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Cermets with Cu and Fe as matrix and zirconia toughened alumina (ZTA) as reinforcement
phase were prepared by vacuum hot pressing sintering. Electroless Ni plating was carried
out on ZTA particles to improve the interfacial bonding ability between ZTA and metal
matrix. Cu-xFe-ZTA cermets (x = 20, 50, 80) were prepared by using different proportions of
Cu powders and Fe powders as the binder in order to investigate the influence of binder
types on the grinding performance of cermets. The phase composition, microstructure,
mechanical properties and grinding properties of Cu—Fe-ZTA cermets were systematically
studied. It revealed that the difference of cermet grinding performance lay in the bonding
force between metal matrix and abrasive. The coating ability of abrasive is stronger with
the increase of Cu content in the matrix. Because the matrix is soft and easy to grind, the
cermet grinding wheel material has strong self-sharpening, and Cu—20Fe-ZTA grinding
effect is the best. The friction coefficient of Cu—20Fe-ZTA cermets was 0.405, the grinding
surface roughness was 7.972 um, and the residual stress o, and oy were 180.5 and 89.6 MPa,
respectively. As the Fe content decreased, the grinding mechanism changed from
ploughing and cutting to friction.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wear is one of the most important failure modes of material
loss in construction, railway and shipbuilding applications
[1,2]. For example, increasing capacity and speed lead to de-
fects such as pitting corrosion, ripples and cracks in rails in a
short period of time, which can extend into the interior of
rails and pose a great threat to safe operation [3,4]. Using rail
grinding to maintain the railway can eliminate these adverse
effects. Surface defects such as corrugations and cracks can
be removed through grinding to reduce wheel-rail contact
stress, alleviate the plastic flow and contact fatigue of rail
surface materials [5,6], avoid premature replacement of rail
and reduce costs. In order to further improve grinding effi-
ciency and obtain good surface integrity, the scientific
research of rail grinding wheel/grindstone material itself is
also of great significance.

Cermets are widely used as grinding wheel materials
because of their high bonding strength, good formability and
strong wear resistance [1]. At present, most researches on
metal-based ceramic grinding wheel materials focus on single
metal matrix, such as Cu, Fe and so on. Cu has the advantages
of low cost, high thermal conductivity and good toughness
[7,8], while Fe has the characteristics of high hardness, high
wear resistance and good fatigue resistance [9,10]. According
to the phase diagram, Fe and Cu are mutually soluble, and
Cu—Fe alloy can combine their excellent properties well [11].
In addition, Cu—Fe is an amplitude-modulated system, which
is almost immiscible at equilibrium at room temperature and
has a positive enthalpy of mixing [12]. Using Cu—Fe as matrix,
the strengthening mechanism is grain boundary strength-
ening and dislocation strengthening [13]. Cu—Fe matrix can
combine the excellent properties of the two to meet the re-
quirements of tool manufacturing and high wear resistance
tool field [14]. Cermet materials reinforced with ZTA have
excellent toughness of metal materials, excellent wear resis-
tance and chemical stability of ceramic materials [15]. The
reason is that ZrO, contained in ZTA will change from
tetragonal system t-ZrO, to monoclical system m-ZrO, when
subjected to stress, which consumes the energy of crack
propagation and thus improves the toughness of cermets
[16,17]. Moreover, the toughness of ZTA is several times that of
pure Al,O; ceramics [18], and the thermal expansion coeffi-
cientis closer to Fe matrix [17], which can avoid the generation
of stress. In addition, in order to improve the interface bonding
ability and improve the wetting effect, metal coating is used to
modify ZTA particles to solve the problem that Al,05; and ZrO,
are polar materials with weak interface bonding ability of
metal materials [19,20]. Ru et al. [19] found that Ni-coated ZTA
particles reduced the wetting angle with Fe matrix. The Ni
atoms diffuse into the Fe matrix, and the liquid metal

penetrates into the depressions and pores on the surface of
ZTA, forming a dense structural layer, thus improving the
interface bonding strength. Sun et al. [8] found that electroless
Ni plating can significantly improve the binding ability of ZTA
particles to Cu matrix, resulting in a higher material removal
rate of Cu-ZTA cermets. In addition to improving the interface
wettability, suitable sintering process can also improve the
interfacial bonding ability of ZTA, Cu and Fe. Shabani et al. [21]
conducted dry sliding wear tests on the composites prepared
and found that compared with the traditional sintering pro-
cess, the compressive stress applied in the sintering process
increases the density of the sample, improves the hardness
and reduces the wear amount. Vacuum hot pressing (VHP) is a
new process for manufacturing cermets [15]. It achieves the
combination of reaction synthesis and densification through
heating and pressurization, and has the advantages of high
relative density and clean product interface, which can
effectively solve the problem of low cermets forming rate [1]. Ji
et al. [22] prepared Ni bonded Ti(C, N)-based ceramics using
VHPs. Due to diffusion, Ti(C, N) particles dissolve in the Ni
matrix to form edge phase, which improves the wettability
between the finishing agent and the ceramics.

Therefore, in this paper, Cu—Fe-ZTA cermet material was
creatively prepared by VHP sintering using mixed metal
powder of Cu and Fe as binder. Electroless Ni plating was used
to improve the bonding ability of ZTA and Cu—Fe matrix,
balance thermal expansion coefficient difference between
materials, and strengthen solid solution [8]. The effects of
metal binder with different proportions on the properties of
Cu—Fe-ZTA cermets were studied, and the rail grinding tests
of Cu—Fe-ZTA cermets were carried out on a self-designed
grinding device. Furthermore, the grinding mechanism and
rail surface integrity of Cu—Fe-ZTA cermets were discussed.

2. Materials and methods
2.1. Raw materials and preparation

Three kinds of Cu-xFe-ZTA cermets with different metal
binder contents were designed in this experiment (x = 20, 50,
80). ZTA particles with a diameter of 1.18 mm (F16) were used
as the abrasive, and Cu and Fe powder mixed powder metal
bond was used as the matrix of cermet grinding wheel (rein-
forced by FeS,, NasAlFe, TiH,, CaCOs, La, Cr, graphite, WC). The
Cu, Fe and compounds used in this study were provided by
Shanghai Naiou Nano Technology Co., Ltd. The effect of
cement ratio on mechanical properties and grinding proper-
ties of cermets was studied. The specific parameters are
shown in Table 1.

The preparation process of cermet grinding wheel mate-
rials in this paper mainly consists of several parts. First, raw

Table 1 — Composition of Cu—Fe-ZTA cermet (wt.%).

Number Binder (Cu:Fe) ZTA FeS, NazAlFg TiH, CaCOs3 La Cr Graphite WC
Cu—20Fe-ZTA 50 (80:20) 35 2.5 2.5 3 2 0.5 1 1 2.5
Cu—50Fe-ZTA 50 (50:50) 35 2.5 2.5 3 2 0.5 1 1 2.5
Cu—80Fe-ZTA 50 (20:80) 35 2.5 2.5 3 2 0.5 1 1 2.5
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Fig. 1 — Schematic diagram of cermet sample preparation process.

materials (ZTA particles, Cu and Fe binder and other mate-
rials) were placed in the ball mill tank of planetary ball mill
(WL-1), and tert-butanol was used as the medium to wet grind
for 2 h at a speed of 350 r/min. Then the mixed powder slurry
was put into freeze-drying machine (FD-A-50) for 24 h to
obtain the cermet grinding wheel material powders. Finally,
the cermet grinding wheel material was prepared by VHP
sintering furnace (VHP-HAS-25). According to the results of
pre-experiment, the sintering temperature of the composite
powder was set at 1000 °C, the pressure was 12 MPa, and the
temperature was kept for 120 min. The process flow chart is
shown in Fig. 1.

2.2. Characterization of samples

The microstructure of Cu—Fe-ZTA cermet composite powders
and bulk materials was examined and analyzed by scanning
electron microscopy (SEM), energy dispersive spectroscopy
(EDS) and X-ray diffrotometer (XRD). The hardness of Cu—Fe-
ZTA cermet was measured by digital micro Vickers hardness
tester (HXD-100TM-LCD). The grinding test of rail U71Mn
steel was carried out on the grinding test bench (CA6140). The
maximum speed of the headstock of the grinding test bench
is 1440 r/min. The rail material is machined into a disc with
an inner diameter of 244 mm and an outer diameter of
264 mm. The rail material is cut from the rail head and
machined into a rail pin with a diameter of 8 mm and a height
of 12 mm. After grinding, it can be removed from the rail disc

for analysis. The center height of Cu—Fe cermet sample and
the rail sample is the same, and the horizontal distance is
15 mm. The grinding test of rail U71Mn steel was carried out
on the grinding test bench with the rail speed of 600 r/min
and the normal pressure of 500 N applied. During the grinding
process, tangential and vertical forces were recorded by
LabVIEW (Laboratory Virtual Instrument Engineering Work-
bench). The more dressing parameters and the grinding pa-
rameters are described in detail from our previous work [10].
The most commonly used materials for high-speed railway
were used in this study. The chemical composition and
physical properties of rail specimen are shown in Table 2.
And by white light interference diffrotometer (3D-OM, Con-
tour GT-K, BRUKER), SEM, EDS and X-ray residual stress
analyzer (u-x360n, PULSTEC), the surface morphology of the
worn rail specimen and wear debris, surface roughness as
well as the residual stress of the rail surface were tested and
analyzed respectively. In order to characterize the grinding
ability of Cu—Fe-ZTA cermets, the grinding ratio of several
cermets to rail specimen was measured.

3. Results and discussion
3.1.  Microstructure analysis of Cu—Fe-ZTA cermets

Fig. 2 shows the matrix and interface BSE-SEM images of the
three prepared Cu—Fe-ZTA cermets. It can be seen from

Table 2 — Chemical composition and physical properties of rail materials.

Chemical composition Steel bars (wt.%) C Si Mn S P \4 Nb
U71Mn 0.65—0.76 0.15-0.35 1.10-1.40 <0.03 <0.03 <0.03 <0.010
Physical properties Steel bars Tensile strength o}, (MPa) Elongation 3 (%) Shrinking rate ¢ (%) Hardness (HV( gs)

U71Mn >900

>10 >14 290
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Fig. 2(a), (d) and (g) that the matrix compositions of the three
prepared Cu—Fe-ZTA cermets are different. In Cu—20Fe-ZTA,
the white phase occupies the largest area in the matrix. As
the main component of the matrix is Cu, EDS results confirm
that the white matrix is Cu matrix (point 1), and elements
such as Ni and Fe are solidly dissolved in the Cu matrix. Light
gray phase also exists in the white matrix phase (point 2),
and the light gray phase is dispersed in the Cu matrix. EDS
results show that the main components of the light gray
phase are Fe, Cr and C, so the light gray phase is Fe based
solid solution. Because the solid solubility between Cu and Fe
is very small, there is a clear boundary between Cu matrix
and Fe solid solution [23]. It can be seen from Fig. 2(d) that the
gray phase occupies the largest area in the Cu—50Fe-ZTA
cermet matrix. EDS results show that the gray phase is Fe
based solid solution, in which elements such as Cu and Cr are
solidly dissolved (point 3). The white phase is found around
the gray phase, and the EDS results show that the white
phase is Cu based solid solution (point 4). Fig. 2(g) shows the
BSE-SEM image of Cu—80Fe-ZTA cermet. It can be seen from
BSE-SEM image that the phase with the largest area in
Cu—80Fe-ZTA cermet matrix is gray phase, and there are
white phases at the edge of gray phase. EDS results show that

(b)

Matrix

gray and white phases are Fe based solid solution and Cu
based solid solution respectively. Gray phase and white
phase can be seen in the three cermet matrix due to the same
composition of reinforcement phase. EDS results confirm
that the bright white phase is WC added to the raw material
(point 5), and the dark gray phase is Ti-rich phase (point 8).
Combined with previous studies, the dark gray phase is TiO,
[24]. Fig. 2(b) and (c) shows the BSE-SEM image of the inter-
face between ZTA and matrix of Cu—20Fe-ZTA cermets. It
can be seen from the BSE-SEM image that ZTA has a typical
stratification phenomenon, and ZTA is composed of white
Al,03 and black ZrO,. It is this special structure that can
make ZrO, undergo phase transformation from t-ZrO, to m-
Zr0O, under stress and make the crack close under tensile
load, thus improving toughness [25]. In addition, the inter-
face between ZTA and matrix is well bonded, and no obvious
interface is generated, indicating that ZTA and matrix are
mechanically bonded. It can also be seen from Fig. 2(e) and (f)
that the interface between ZTA particles and the matrix is
clear and mechanically bonded, and there are some
strengthening phases in the matrix. As can be seen in
Fig. 2(i), small black carbides appear in the matrix [26].
Studies have shown that metal Ni can react with Al,O3 in

Matrix

Interface Ll -

%

Fig. 2 — Matrix and interface BSE-SEM images of Cu—Fe-ZTA cermets. (a—c) Cu—20Fe-ZTA; (d—f) Cu—50Fe-ZTA,; (g—i)

Cu—80Fe-ZTA.
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Fig. 3 — XRD results of Cu—Fe-ZTA cermets. (a) powder; (b) bulk.

ZTA to produce Ni aluminate (Al;NiOy), under high vacuum
and high pressure [27]. The reaction equation is:

AL O3+ Ni + 0— ALNiO, (1)

Meanwhile, from Cu—20Fe-ZTA to Cu—50Fe-ZTA to
Cu—80Fe-ZTA, the Fe content increases gradually, while the
diffusion rate of Ni into Fe (Dyj into re = 3.7360 x 10~ m?/s) is
lower than that of Ni into Cu (Dy into cu = 10.1946 x 10~ **m?/s)
[28]. The lower diffusion rate makes more Ni present at the
interface, leading to the generation of interface products, so
the interfacial layer can be observed in Fig. 2(i). These gener-
ated materials moistened the matrix by reaction wetting, and
permeated into the depressions and pores on the ceramic
surface by capillary force. ZTA particles with uneven surface
became relatively uniform, which enhanced the binding
ability of ZTA and metal-based binder [8,19].

Fig. 3 shows the XRD results of the prepared Cu—Fe-ZTA
cermet powder and bulk. It can be seen from Fig. 3(a) that the
phase of the three cermet powders does not change. With the
increase of Fe content in cermets, the height of diffraction
peak corresponding to Fe increases, while that of Cu de-
creases, which is consistent with the expected experimental
results. XRD results of the powder show peaks of TiO and WC,
which may be caused by the decomposition of TiH, in the raw
material during ball milling. Because of the unstable chemical
properties of TiH,, TiH, may be decomposed and oxidized by
extrusion or ball milling heat of the powder during grinding.
Meanwhile, the decomposed Ti element can improve the
wettability between Cu and Al,03; and form Ti; (Cu,Al);O
compound [8,29]. Because the WC added to the matrix has a
hexagonal crystal structure, it appears in the XRD results. In
addition, other enhancement phases added to the raw mate-
rial were not detected, probably because the content was
below the detection threshold. Fig. 3(b) shows the XRD results
of the prepared Cu—Fe-ZTA cermets. It can be seen from the
XRD results that the phases of the three prepared cermets are
basically the same, which is consistent with the BSE-SEM
images results. The diffraction peak height of Fe increases
with the increase of Fe content. Theoretically, the diffraction
peaks corresponding to Fe elements in Cu—80Fe-ZTA cermets

should have a high peak height, but the magnetic elements
will affect the XRD results, resulting in low diffraction peaks of
Fe and Co elements. Compared with powder XRD results,
Al,03 and ZrO, peaks appear in bulk XRD results, because ZTA
is composed of Al,05 and ZrO,. Meanwhile, the peaks of TiO
and WC disappeared in bulk XRD results. This is because in
the sintering process, elements in the raw material diffuse or
crystallize into the matrix, and under the cover of the matrix,
these elements are lower than the detection threshold and
cannot be characterized.

3.2,
cermets

Density and hardness test results of Cu—Fe-ZTA

Archimedes drainage method was used to test the density of
Cu—Fe-ZTA cermets, and its density was calculated. The re-
sults are shown in Fig. 4. The density of three kinds of Cu—Fe-
ZTA cermets prepared in this experiment is 84.6%, 82.4% and
83.9%, respectively. Due to the same ZTA content, the density
change of Cu—Fe-ZTA cermets is related to the proportion of
Cu and Fe powder. It can be seen from Fig. 4 that when the
weight ratio of Cu to Fe is 1:1, the density of cermet is the
lowest, and more cracks on ZTA particles are observed in BSE-
SEM images (Fig. 2(e)). It is speculated that the solid solubility
between Cu and Fe is very low, and greater stress is generated
in the sintering process due to the different thermal expan-
sion coefficient between Cu and Fe. Under the action of stress,
ZTA near the matrix will undergo phase transformation to
release stress [25]. Therefore, cracks appear on the surface of
ZTA, which will reduce the density of cermets. When the
weight ratio of Cu and Fe powder is changed, the binder with
less content in sintering will precipitate along the matrix
phase (Fig. 2(a) and (g)), and almost no stress is generated. In
addition, the density of cermets is less than 90% for two
possible reasons. On the one hand, due to the addition of TiH,
and CaCO;z in the raw materials, the gas generated by
decomposition in the sintering process remains in the matrix,
resulting in the reduction of the density of cermet. On the
other hand, ZTA is a ceramic phase with many pores inside. In
the sintering process, matrix elements such as Cu and Fe are
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Fig. 4 — Density and microhardness of Cu—Fe-ZTA cermets.

difficult to diffuse into ZTA, so closed pores are formed and
the density of the material is reduced. Proper porosity can
reduce pre-fatigue caused by grinding, increase heat dissipa-
tion, and help to avoid the blockage of cermets [30,31].

The hardness values of the three kinds of Cu—Fe-ZTA
cermets prepared in this experiment are shown in Fig. 4. The
hardness values of three kinds of Cu—Fe-ZTA cermet are
210.12, 256.23 and 275.98 HV, respectively. The hardness of
Cu—Fe-ZTA cermets in this paper are higher than that of Cu-
ZTA (192.04 HV) [8]. With the increase of Fe element content
in the matrix, the hardness value of cermet increases, because
the hardness of Fe matrix is higher than that of Cu matrix. Due
to the high porosity of the material, when using the hardness
tester to measure the hardness of the sample, the pores
cannot bear the pressure well, so the indentation area caused
by the indenter is larger, and the hardness value of the
cermet also has an impact. WC, graphite and other compo-
nents added to cermets can refine the grain of materials and
increase the hardness of materials to a certain extent [32].
Compared with the hardness of as-cast Cu—10Fe alloy (87 HV)
[33], the hardness of cermet sintered by hot pressingis higher,
because the cermet sintered by hot pressing has smaller
grains than as-cast alloy.

3.3 Grinding performance of Cu—Fe-ZTA cermets

The surface morphology of the rail specimens after grinding
was analyzed to characterize the grinding effect of cermets.
Fig. 5 shows the 3D morphology and 2D profile of rail speci-
mens surface roughness after cermet grinding. It can be seen
that the surface roughness of the rail specimens after grinding
with Cu—20Fe-ZTA, Cu—50Fe-ZTA and Cu—80Fe-ZTA cermets
is 7.972,13.363 and 22.943 um, respectively. It can be seen from
Fig. 5(a—c) that Cu—20Fe-ZTA cermets have the lowest
grinding depth for rail specimens, and their surface roughness
is within the range of 10 um stipulated by railway acceptance
standards [34]. With the increase of Fe content in the binder,

the grinding depth of Cu—Fe-ZTA cermets on the rail in-
creases, resulting in the increase of rail specimens surface
roughness [35]. The hardness results show that the hardness
of Cu—80Fe-ZTA cermet matrix is higher than that of the other
two cermet samples. In the grinding process, both the abra-
sive and matrix in cermet are involved in the grinding of the
rail specimens. In the grinding process of Cu—20Fe-ZTA cer-
mets, the effective cutting edge of ZTA abrasive breaks along
with the grinding process, and the ZTA abrasive after fracture
is almost equal to the matrix, so the metal matrix also par-
ticipates in the grinding. Because the hardness of matrix is
softer than that of ZTA abrasive, the metal matrix participates
in the grinding of rail specimens in the form of friction. As the
grinding process progresses, the metal matrix is expelled from
the friction pair, exposing the new ZTA cutting edge, which is
repeated during the grinding process. Therefore, Cu—20Fe-
ZTA cermets achieve a balance between binder and abrasive.
Due to the higher hardness of Cu—50Fe-ZTA matrix, ZTA
particles were not peeled off from the matrix in time after
being damaged, and these broken particles would have
adverse effects on the grinding surface. The hardness of Fe
matrix is higher than that of Cu matrix, and the coating ability
of Cu—80Fe-ZTA cermets is weak due to the increase of Fe
content and decrease of Cu content. In the grinding process,
ZTA particles attached to the hard Fe matrix will be pulled out
and continue to participate in grinding in the friction pair,
resulting in deeper scratches and rougher surfaces.

Fig. 6 shows the friction coefficient and grinding ratio of the
three prepared Cu—Fe-ZTA cermets. Since the friction force in
the grinding process first increases from 0 to stable stage, the
data in the stable stage of friction force is extracted, and the
average value of friction value in 1000 cycles is calculated. The
stability of friction coefficient represents the balance between
normal force and tangential force in the grinding process. As
can be seen from Fig. 6, the friction coefficient of cermets in-
creases with the increase of Fe content. Studies show that
when the number of cutting units in the middle unit area of


https://doi.org/10.1016/j.jmrt.2022.07.151
https://doi.org/10.1016/j.jmrt.2022.07.151

1820 JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;20:1814-1827

20

30 —~ —_

I3 € Ra=13.363um E Ra=22.943um

220} = 2

a §25 %

o 10} o c

= 5 5

2D ¢ 2’ :

[1d 76 14 14

[oRahdl [0] Q

8 gas 8-

‘t20f b= b=

=4 = ) =

7} %) @
-30 L L L L L -50 n L " L L 120 1 1 n n
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 3

Distance (mm) Distance (mm) Distance (mm

Fig. 5 — 3D morphology and 2D profile of rail specimens surface roughness after cermet grinding. (a) Cu—20Fe-ZTA; (b)
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the friction pair increases, the friction coefficient of the ma-
terial can be increased [36,37]. Since the prepared Cu—Fe-ZTa
cermets have the same ZTA content, the change of friction
coefficient is related to the proportion of Cu—Fe binder. The
hardness of cermet matrix increases with the increase of Fe
content in the binder. In the grinding process, the hard Fe
matrix is broken into the friction pair to participate in
grinding, and the fine Fe binder produces furrowing scratches
on the rail surface with the grinding process, and finally the
friction pair is discharged under the action of tangential force.
In the Cu—20Fe-ZTA cermet, due to the higher Cu content, the
friction and wear between the soft Cu matrix and the rail
occur in the grinding process, so the grinding amount is less.
This result is consistent with the minimum roughness ob-
tained by 3D morphology of rail surface roughness.

The results of grinding ratio of Cu—Fe-ZTA cermets show
that the highest grinding ratio of Cu—50Fe-ZTA cermet is
71.96, and the lowest grinding ratio of Cu—80Fe-ZTA cermet is
32.62. As the grinding ratio is the ratio of the material amount
of the workpiece to the amount of cermets wear, the cermets
have greater wear after grinding with Cu—80Fe-ZTA cermet,
so the grindingis lower. In the matrix of Cu—20Fe-ZTA cermet,
the Cu matrix with good ductility always participates in the
grinding process in the way of friction and wear, so the
grinding amount of the workpiece and the wear amount of
cermets are lower, so the grinding ratio is lower than that of
Cu—50Fe-ZTA cermet. The grinding effect of Cu—50Fe-ZTA
cermet is the best. The possible reason is that the hardness of
Cu—50Fe-ZTA cermet matrix is high, the matrix is not easy to
fracture in the grinding process, ZTA abrasive damage did not
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Fig. 6 — Friction coefficient

and grinding ratio of cermets.
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peel in time, will continue to participate in the grinding pro-
cess. Although the hardness is lower than Cu—80Fe-ZTA
cermet, but because of the low wear of cermets, so the
grinding is relatively high.

Residual stress is one of the most important factors to
evaluate the surface integrity, and its uneven distribution will
shorten the service life of rail greatly. Fig. 7 shows the
compressive residual stress diagram of the rail surface after
grinding with Cu—Fe-ZTA cermets. Due to the plastic defor-
mation and grinding heat of the rail during grinding, residual
stress exists on the surface of the rail [38]. Because the plastic
deformation direction of the rail is different, the residual
stress value of the rail is different in each direction after
grinding. The residual stress parallel to the grinding direction
(0x) is higher and the residual stress perpendicular to the
grinding direction (o) is lower due to the larger deformation of
the rail parallel to the grinding direction. According to the
above analysis, in the grinding process, the rail is squeezed by
the abrasive, and the rail material flows along both sides of the
abrasive under the action of tangential force, resulting in
scratches on the rail surface. Because the rail material is
extruded outward, there is residual compressive stress
perpendicular to the grinding direction. After grinding with

Cu—20Fe-ZTA cermets, due to the soft Cu matrix, the effective
cutting edge of Cu—20Fe-ZTA cermets in the grinding process
is broken. The friction between cermets and rail occurs, the
plastic deformation degree of rail surface is small, and the
grinding amount of cermets to rail is also low. The residual
stress parallel to the grinding direction is 180.5 MPa, and the
residual stress perpendicular to the grinding direction is
89.6 MPa. When the Fe content in cermet matrix increases, the

o

oS5
o>

hardness value of cermet matrix increases, and the grinding
mode of cermet on rail changes from friction to ploughing and
cutting. The cumulative thermoplastic deformation of metal
materials is characterized by the increase of residual
compressive stress due to the plow and cutting effects of
abrasive [39]. The plastic deformation degree of the rail sur-
face after grinding with Cu—50Fe-ZTA and Cu—80Fe-ZTA cer-
mets is relatively high. The cutting amount of cermets on the
rail increases, and the rail surface becomes rougher, so the
residual stress value is relatively high. The residual stresses
parallel to the grinding direction are 260.5 and 456.1 MPa, and
the residual stresses perpendicular to the grinding direction
are 119.9 and 325.6 MPa, respectively.

The material removal mechanism can be revealed by
studying the debris generated in the grinding process. Fig. 9
shows the SEM image of the grinding debris of the prepared
Cu—Fe-ZTA cermets. Generally, the morphology of debris is
divided into flaky debris, spherical debris and curled debris. It
can be seen from Fig. 8(a—c) that flaky, spherical and curled
debris are produced after grinding with Cu—20Fe-ZTA cermet.
Flaky debris is the most common form of grinding debris.
When the rail surface is subjected to a large load, the material
on the rail surface compresses and flows forward along the
direction of friction. This could be the reason why flaky debris
is the most common form of grinding debris. In the grinding
process, due to the action of grinding heat, the thin debris are
easy to oxidize or melt and form spherical debris [31]. The
flaky and spherical debris indicate that the grinding mecha-
nism of Cu—20Fe-ZTA cermet is friction and wear. In Fig. 8(c),
curled debris can be seen. These grinding debris are caused by
the abrasive being pressed into the rail surface during the

al stress (MPa)

residu

Compressive

Fig. 7 — Residual stress on rail surface after cermet grinding.
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Fig. 8 — SEM image of grinding debris of Cu—Fe-ZTA cermet after grinding. (a—c) Cu—20Fe-ZTA; (d—f) Cu—50Fe-ZTA; (g—i)

Cu—80Fe-ZTA.

grinding process, and the sharp cutting edge has a cutting
effect on the rail under the action of tangential force, forming
curled debris [40]. Fig. 8(d—f) is a image of grinding debris
produced by using Cu—50Fe-ZTA cermet, from which we can
see spherical, flaky and melted debris. As can be seen from the
above, the grinding ratio of Cu—50Fe-ZTA cermet grinding is
high, so a large number of massive gringding debris are pro-
duced in the grinding process. At the same time, a lot of
grinding heat is generated during grinding. And the debris
melt and intertwine with each other under the influence of
grinding heat, resulting in lump melted debris and spherical
debris. Due to the control effect of Fe matrix on abrasive in
Cu—50Fe-ZTA cermets, the broken cutting edge does not peel
off and continues to participate in the grinding process. And
the contact area between the broken cutting edge and rail
increases, resulting in wider massive grinding debris [41].
With the increase of Fe content in cermet, the morphology of
grinding debris changes after grinding rail specimens. It can

be seen from Fig. 8(g—i) that the morphology of the grinding
debris produced after Cu—80Fe-ZTA cermet grinding rail is
almost all curled debris. As can be seen from Fig. 8(i), the
bottom cutting surface is characterized by smooth structure,
while the upper cutting surface is characterized by folds or
serrations, namely the so-called free surface [42]. The forma-
tion of curled debris is caused by the plastic accumulation of
the rail specimen along the cutting direction after the abrasive
is pressed into the surface [43], and two conditions need to be
met for its formation. First, the negative front angle between
abrasive and rail in cermets is small. Second, abrasive self
sharpness is strong. The abrasive used in this paper is ZTA,
which has strong self-sharpening. But in comparison, the
wettability of Fe and ZTA is worse, so the coating ability of
Cu—80Fe-ZTA cermets in the grinding process is weak. It is
likely to cause loss or abrasive fracture. Abrasive fracture can
produce new cutting edge to participate in the grinding of
abrasive. Falling abrasive residues produce deeper but sparser
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Fig. 9 — Surface morphology of rail specimens after grinding. (a—c) Cu—20Fe-ZTA; (d—f) Cu—50Fe-ZTA; (g—i) Cu—80Fe-ZTA.

scratches in the friction pair. The resulting plastic accumu-
lation displaces friction pairs during grinding and forms
curled debris.

Fig. 9 shows the SEM morphology of the rail surface after
grinding three kinds of cermets. The grinding process is
divided into friction, ploughing and cutting according to the
way the abrasive removes the rail material [44]. It can be seen
from Fig. 9(a—c) that the rail specimens surface is relatively
smooth after grinding with Cu—20Fe-ZTA cermet, and cracks
exist in some areas (Fig. 9(a)). These cracks expand along the
rail surface in the subsequent grinding process, and finally
cause the rail surface to flake, and the spalling rail material
displaces the friction pair in the form of wear debris. Due to
the high grinding heat, the material on the rail surface is
softened and tends to form wide grooves, as shown in Fig. 9(c).
The grinding mechanism of cermets changes from friction to
ploughing and cutting when Fe binder content increases. It
can be seen from Fig. 9(d) that the grinding surface of material
surface after Cu—50Fe-ZTA cermets grinding is relatively

smooth and the surface undulation of rail is low, which is
consistent with the result of 2D profile in Fig. 5(b). In addition,
there were more burns on the rail surface. It can be seen from
Fig. 9(e) that there are high grinding ridges on the surface of
the rail, and grooves exist on both sides of the grinding ridges,
which is the result of the extrusion of the abrasive on the rail
surface [45]. When the cutting depth exceeds the critical value,
debris are formed and the material accumulates on both sides
of the groove that forms a plastic heave [46,47]. There are wide
scratches in Fig. 9(f), and the grinding surface is relatively
smooth. This is because during the grinding process, the
binder can coat the ZTA abrasive, which grinds continuously
during the grinding process to form a relatively flat grinding
surface. When Fe content continues to increase, the grinding
effect of Cu—80Fe-ZTA cermets on rail is further increased. It
can be seen from Fig. 9(g—i) that deep grooves and delamina-
tion scratches occur on the rail surface after Cu—80Fe-ZTA
cermets are ground. Delamination scratches may be caused by
the deep grooves caused by the relative sliding and repeated
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processes; (d) Self sharpening of Cu—Fe-ZTA.

extrusion between the exfoliated ZTA abrasive and the rail in
the friction pair during grinding [31]. The existence of
delamination scratches leads to the increase of longitudinal
wave height of rail surface and the increase of surface
roughness of rail, which also confirms the results of the worst
surface quality of rail after Cu—80Fe-ZTA cermet grinding.

3.4. Interface formation and wear mechanism of cermet

The wear behavior of Cu—Fe-ZTA in grinding process can be
better revealed by studying the binding interface between
matrix and ZTA. In the above analysis, it can be known that
there are mechanical bonding and reactive bonding interfaces
between ZTA and matrix. The metal particles deform and melt
under high temperature and load conditions, and the melted
liquid phase fills the gap between ZTA and the matrix. At the
same time, after atomic substitution, Ni atoms on the surface
of ZTA will diffuse into the matrix and form solid solution
with Cu and Fe, thus increasing the strength of the matrix. The
vacancy formed by the diffusion of Ni atoms will also be filled
by metal atoms in the matrix. In addition, Al,O5 in ZTA par-
ticles reacts with Ti and Cu in the matrix to form compounds,
forming reaction bonding interfaces [8]. Whereas, due to the
low Ni content, there are fewer interfaces for reaction bonding
as shown in Fig. 10(a).

It is important to study the wear mechanism of cermets in
industrial production process. As is known to all, the wear

properties of cermets are mainly affected by matrix hard-
ness, binder bonding ability and abrasive type [48,49]. Abra-
sive and binder wear continuously during the grinding
process, and about 80% of the energy is transferred to the rail
specimen and cermet in the form of heat. Certain pore
structures in cermet help to dissipate heat [31,50]. Under
loading conditions, ZTA particles contact the surface of the
reinforcement bar, as shown in Fig. 10(b). Under the action of
tangential force, ZTA particles will undergo abrasive wear.
When the tangential force exceeds the shear toughness of
the abrasive, the ZTA particles gradually break and form a
new sharp edge, as shown in Fig. 10(c). When the tangent
force exceeds the abrasive holding force, the porous interface
layer ruptures due to increased load, resulting in the
extraction of ZTA particles, as shown in Fig. 10(d). The par-
ticle pull-out phenomenon is mainly caused by bond fracture
or bond interface fracture [51]. In addition, when all the
protruding ZTA particles are worn parallel to the matrix, or
some ZTA particles are pulled out during the grinding pro-
cess, the matrix adhesive directly contacts the rail and takes
partin the grinding process and remains on the surface of the
rail [30,51]. When the matrix is soft and easy to wear, the new
ZTA abrasive particles are exposed on the cermet surface. If
the matrix is hard and the coating ability is poor (such as
Cu—80Fe-ZTA), the ZTA particles will remain between the
friction pairs, resulting in grooves and deep grinding grooves
in the grinding process.
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4, Conclusion

In this paper, Cu-xFe-ZTA (x = 20, 50, 80) with different binder
ratios were prepared by powder metallurgy method. The
conclusions obtained are as follows:

(1) Cu-xFe-ZTA cermet has good compactness after VHP
sintering, and the addition of alloying elements plays a
role of solution strengthening. Since ZTA reacts with Ni
element in matrix to form Ni aluminate (Al,NiO,), there
are both mechanical and reactive bonding interfaces at
the interface of Cu—Fe-ZTA.

In conclusion, Cu—20Fe-ZTA cermets have the best
grinding effect, with a friction coefficient of 0.405 and a
surface roughness of 7.972 pm. And its residual stress
distribution is relatively uniform. The difference of
cermet grinding performance lies in the binding force
between metal matrix and abrasive. When the content
of Cuin the matrix is high, the coating ability of abrasive
is strong. But the matrix is soft and easy to wear, so the
cermet has strong self-sharpening, Cu—20Fe-ZTA
grinding effect is the best.

The failure of Cu—Fe-ZTA cermets is mainly due to the
difference of coating effect of Cu-xFe binder on ZTA
cermets. During loading, ZTA wear, fracture and pull-out
occur at Cu—Fe binder/ZTA interface, resulting in failure.
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