulate at infiltration temperature.
Figure EI presents the micrographs of the (Cu-Ni-
Mn-Fe)/(W-C) composites depending on the iron
content of the binder that show no evidence of in-
terfacial delamination, debonding or other defects,
which are detrimental to the mechanical properties
of MMCs. The investigated interfaces are marked
by a 14-17 um thick continuous layer between
the particulate and the matrix. The light phase in
the layer at the interface was determined by EDX to
be W.,C carbide (Fig. (a)). There is also evidence
of separate W_C inclusions in the copper-based

(b)

10 ym 25 ym

matrix (Fig. El(b, c)). The W_C carbides at the inter-
faces can be an evidence of the preferential dissolu-
tion of WC carbide of the eutectic (WC+W C) filler
during infiltration.

EDX was also used to determine how the ma-
trix segregated around the interface. When wet-
ted with the Cu-Ni-Mn-Fe binder, the diftu-
sion of tungsten (up to ~0.94 wt.%) and carbon
(up to ~0.04 wt.%) from the W-C filler towards
the matrix and the counter diffusion of nickel (up
to ~1.22 wt.%) and iron (up to ~0.34 wt.%) from
the matrix towards the filler occur. A noticeable
penetration of copper and manganese atoms from
the Cu-Ni-Mn-Fe matrix into the particulate is
not revealed by EDX. The thickness of the W,C lay-
er at the interfaces increases as the iron content of
the Cu-Ni-Mn-Fe binder is raised up to 1.75 wt.%
(Table 1). However, a higher addition of Fe has little
effect on the thickness of the interfacial layers.

The Cu-Ni-Mn-Fe matrix of MMCs shows no
evidence of secondary compound formation. But
interfacial reactions cause the changes in the mi-
crohardness values due to the dissolution and dif-
fusion processes. As a result, the microhardness of
the filler near the interface decreases but the mi-
crohardness of the matrix increases. Examples of
these changes are shown in Fig. , which demon-
strates how the microhardness of MMCs increases
as the iron content of the Cu-Ni-Mn-Fe binders
increases.

The sequence of physical-and-chemical pro-
cesses occurring at the studied MMCs interfaces
can be represented as follows. When wetting filler
particles with the molten binder, the less stable WC

(©) (d)

25 um 25 um

Fig. 1. Micrographs of MMCs infiltrated by binders: (a) Cu-20.5% Ni-20% Mn-0.6% Fe; (b) Cu-21% Ni-
20.5% Mn-1.75% Fe; (c) Cu-20% Ni-19.5% Mn-2.1% Fe; (d) Cu-20.5% Ni-19.5% Mn-2.35% Fe.



18 ISSN 1648-8504 eISSN 2424-3647

O.V. Sukhova / Lith. J. Phys. 63, 15-24 (2023)

Table 1. An average thickness (in ym) of the interfacial layer between the W-C filler and the Cu-Ni-Mn-Fe matrices

of MMCs.
After annealing at 900°C
Binder Before annealing
for 60 h for 750 h
Cu-20% Ni-20% Mn 2.1+1.0 8.0+1.5 9.0£1.5
Cu-20.5% Ni-20% Mn-0.6% Fe 14.1+1.0 25.0£1.5 32.0£1.5
Cu-21% Ni-20.5% Mn-1.75% Fe 17.3+0.8 32.5+1.0 33.5+1.0
Cu-20% Ni-19.5% Mn-2.1% Fe 17.2+1.1 31.3£1.0 34.1+1.0
Cu-20.5% Ni-19.5% Mn-2.35% Fe 17.4+1.7 32.0+1.5 35.0+1.5
(a) (b) (c)
I (um) I (ym)
Filler
Matrix
Section line 1540 1660 1670 1700

14550 18000 H, (MPa)

15100 18000 HM (MPa)

Fig. 2. The microhardness profiles across the (Cu-Ni-Mn-Fe)/(W-C) composites: (a) schematic of MMC;
(b) Cu-20.5% Ni-20% Mn-0.6% Fe binder; (c) Cu-20.5% Ni-19.5% Mn-2.35% Fe binder.

phase of the eutectic (WC+W,C) filler dissolves at
a higher rate. The dissolution stage is preceded by
the predominant penetration of iron atoms from
the molten Cu-Ni-Mn-Fe binder into this phase
(Table 2). Diffusion of iron atoms from the molten
metal into the W,C filler phase is much lower
(Fig. E). This carbide dissolves at a relatively slow
rate, and after infiltration the W, C layer and/or
separate W,C inclusions are seen between the par-
ticulate and the matrix. The formation of the W,C
interfacial layer is connected mainly with the one-
way diffusion of Fe atoms from the Cu-Ni-Mn-
Fe matrix towards the WC phase. Diffusing Ni at-
oms are distributed almost uniformly in both filler
phases and may influence their dissolution rates
presumably in the same way (Table 2).

In the early stage, the interfacial layer is very
thin, thus, the Fe atoms may diffuse more easily than
during the later stage. Besides, as the iron content
of the binder is increased up to 1.75 wt.%, the W,C
layer thickness increases, thereby lengthening
the diffusion path of Fe atoms through the layer
and resulting in a decreased dissolution rate. This

implies that the WC filler phase can dissolve at
a higher rate when there is a supply of iron atoms
from the matrix. Therefore, as the iron content is

I (imp/s)
1.7 ym
Fe Ka Fe Ka
WMua
Fe Ka
Fe background
WC W,C WC

[ (um)

Fig. 3. The EDX profiles of Fe and W across the eutectic
(WC+W Q) filler near the (Cu-Ni-Mn-Fe)/(W-C)
interface.
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Table 2. Content of Fe and Ni (in wt.%) diffusing from the Cu-Ni-Mn-Fe matrix into the W-C filler near the

interface.
Filler phases
Matrix WC W,C

Fe Ni Fe Ni

Cu-20.5% Ni-20% Mn-0.6% Fe 0.12 1.07 0.05 1.16
Cu-21% Ni-20.5% Mn-1.75% Fe 0.33 1.11 0.07 1.22
Cu-20% Ni-19.5% Mn-2.1% Fe 0.32 1.08 0.06 1.19
Cu-20.5% Ni-19.5% Mn-2.35% Fe 0.34 1.12 0.05 1.17

turther raised up to 2.1 wt.% and higher, the thick-
ness of interfacial layer remains almost unchanged.
Hence, the study shows that a layer of W,C, which
forms at the interface and retards further dissolu-
tion processes, is responsible for the limited inter-
facial reactions observed in this composite system.

It is worth noting that the described processes
are typical of the dissolution-and-diffusion mech-
anism of the interface formation which ensures
a strong interfacial bond between the reinforcing
particles and the metal matrix. The interfacial reac-
tions result in the layer of W_C carbide at the inter-
face, with coeflicient of thermal expansion about
2 times higher than that of WC carbide [@], and
so its value is closer to the value for the copper-
based matrix [@]. So, any cracking upon cooling
from the processing temperature to the room tem-
perature because of different coefficients of ther-
mal expansion becomes less possible. This means
that the W-C particles and Cu-Ni-Mn-Fe matrix
have a good compatibility and excellent wetting
characteristics with each other. So, iron has a much
stronger positive effect on optimizing the (Cu-

(a) (b)

10 ym 25 ym

Ni-Mn-Fe)/(W-C) interface binding and inhibits
harmful interfacial reactions.

The optical images of MMC:s after annealing at
900°C for 60 and 750 h are shown in Figs. @ and
5. After annealing, the interfaces are similar in that
there are a layer and/or inclusions of W,C carbide
between the Cu-Ni-Mn-Fe matrix and the W-C
filler. As in the as-prepared condition, additions of
up to 1.75 wt.% of iron to the binder metal increase
the thickness of W,C layer at the interface by pro-
moting the dissolution of WC filler phase (Table 1).
The higher iron content is, the thicker interfacial
W _C layer forms that ensures the interface bonding
and enhances the quality of the composites. But,
increasing the Fe content above 1.75 wt.% does not
lead to noticeable changes in the thickness of W,C
layer. However, during annealing, the diffusion rate
of Fe atoms increases as compared with that during
infiltration, so the formed interfacial layer becomes
relatively thick. The effect tends to be more marked
after the first 60 h of annealing. This indicates that
the diffusion-controlled dissolution processes with
further prolonged annealing time slow down and

() (d)

25 um 25 ym

Fig. 4. Micrographs of MMCs annealed at 900°C for 60 h with binders: (a) Cu-20.5% Ni-20% Mn-0.6% Fe;
(b) Cu-21% Ni-20.5% Mn-1.75% Fe; (c) Cu-20% Ni-19.5% Mn-2.1% Fe; (d) Cu-20.5% Ni-19.5% Mn-2.35% Fe.
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(a) (b)
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(c) (d)

25 ym 25 um

Fig. 5. Micrographs of MMCs annealed at 900°C for 750 h with binders: (a) Cu-20.5% Ni-20% Mn-0.6% Fe;
(b) Cu-21% Ni-20.5% Mn-1.75% Fe; (c) Cu-20% Ni-19.5% Mn-2.1% Fe; (d) Cu-20.5% Ni-19.5% Mn-2.35% Fe.

stabilize due to reaching quasi-equilibrium condi-
tions at the interface.

At the same time, it has been noticed that after
annealingin the structure of the Cu-Ni-Mn-Fe ma-
trix appear the fine precipitates of the NiMn phase
of dark colour (Figs. @ ). They are formed both
at the grain boundaries and throughout the matrix
a-copper solution. An average size of precipitates
ranges from 3 to 5 ym. Longer annealing time leads
to higher values of the volume fraction of the NiMn
phase. Thus, for MMCs with the Cu-21% Ni-20.5%
Mn-1.75% Fe binder, the fraction of NiMn precipi-
tates amounts to 12+3 vol.% after 60-hour anneal-
ing, and it is 28+3 vol.% after 750-hour annealing.
As the iron content of the Cu-Ni-Mn-Fe binder is
raised from 0.6 to 2.35 wt.%, the volume fraction of
the NiMn phase slightly increases after annealing
at 900°C for 60 h (by ~5-6 vol.%) and does not no-
ticeably change after annealing for 750 h. So, iron
is more beneficial for obtaining precipitated phases
during the first 60 h of annealing [@].

As shown in Table 3, the measurements of mi-
crohardness near the interface evidence that iron
present in the binder functions in two ways: one is

to enhance diffusion and dissolution processes at
the interfaces and the other is to accelerate the age-
ing of the Cu-Ni-Mn-Fe matrix during annealing.
Considering that the precipitation hardening of
the Cu-Ni-Mn-Fe matrix ensures the wear resist-
ance and mechanical strength of MMCs [@], addi-
tions of up to 2.35 wt.% of iron to Cu-Ni-Mn bind-
ers have a positive effect.

Thus, iron added to Cu-Ni-Mn infiltrating
binders for particulate composites is found ad-
vantageous in promoting not only the formation
of a binding W.,C layer at the interface between
the W-C particles and the Cu-Ni-Mn-Fe matrix
but also the precipitation of NiMn as a dispersed
phase within the a-copper matrix.

4. Conclusions

In this work, (Cu-Ni-Mn-Fe)/(W-C) particulate
composites prepared by the spontaneous infiltra-
tion technique have been characterized for inter-
facial reactions between the infiltrating binders
and the filler. With relevance to characterization,
the composites have been found to be non-porous

Table 3. Microhardness (in GPa) of the (Cu-Ni-Mn-Fe)/(W-C) MMCs after annealing at 900°C for 750 h.

Matrix Filler
Binder away from the | near the inter- | away from the | near the inter-
interface face interface face
Cu-20.5% Ni-20% Mn-0.6% Fe 1.31+0.15 1.58+0.2 17.0+0.3 13.9+0.1
Cu-21% Ni-20.5% Mn-1.75% Fe 1.40+0.2 1.69+0.1 18.2+0.4 15.0+0.3
Cu-20% Ni-19.5% Mn-2.1% Fe 1.42+0.3 1.52+0.4 17.9+0.1 14.9+0.2
Cu-20.5% Ni-19.5% Mn-2.35% Fe 1.45%0.2 1.51+0.14 18.0£0.2 15.1+0.6
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and microscopically homogeneous in the distribu-
tion of W-C particles.

Cu-Ni-Mn-Fe binders show favourable interfa-
cial properties with final contact angles of 0°, making
them viable candidates for spontaneous infiltration.
The wetting properties of Cu-Ni-Mn-Fe binders
are found to improve with a higher iron content
of the alloys. The physical-and-chemical processes
at the (Cu-Ni-Mn-Fe)/(W-C) interface involve
the diffusion of both W and C outwards as well as Ni
and Fe inwards, while other elements hardly diffuse
through the reaction zone. There is evidence that Fe
from Cu-Ni-Mn-Fe binders penetrates mainly into
the WC phase of eutectic (WC+W ,C) fillers, which
causes its rapid dissolution. The contribution of Ni
diffusion through the reaction products to the WC
dissolution process is relatively small. As a result,
W-C particles react with the Cu-Ni-Mn-Fe infil-
trating alloys to form a W_C layer at the interface
and dissolve tungsten and carbon of mainly the WC
phase into the molten metal binder. The W_C layer
at the reaction interface between the Cu-Ni-Mn-
Fe alloys and the W-C particulate does not inhibit
further wetting in applications such as infiltration.
The thickness of this layer increases when the iron
content of the Cu-Ni-Mn-Fe binders is raised up
to 1.75 wt.%, indicating that the interfacial reactions
reach the quasi-equilibrium at higher iron content
and may be effectively controlled by binder compo-
sition.

Iron present in the Cu-Ni-Mn-Fe binders not
only promotes wetting by intensifying interfacial
reactions between the particulate and the matrix
but also accelerates processes of precipitation hard-
ening helping in the strengthening of the matrix
alloy in the (Cu-Ni-Mn-Fe)/(W-C) particulate
composites. And so, compared to that for the other
three components of the Cu-Ni-Mn-Fe binders,
the iron content was more influential to changes in
the structure of the studied MMCs.
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