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Abstract: The alumina toughened zirconia (ATZ) ceramic particle reinforced gray iron matrix surface composite
was successfully manufactured by pressureless infiltration. The porous preform played a key role in the infiltrating
progress. The microstructure was observed by scanning electron microscopy (SEM); the phase constitutions was
analyzed by X-ray diffraction (XRD); and the hardness and wear resistance of selected specimens were tested by
hardness testing machine and abrasion testing machine, respectively. The addition of high carbon ferrochromium
powders leads to the formation of white iron during solidification. The wear volume loss rates of ATZ ceramic
particle reinforced gray iron matrix surface composite decreases first, and then tends to be stable. The wear
resistance of the composite is 2.7 times higher than that of gray iron matrix. The reason is a combination of the
surface hardness increase of gray iron matrix and ATZ ceramic particles and alloy carbides protecting effect on
gray iron matrix.
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ray iron is one of the most common cast iron
Gand widely used as a kind of cast material due
to its low cost, outstanding castability and excellent
machinability "*. However, the poor wear resistance is a
fatal weakness for the gray iron. As we all know, wear is
one of the main failure modes of metallic materials and
about seventy percent of mechanical damage is caused
by various forms of wear and tear. The grinding loss not
only consumes a lot of metal material, but also causes
huge economic loss and heavy casualties. So revealing
the mechanism and improving the wear resistance of the
gray iron matrix are significant.

The ceramic particle reinforced metal matrix
composites (CPRMMCs) can combine the advantages of
ceramics and metals, and exhibit relative high strength
and wear resistance, so they have attracted more and
more attention ®'. Ceramic particles, such as wolfram
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carbide (WC), alumina (Al,0,), titanium carbide
(TiC) and silicon carbide (SiC), are now commonly
used as the particle reinforcement "', WC ceramic
particle reinforced iron matrix surface composites were
produced using the V-EPC infiltration casting process by
Li et al., and the composites’ wear resistance was 1.5—
5.2 times higher than that of the high chromium cast
iron ', WC ceramic particle with good wettability and
high hardness was used in the research """, but its higher
price and the greater difference of thermal expansion
coefficient from that of iron limit its use in the large
scale production. Alumina toughened zirconia (ATZ)
ceramic is becoming an important reinforcement particle
to iron and steel because of its great performance/
price ratio, high hardness, high fracture toughness,
and comparable thermal expansion coefficient "'*.
Zr0,-Al,O; ceramic particle reinforced Cr25 matrix
composites were fabricated using the infiltration casting
process by Zheng et al. ", and the wear resistance of
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a surface alloying technique is also widely used

to improve the wear resistance of cast iron *'",
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Chromium surface alloyed austempered ductile iron (ADI) was
prepared using Tungsten Inert Gas process by Amirsadeghi et
al. ", which presented different surface hardness due to the
variation of chromium content. The surface hardness value of
the ADI ranged from 895 to 1,080 HV, and the wear rate of the
composites reduced from 66% to 38%, respectively '*. The
impact of laser surface alloyed with chromium on the wear
performance of gray iron was investigated by Tomlinson et al. ",
and the wear resistance of laser alloyed 17% chromium coating
increased 5 times than that of 16% chromium white cast iron.
According to the studies mentioned above, the wear
resistances of ceramic particle reinforced metal matrix
composites and chromium surface alloyed composites are both
better than that of metal matrix, but the wear mechanisms are
absolutely different. For ceramic particle reinforced metal matrix
composites, the ceramic particles bear the main pressure exerted
by the friction test and protect the metal matrix from wear ",
For chromium surface alloyed composites, the increased surface
hardness of the composite with the addition of chromium
improves the wear resistance *”. Combining with the advantages
of ceramic particle reinforcement technique and chromium
surface alloying technology, the ATZ ceramic particles
reinforced gray iron matrix surface composite was manufactured
in this work. The phase constitution, microstructure and wear
mechanism of the composite were investigated. This work will
be of great significance for the application of wear-resistant
composites in machinery and manufacturing industries.

1 Experimental procedures

1.1 Preparation of porous preform
3Y-TZP (purity>99.5%, d5,=0.36 um, Jiangxi Farmeiya
Materials Co., Ltd., China) and Al,O, powder (purity>99.5%,
ds=2.12 pm, Nuoda Chemical Co., Ltd., China) were used as
starting materials. ATZ ceramic powder with a 20/80 volume
ratio of Al,04/ZrO, was first blended by ball milling for 2 h
at 100 rpm in an ethanol medium and then uniaxially pressed
into a cylindrical pellet under 200 MPa for 30 s in a @12 mm
stainless mold. The green bodies were sintered at 600 °C for 0.5 h.
After crushing and screening, ATZ ceramic particles with sizes
ranging from 2 to 4 mm were prepared by sintering at 1,500 °C
for 2 h with a heating rate of 2 °C-min"'. The physical and
mechanical properties of the ATZ ceramic particles are listed in
Table 1.

The porous perform was formed by mixing 55wt.% high
carbon ferrochromium powders (HCFPs), 25wt.% ATZ ceramic
particles, 2.5wt.% borax, 13wt.% paraffin wax with a diameter

Table 1: Physical and mechanical properties of ATZ ceramic
particle

Bulk
density
(gecm®)

Vickers
Hardness
(GPa)

Flexural
strength
(MPa)

Fracture
toughness
(MPasm'?)

Diameter

(mm)

2-4 5.55-5.61 5.9-6.2 600-670 12.5-12.8
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of 2-3 mm, and 4.5wt.% water glass. The chemical composition
of high carbon ferrochromium powder is shown in Table 2. The
homogeneous mixture was poured in a stainless mould with
a diameter of 25 mm, and then followed by two-step heating:
being heated to 50 °C for 20 min and 100 °C for 2 h. Figure 1
shows the physical photographs of the porous perform with
millimeter holes.

Table 2: Chemical composition of high-carbon ferrochrome
powder (wt.%)
(o3 Si Cr P S Fe

7.86 1.23 60.27 0.03 0.03 Balance

ATZ civamec parscios

pu.(ﬂ-

Fig. 1: Physical photograph of porous perform

1.2 Preparation of composite

The porous preforms were placed in the center of the mould
cavity, then filled with molten gray iron with a nominal
composition of Fe-3.19C-1.215i-0.39Mn-0.07P-0.078S at 1,370-
1,420 °C. The ATZ ceramic particle reinforced and chromium
surface alloyed gray iron matrix composite was shaken out of
the mold after the casting cooled to the room temperature in air
cooling condition.

1.3 Composite characterization and testing

The micro-morphology was observed by 4XC-PC (Shanghai
optical instrument factory) optical microscope. Etching was
performed using a 4% nital solution. The phase constitutions of
the composite was characterized by X-ray diffraction (XRD) on
an X Pert PRO X-ray diffractometer using Cu Ko radiation (A =
0.154 nm). The XRD spectra were obtained in a range of 10°-
100 ° at a scanning rate of 2.5 °-min”". The microstructure and
elemental composition of selected specimens were analyzed by
scanning electron microscopy (SEM, Ultra 55, Carl Zeiss) and
X-ray energy dispersive spectrometry (EDS, Oxford IE450X-
Max80), at a accelerating voltage of 15 kV. The hardness value
of the composite was measured using a Vickers hardness testing
machine (HBRVU-187.5) under a load of 30 kgf and dwelling
time of 15 s. Ten data measurements at different points were
collected for the specimen and averaged with the exclusion of



Research & Development i NA FOUNDRY

Vol.15 No.3 May 2018

the highest and the lowest hardness points. The microhardness
of the metallurgical structure was measured by a HV-1000Z
hardness tester under a load of 1 kgf and dwelling time of 15 s.

The friction and wear data were determined according to
ASTM G105-02 using an abrasion testing machine (MLS-
225, Zhangjiakou Kehua Test Machine Mfg Co., Ltd.). The
rubber wheel with a diameter of 178 mm revolved at a rate of
180 rpm under a load of 40 N. The particle sizes of quartz sand
abrasive ranged from 0.4 to 0.6 mm in diameter. To ensure the
moisture content reached no more than 0.5wt.%, the abrasive
particles were dried by heating at 100 °C for 1 h. The friction
and wear average data was obtained under the same wear testing
conditions at room temperature for 3 times. After wear testing,
the worn surfaces of the selected samples were observed again
by SEM.

2 Results and discussion

2.1 Optical microscopic morphology observation

Figure 2 shows the optical micrograph of the gray iron matrix
composite with ATZ ceramic particle reinforced and chromium
surface alloyed. Figure 2(a) is the physical picture of the
composite. It can be seen that ATZ ceramic particles uniformly
distribute in the surface of the gray iron matrix. The distribution
of the ATZ ceramic particles keeps in step with the shape of a
porous preform, which indicates that the strength of the porous
preform is enough to bear the impact of high-temperature and
high flow speed of liquid metal in the casting process. It is also
observed that the addition of high carbon ferrochromium powder
can lead to the formation of white iron during solidification in
the surface of gray iron matrix during solidification [Fig. 2(b)].

Fig. 2: Physical picture of composite (a) in upper left of
corner of optical micrograph of composite (b)

2.2 Phase constitution characterization

Figure 3 presents the XRD patterns of the ATZ ceramic particle
reinforced gray iron matrix surface composite. The phase
constitutions of the composite consist of ATZ ceramic, o-Fe,
v-Fe, graphite, Fe,C;, Cr,C;, and Fe,C. Due to high carbon

ferrochromium powder adding into the porous perform, Cr,C,
phase and Fe,C; phase can be observed in the surface of the
composite. This indicates that chromium alloyed product can
be simultaneously obtained in the pressureless infiltration
process. It is important to note that the arrangement of Fe atoms
in Fe,C, carbides is similar with that of Cr atoms in Cr,C,
carbides. Moreover, the atomic radius of Fe (126 pm) is close to
that of Cr (128 pm). They can easily replace each other during
solidification and do not change the molecular structure of
carbides. So these carbides are designated as multi-component
compounds (Fe, Cr),C, and (Fe, Cr),C, which abbreviated are
M,C, and M,C " *,
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Fig. 3: X-ray diffraction pattern of ATZ ceramic particles
reinforced gray iron matrix surface composite

2.3 Microstructural analysis

Figure 4 gives the SEM images of the metallurgical structure
of the ATZ ceramic particle reinforced gray iron matrix surface
composites. The graphite, lamellar pearlite, ledeburite, blocky
and lath-shaped carbides are all observed in the solidified
structure. Figure 5 exhibits the distribution of Fe and Cr
elements and the chemical compositions of chromium alloyed
products in the composite. It can be observed that Fe and Cr
elements exist in all carbides [Fig. 5 (c) and (f)], and because
of the close atomic radius of Fe and Cr atoms, interstitial solid
solution and substitutional solid solution are formed in the
composite. The results show that the atomic ratio of (Fe+Cr)/
C are about 7:3 and 3:1, respectively [Fig. 5 (a) and (d)]. This
conclusion can be obtained that the lath-shaped carbide is M,C
phase and the blocky carbide is M,C;. To further identify the
blocky carbide as M,C; and the lath-shaped carbide as M,C
phase, their microhardnesses are also measured under a load of
1 kgf and dwelling time of 15 s. The values are 855-1,100 HV
and 1,620-1,850 HYV, respectively, which agree with Kagawa’s
findings ™.

2.4 Wear behavior characterization

To understand the effects of ATZ ceramic particle reinforcement
and chromium surface alloying on wear behavior and
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Fig. 5: Chemical compositions of alloyed products in composite

mechanism of the composite, the volumetric wear rate and worn
surfaceof ATZ ceramic particle reinforced gray iron matrix
surface composite (S1), chromium surface alloyed gray iron (S2),
ATZ ceramic particles reinforced gray iron matrix composite
(S3), and gray iron (S4) were measured and observed. Figure
6(a) shows the relationship between wear volume losses of the
selected specimens and wheel revolution. It can be observed that
the wear volume losses of S1 to S4 increase with the number
of revolutions increasing. The changing trend of wear volume
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losses of S2 and S4 is linear, while the wear volume losses trend
of S1 and S3 is nonlinear. The volumetric wear rates of S1 to S4
are plotted in Fig. 6(b). The volumetric wear rates of S2 and S4
remain unchanged, but those of S1 and S3 decrease to a steady-
state after a certain period of wear testing. The wear resistance
of S1 is 2.7 times higher than that of S4. The results show that
both ATZ ceramic particle reinforcement and chromium surface
alloying improve the wear resistance of gray iron matrix.
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Fig. 6: Wear behavior of specimens with different wheel
revolutions: (a) volumetric wear and (b) slope of
volumetric wear curve

2.5 Wear mechanism of composite

Comparing S1 with S2, the volumetric wear rates of S1 and
S2 show little difference at the initial stages of wear testing.
When the number of revolutions increases to 20,000, the
volumetric wear rate of S1 decreases to a steady-state. A similar
phenomenon is also observed in the wear behaviors of S3 and
S4 [cf. Fig. 6 (b)]. The reason is that ATZ ceramic particles
and metal matrix are in the same plane at the initial stage of
wear testing, the hardness of ATZ ceramic particles (1,250—
1,280 HV) and quartz abrasive particles (800—1,200 HV) are
higher than that of gray iron matrix (200-300 HV). With the
wear time increasing, the gray iron is concave and the ATZ
ceramic particles bulge due to the volumetric wear rate of gray
iron matrix being greater than that of ATZ ceramic particle. The
bulged ceramic particles can protect the gray iron matrix around
them, and the gray iron matrix also support ceramic particles
(cf. Fig. 7). This phenomenon can be called shadow effect. The
shadow effect does not play a role at the initial stages of wear
testing because ATZ ceramic particles and gray iron matrix
are in the same plane. With the wear time increasing, the ATZ
ceramic particles bulge and resist the main wear force of the

(@)

(@) (b)

Fig. 7: Schematic illustration of wear mechanism of
composite: (a) before wear and (b) after wear

abrasive, so the volumetric wear rates of S1 and S3 significantly
reduce and then tend to be a steady-state.

To explore the effect of chromium surface alloying on
wear behavior of ATZ ceramic particle reinforced gray iron
matrix surface composite, the wear behaviors of S1 and S3
were investigated. The volumetric wear rate of S3 is higher
than that of S1 [ Fig. 6(b)]. This indicates that chromium
surface alloyed can effectively improve the wear resistance
of the composite. Figure 8 presents the SEM images of wear
morphology of S1 and S3. As revealed in the figures, there
are significant differences between the worn surfaces of S1
and S3. The wear morphology of S3 contains many furrows
of abrasive wear. The furrows are probably produced by the
cutting of abrasive particles, due to the hardness of the quartz
abrasive particles, 800—1,200 HV, higher than that of gray
iron matrix, 200-300 HV. The furrows are not observed at
the wear morphology of S1, but many carbides protruding are
exposed at the surface.

The difference of wear morphology between S1 and S3 is
believed due to their distinct surface hardnesses. The abrasive
wear rate can be simply calculated by the following formula
based on the mechanism of micro-cutting **:

dv /4

=k (M
where, dV/ds is the wear capacity rate [mm’-(N-m)"], W is the
carrying load of each abrasive particle (N), H is the hardness
(HV) and £, is the constant depending on the hardness, shape
and number of abrasive particles in cutting.

The above equation indicates that increasing the hardness

(b) -

Fig. 8: SEM images of wear morphology of (a) S3 and (b) S1
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value of the composite can be used to improve the abrasion
resistance of abrasive grain. The addition of HCFPs increases
the average surface hardness value of gray iron matrix from
200-300 HV to 500-600 HV. So the hardness difference
between the abrasive particle and gray iron matrix decreases,
and the cutting effects on substrate of abrasive particle reduces
significantly. In addition, the raised rigid carbides also start
to bear the wear force of abrasive particles after the surface
layer of matrix wears off. As a result, the wear resistance of S1
improves remarkably due to both the surface hardness increase
of gray iron matrix and ATZ ceramic particles protecting effect.

3 Conclusions

In the present work, a porous preform with HCFPs, borax,
binder and ATZ ceramic particles was first produced and then an
ATZ ceramic particle reinforced and chromium surface alloyed
gray iron matrix composite was successfully produced by the
pressureless infiltration. The following conclusions can be
drawn:

(1) The addition of HCFPs leads to the formation of white iron
during solidification. The phase constitutions of the composite
consist of ATZ ceramic, a-Fe, y-Fe, graphite, ledeburite, pearlite,
M;C, and M,C,.

(2) The wear volume loss rate of ATZ ceramic particle
reinforced gray iron matrix surface composite decreases first,
then tends to be stable. The wear resistance of the composite is
approximately 2.7 times higher than that of gray iron matrix.

(3) The mechanism of wear resistance increase is a
combination of the surface hardness increase of iron matrix and
ATZ ceramic particles and alloy carbides protecting effect on
gray iron matrix.
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