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Abstract: Ti(C, N)-Mo,C-Ni cermet as alternative materials was explored for use in alkaline conditions, replacing the WC-Co
cemented carbides, since Co is classified as a potentially carcinogenic substance and there is potential hazard of “hard metal
disease” under the exposure to cobalt dust. The changes in microstructure, corrosion rate and volumetric loss rate of the two
materials were compared under electrochemical corrosion and erosion-corrosion in alkaline environment. The results demonstrates
that Ti(C, N)-Mo,C-Ni cermet undergoes passivation when exposed to electrochemical corrosion of NaOH solution, resulting in a
significant increase in oxygen content on the corroded surface. The corrosion rate of cermet is approximately one order of magnitude
lower than that of the cemented carbide. Under the erosion-corrosion of an alkaline sand-water mixture, both the cermet and cemented
carbide experience a gradual increase in volumetric loss rate with prolonging the erosion time. During erosion, the rim phase in
cermet is fragile, so cracks easily penetrate it while the core phase remains intact. The medium-grained cemented carbide commonly
demonstrates transgranular fracture mode, while in the fine-grained cemented carbide, cracks tend to propagate along phase
boundaries. The erosive wear and damage caused by sand particles play a predominant role in the erosion-corrosion process of
alkaline sand-water mixtures. This process represents an accelerated destructive phenomenon influenced and intensified by the
combined effects of corrosion and erosion. It is confirmed that using cermet as an alternative anti-wear material to cemented carbides
is feasible under alkaline conditions, and even better.
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1 Introduction

Industrial wastewater treatment has gained increasing
attention due to its association with environmental protection
and resource recycling!!. Alkaline wastewater from chlor-
alkali plants is a hazardous waste that poses challenges due to
its strong corrosiveness. In the primary wastewater treatment,
the anti-wear materials used in centrifuge spiral blade
components play a crucial role. They are subjected to multiple
forms of damage, including electrochemical corrosion due to
different phases and composition, high-speed liquid flushing,
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sand particle impact, and frictional wear in alkaline waste-
water. These demanding conditions impose high performance
requirements for anti-wear materials.

Ceramic materials possess excellent corrosion resistance
and wear resistance. However, when subjected to high-speed
impacts from sand particles in wastewater, ceramic materials
tend to fracture and fail due to their inherent brittleness. To
address this limitation, high-toughness metal was incorporated
into ceramics to improve the toughness and resistance to
fracture. Among ceramic-based composite materials, WC-Co
cemented carbide, mainly used as cutting tool material™, is
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used as an anti-wear material for the components of centrifuge
spiral blades. WC-Co cemented carbide possesses compre-
hensive mechanical properties such as high strength, high
hardness, high fracture toughness, and wear resistance” *.
Research has been carried out to improve the corrosion
resistance of cemented carbides by introducing additives or

1® enhanced

modifying the composition of binders. Tang et a
the anti-corrosion properties of WC-Co cemented carbides by
incorporating aluminum (Al) based on calculated resulting
phase and Pourbaix diagrams. In addition, they performed
experiments in 3.5wt% NaCl electrolyte to verify the
effectiveness of anti-corrosion properties. Results revealed
that at Al content of 0.8wt%, the corrosion current density
significantly decreased by two orders of magnitude.
Moreover, the charge transfer resistance doubled, and the
binder phase exhibited reduced damage, reflecting a notable
improvement in corrosion resistance. Li et al' introduced
varying amounts of rhenium (Re) into WC-15Co cemented
carbides and assessed the impact on anti-corrosion properties.
The results revealed a non-linear relationship between Re
content and corrosion resistance. Initially, as the Re amount
increased, the anti-corrosion ability of the cemented carbides
improved. However, beyond a certain point, it started to
decline. Specifically, when the Re content reached 4.5wt% in
HCI solution and 3.0wt% in NaOH solution, the cemented
carbides demonstrated the optimal corrosion resistance, with
minimum corrosion current density of 4.65 and 0.98 pA/cm’,
respectively. Luo et al” studied the corrosion behavior of WC-
high-entropy alloy (HEA) cemented carbide, i.e., WC-10wt%
Al CoCrCuFeNi, in 3.5wt% NaCl solution using
electrochemical methods. It is found that WC-HEA cemented
carbide exhibits significantly superior corrosion resistance
than WC-Co. The improved resistance can be attributed to the
formation of passive films, specifically Cr,0, and Al,O;, on
the surface of the HEA binder. These films effectively inhibit
anode dissolution, thereby enhancing the corrosion resistance
of the WC-HEA cemented carbides.

Despite its desirable characteristics, WC-Co cemented
carbide relies on strategic scarce resources such as tungsten
(W) and cobalt (Co). Moreover, Co has the potential to cause
various health concerns, such as DNA strand breaks,
chromosomal abnormalities, micronucleus formation, or sister
chromatid exchanges, making it a potentially carcinogenic
substance™ .. Exposure to cobalt dust can lead to “hard metal

disease”, characterized by allergic asthma, respiratory
distress, dry cough, intermittent chemical pneumonia (inter-
stitial pneumonia), and pulmonary edema™. Therefore, it is
necessary to research alternative wear-resistant materials that
do not contain cobalt. To address the limitations of WC-Co
cemented carbide in terms of raw material resources and
harmful effects of the Co binder on health, this study explored
the potential of Ti(C, N)-Mo,C-Ni cermet as a sustainable
alternative to the wear-resistant material. Ti(C, N) -based
cermet exhibits excellent mechanical and physicochemical
properties, including high hardness, strength, wear
resistance!"', excellent chemical stability, and low cost of raw
Additionally,
resistance to plastic deformation and oxidation"*. Compared
with WC-Co cemented carbide, Ti(C, N) -based metal
ceramics require more abundant raw materials such as
titanium (Ti) and nickel (Ni). The global reserve of Ti in the

Earth’s crust are approximately 1000 times greater than that of

materials'?. they demonstrate remarkable

W while the reserve of Ni is 70 times greater than that of
Co"*"7. By replacing WC-Co cemented carbide with Ti(C, N)-
based metal ceramics, strategic scarce resources like W and
Co can be conserved, reducing the health risks associated with
Co.

In the present study, the electrochemical corrosion and
erosion-corrosion behavior of Ti(C, N)-based cermet and WC-
Co cemented carbides were compared in alkaline conditions.
The corrosion morphology, corrosion rates, microstructure,
and volumetric loss rates of the materials in alkaline
electrochemical were characterized. The objective is to
provide valuable insights for selecting appropriate wear-
resistant materials in alkaline conditions.

2 Experiment

2.1 Preparation of materials

In this study, commercially available materials were used
for the preparation of Ti(C, N)-Mo,C-Ni cermet and WC-Co
cemented carbides. The raw materials included TiC N,
powder, Mo,C powder, Ni powder, medium-sized WC
powder, fine-sized WC powder, and Co powder. Table 1
provides their particle sizes and chemical composition. The
composition of the prepared cermet was denoted as CN16 and
designed as TiC,,N,,-10Mo,C-16Ni (wt% ). The composition
of the prepared cemented carbide was designated as YG6 for
the medium-sized WC powder-based material and YG6X for

Table 1 Characteristics of the raw powders

Composition/wt%

Raw powder FSSS particle size/um

Total carbon Free carbon (0] N Fe Ni Cr
TiC,,N,, 3.36 13.29 - 0.54 7.29 0.065 - -
Mo,C 1.55 6.03 0.2 0.52 0.15 - - -
Ni 2.65 0.1 - 0.1 - 0.005 - -
WC60 6.44 5.96 0.02 0.02 - - - -
WCR10 1.2 5.95 0.02 0.1 - 0.012 - 0.41
Co 1.10 0.014 - 0.41 - - 0.0014 -
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the fine-sized WC powder-based material, both containing
WC-6Co (wt% ). The addition of Mo,C in Ti(C, N) -based
metal ceramics aimed to facilitate complete wetting of the
ceramic phase Ti(C, N) by the metal binder Ni during
sintering. Carbide (or carbonitride) ceramics typically
demonstrate superior corrosion resistance and wear resistance
than cobalt and nickel metals. To eliminate the factor of
difference in ceramic hard phase proportions which affect
corrosion resistance performance, the molar proportion of
ceramic hard phases TiC ,N,, and Mo,C in Ti(C, N) -based
cermet and WC in WC-Co cemented carbides were both set at
82.5%. By doing so, a more accurate representation of the
performance of the two materials was achieved in this study.
Both the cermet and the cemented carbides were prepared
by powder metallurgy techniques. The mixed powders were
ground in a 1 kg stainless steel ball milling tank by a roll
ball mill. For CNI16, gasoline was used as the grinding
medium, and for YG6 and YG6X, anhydrous ethanol was
used with a dosage of 300 mL each time. The grinding
media consisted of 6 mm WC-6Co alloy balls, with a
ball-to-powder ratio of 5: 1. The grinding speed was set at
56 r/min, and the grinding time was 72 h for CN16 and
fine-sized YG6X, and 48 h for medium-sized YG6. After
grinding, the slurry was filtered through a 38 pm sieve and
allowed to settle for approximately 12 h. The remaining
mixture was then dried in an electric heating vacuum drying
cabinet at 90—100 °C for 50—60 min. The resulting powder
was mixed with SD rubber binder, dried, and sieved through
an 180 pum sieve. The binder ratios were 220 mL/kg for
CN16 and 80 mL/kg for YG6 and YG6X. Subsequently, the
mixed powders were pressed into green compacts with
dimensions of 20 mmx6.5 mmx5.25 mm, and pre-sintered
in a vacuum furnace at 1420 °C for YG6 and YG6X, and
1445 ° C for CN16, with a holding time of 1 h. Pressure
sintering was then performed under an argon atmosphere with
a pressure of 5 MPa. The sintering temperature was 1400 °C
and the holding time was 40 min to reduce the porosity of the
vacuum-sintered bodies. Table 2 provides the densification,
average ceramic phase size, and performance data of the
prepared CN16, YG6, and YG6X, where APS represents the
average ceramic phase size and TRS represents the transverse
rupture strength.
2.2 Electrochemical corrosion and erosion-corrosion

Electrochemical corrosion tests were conducted on a CS4
three-electrode electrochemical workstation. The auxiliary
electrode was Ag/AgCl, and the corrosion solution was a
S5wt% NaOH solution. The dynamic potential scanning
technique was employed with a scanning range from -2.0 V to
1.5 V, scanning rate of 2 mV/s, frequency of 2.00 Hz, and

Table 2 Properties of CN16, YG6, and YG6X

Material APS/um Density/g-cm™ TRS/MPa  Hardness/HRA
CN16 0.9 5.68 1714 92.8
YG6 1.4 14.95 1763 91.8
YG6X 0.7 14.85 2185 93.2

scanning time of 1500 s, at an experimental temperature of
25 °C. Fig. 1 presents a schematic diagram of the erosion-
corrosion setup. Prior to eroding, the surface areas of all
samples were measured to ensure uniformity. During eroding,
the samples were affixed to a stirring blade rotating at
550 r/min, with an eroding time of 120 min. Eroding media
included alkaline solution (5wt% NaOH), sand-water mixture
(5wt% SiO,), and alkaline sand-water mixture (5wt% SiO,+
Swt% NaOH). The sand particles had a size of 180—-250 um
and a hardness of 900-1200 HV.

Surface morphologies of the electrochemical corrosion
and erosion-corrosion were examined using a Hitachi
S-4800 high-resolution field emission scanning electron
microscope (SEM) with secondary electron imaging. The
surface composition was analyzed by energy dispersive
spectrometer (EDS) attached to the SEM. In this study, the
eroding corrosion evaluation focused on the volume loss
rate to eliminate the density factor, which is significant
because the density of CN16 is less than half of that of YG6
and YG6X. The volume loss rate was calculated by the
following formula:

L Am

pt
where the erosion-corrosion rate is represented as v (mm’/h);
mass loss is represented as Am (mg); density is represented as
p (g/cm’); erosion-corrosion time is denoted as ¢ (h). Five
samples of each grade material, with dimension of 5 mmx
5 mmx5 mm, underwent surface grinding and polishing to

o

obtain 1 um surface finish through diamond paste. The initial
mass of the samples was measured by a precision electron
balance (model BSA124S) with an error of 0.1 mg before the
erosion-corrosion tests. Following the tests, the samples were
removed from the impellers, cleaned with acetone using an
ultrasonic bath for 10 min to eliminate residual slurry, and
subsequently dried. The mass of each sample was recorded to
determine mass loss. These procedures were repeated for each
grade, and the average results of the five samples were used to
determine the mass loss for each grade material. The erosion-
corrosion rate was determined by the average value of the
volume loss rate.
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Fig.1 Schematic of the device for erosion-corrosion
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3 Results and Discussion

3.1 Alkaline electrochemical corrosion of cermet and
cemented carbides

Fig. 2 illustrates the surface morphologies of the cermet
CN16, medium-grain cemented carbide YG6, and fine-grain
cemented carbide YG6X before and after electrochemical
corrosion in alkaline solution. After corrosion, the surface
becomes rough and uneven compared to its initial smooth
state. The metal binder phase region demonstrates lesser
corrosion resistance than the surrounding ceramic hard phase
region. Under alkaline electrochemical corrosion conditions,
CN16 and YG6 surfaces retain some white binder phase,
while YG6X surface shows almost complete corrosion of the
binder phase, indicating inferior electrochemical corrosion
resistance of YG6X. In Fig.2b, numerous grooves are visible
on the CN16 surface after electrochemical corrosion, resulting
from the corrosion of the Ni binder phase. Among Ti(C, N)-
based cermet, the corrosion resistance of the metallic
component Ni is significantly lower than that of the ceramic

components Ti(C, N) and Mo,C.

Fig.3 displays the X-ray diffraction (XRD) patterns of the
surfaces of the cermet CN16 and the cemented carbides YG6
and YG6X after electrochemical corrosion. Ti(C, N) is the
primary component of CN16 in Fig.3a, known for its high
corrosion resistance. The XRD pattern reveals the structural
integrity of Ti(C, N) during corrosion. (Mo, Ti)(C, N) forms
as a corrosion-resistant solid solution of Mo,C and Ti(C, N)
during sintering. The corrosion process leads to the formation
of titanium oxide (TiO,). In alkaline conditions, Ti(C, N)
reacts with water and oxygen to produce TiO,. Presence of Ni
and Ni,0,(OH) indicates the oxidation of binder phase Ni
during corrosion, forming Ni,0,(OH) with hydroxide ions in
NaOH solution. The diverse phases in the Ti(C, N) -based
cermet exhibit varying reaction rates and mechanisms during
corrosion. In electrochemical corrosion, the binder phase Ni
acts as the anode, undergoing oxidation and electron releasing,
while the ceramic phase Ti(C, N) and (Mo, Ti)(C, N) function
as the cathode, accepting electrons. Ni is prone to preferential
corrosion due to its lower potential, while Ti(C, N) and

Fig.2 Surface morphologies of materials before (a, c, ¢) and after (b, d, f) electrochemical corrosion in alkaline solution: (a—b) CN16; (c—d) YG6;

(e-f) YG6X
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Fig.3 XRD patterns of surfaces after electrochemical corrosion: (a) CN16, (b) YG6, and YG6X
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(Mo, Ti)(C, N) demonstrate strong corrosion resistance due to
their higher chemical stability. In alkaline conditions, the
surface of the Ti(C, N) -based cermet undergoes oxidation,
resulting in oxide like TiO,.

The primary hard phase in cemented carbides is WC, which
exhibits sharp diffraction peaks in the XRD pattern of Fig.3b.
Due to its high chemical stability, WC remains relatively
stable during corrosion. In contrast, the Co binder is more
susceptible to corrosion in NaOH solutions. The XRD
analysis results reveal a notable weakening of the Co
diffraction peaks and the disappearance of some crystal face
peaks, indicating consumption of the Co phase during
corrosion. In alkaline environment, Co oxidizes to form the
metal oxide Co,0,, which is evident from new diffraction
peaks in the XRD pattern. The corrosion products of YG6 and
YG6X are similar. Notably, the fine-sized WC powder used in
YG6X enhances surface area, resulting in a more dispersed
and thinner distribution of the Co phase. This increased
contact area accelerates corrosion rates, reflected by more
prominent Co,0O, diffraction peaks in the XRD pattern. During
electrochemical corrosion, the Co phase, acting as the anode
material, is more prone to electron loss and oxidation. The
chemical interaction between the NaOH solution and Co
further promotes Co dissolution.

Fig. 4 presents the surface composition analysis of the
cermet CN16, medium-grain cemented carbide YG6, and fine-
grain cemented carbide YG6X after electrochemical corrosion
in alkaline solution. The composition of CN16’s corroded
surface reveals a significant increase in oxygen content, which
can be attributed to the formation of corrosion products during
electrochemical corrosion in the alkaline solution. At 298 K,
the electrode potential E, ., is —0.257 V. This potential allows
Ni to react with the NaOH solution through the following
reaction equations"":

Ni+20H =Ni(OH),+2¢ 2)

Ni(OH),+OH=NiOOH+ H,0+¢" 3)

When the metal binder Ni is corroded, the enclosed ceramic
hard phase becomes exposed to the corrosive solution, leading
to corrosion of the ceramic hard phase. In an alkaline
electrochemical corrosion solution, the ceramic hard phase
Ti(C, N) undergoes corrosion and oxidation, resulting in the
formation of TiCNO, TiO, or TiO,. Moreover, the introduced
Mo,C, which is dissolved in Ti(C, N), is also corroded and

11921 are as follows:

oxidized. The reaction equations
TiCN+H,0=TiCNO+2H"+2¢’ 4)
2TiCN+6H,0=2TiO+2CO,+N,+12H"+12¢" 5)
2TiCN+8H,0=2Ti0,+2CO,+N,+16H'+16¢ (6)
2(Mo, Ti) (C,N) + 14H,0 = @
2MoO, + 2TiO, + 2CO, + N, + 28H" + 28¢’
H'+OH =H,0 ®)
The dissolution of the reaction product MoO, in the
corrosive solution leads to a decrease in corrosion
resistance™. Furthermore, upon examining the microstructure
and surface composition of YG6 and YG6X after corrosion, it
is evident that their surfaces are covered with corrosion
products, which prominently contain oxygen. This oxygen
primarily originates from the corrosive NaOH solution.
Co behaves as a
moderately active metal with

amphoteric metals, making it susceptible to corrosion by
[23-24]

Considering the electrode potential,

and shares similarities

NaOH. The reaction equations are as follows:

Co+20H =Co(OH),+2¢ )

Co(OH),+OH=CoOOH+H,O+¢ (10)

Fig. 5 displays the potentiodynamic polarization curves of
CN16, YG6, and YG6X in alkaline solution. The graph
depicts two sections: the cathodic polarization section ranging
from —2.0 V to —1.25 V, and the anodic polarization section
spanning from —1.25 V to 1.5 V. Notably, as the potential
increases gradually from —1.25 V to 0 V, the corrosion current
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Fig.4 EDS results of surface composition of materials after electrochemical corrosion in alkaline solution: (a) CN16; (b) YG6; (¢) YG6X
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solution

density of YG6 and YG6X remains stable. However, upon
further increase in potential from 0 V to 0.5 V, the corrosion
current density of YG6 and YG6X shows a continuous rise
without any observable passivation region. This suggests that
no significant passivation film forms during the corrosion
process.

CN16 exhibits a typical passivation phenomenon during
electrochemical corrosion in alkaline solution. As the potential
increases from 0 V, the current density also increases. Once
the potential reaches its peak value, the current density rapidly
decreases. This decrease occurs due to the formation of a high-
resistance passivation film on the surface of CN16, which
improves its corrosion resistance™**. This passivation film
isolates the material from the corrosive solution, effectively
protecting the material and reducing the corrosion rate. The
polarization curve of CN16 clearly demonstrates the existence
of a passivation region, where the current density increases to
reach the peak and then decreases. Since CN16 is a composite
material consisting of metal Ni, ceramic Ti(C, N), and Mo,C,
the overall electrochemical corrosion polarization curve of
CNI16 represents the combined behavior of each constituent
material. Each peak and valley in the curve correspond to the
corrosion behavior of a specific constituent material.
Comparing the polarization curve of CN16 with that of pure
Ni, it is evident that the passivation region in the CN16 curve
corresponds to the passivation of the metal binder Ni®".
Consequently, the process of corrosion current density
increasing to the peak and then decreasing corresponds to the
stage where the metal binder Ni starts to corrode and
subsequently reacts to form a passivation film, preventing
further corrosion. After reaching the lowest point of the
current density, the potential continues to rise, causing the
current density to increase steadily. Overall, when the
corrosion potential changes from —1.25 V to 0 V, the corrosion

current density of CN16 remains stable. However, as the
corrosion potential changes from 0 V to 0.5 V, the corrosion
current density rapidly increases to a peak, then rapidly
decreases, and finally increases steadily after reaching the
lowest point. The relevant parameters of the potentiodynamic
polarization curves for CN16, YG6, and YG6X in alkaline
solution are summarized in Table 3. According to the
electrochemical polarization curves, the corrosion potential
(E,,,) and corrosion current density (/) of the materials can
be determined. The corrosion current density can be obtained

by the Stern-Geary equation™.,

I, = L . L (11)
2.303(b, + b,) R,

where the slopes of the cathodic and anodic polarization

curves, referred to as Tafel slopes, are represented by b, and

b,, respectively, measured in mV/dec; additionally, the

polarization resistance is represented by R, measured in
kQ-cm®. R can be calculated by Eq.(12).

R, = (55)|AE =0 (12)

where AFE represents the polarization potential, and Ai
represents the polarization current. It is evident that under
similar potential conditions, the corrosion current decreases
as the impedance increases. This relationship is supported by
Eq. (11), which highlights that a higher impedance R,
corresponds to a smaller corrosion current density, indicating
better corrosion resistance of the material. Table 3
demonstrates that the impedance R, of CN16 is approximately
one order of magnitude higher than that of YG6 and YG6X.
Consequently, the corrosion rate of CNI16 is the lowest,
approximately one-tenth of that of YG6 or YG6X. It is worth
noting that the structure and composition of materials can
significantly influence their corrosion performance®™. In
CN16, the metal binder is Ni, whereas in YG6 and YG6X, the
metal binder is Co. It is known that at 298 K, the electrode
potential E, ., is —0.257 V, while E .., is —0.28 V, indicating
that metal Co is more susceptible to reaction and corrosion.
This change in the composition of the metal binder
significantly improves the corrosion resistance of CN16.
3.2 Erosion-corrosion and erosive wear of cermet and
cemented carbides
3.2.1
The surface morphologies of materials before erosion-
corrosion are shown in Fig. 6. Before erosion-corrosion, the
surface of Ti(C, N)-based cermet CN16 displays a distinctive
core-rim-binder structure. The dark core consists of the

Erosion-corrosion by alkaline solution

Ti(C, N) phase, while the grey rim phase is an intricate solid
solution of Mo,C dissolved in Ti(C, N) ", with the binder
phase arranged in a strip-like manner surrounding the hard

Table 3 Parameters of the polarization curves for different materials in NaOH solution

Material R value b/mV-dec’ b /mV-dec” E_/NV Rp/Q'cm’2 Icm/rnAcm’2 Corrosion rate/mm-a '
CN16 0.98 142.13 54.51 -1.2607 2601.9 0.0054 0.0328
YG6 0.99 122.98 57.97 —-1.2407 264.14 0.0629 0.4054
YG6X 1.00 129.18 56.69 —-1.233 216.95 0.0657 0.4262
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Fig.6 Surface morphologies of materials before erosion-corrosion: (a) CN16; (b) YG6; (c) YG6X

phase. This multi-phase structure enhances overall
performance by providing hardness from the hard phase and
toughness through the binder phase. Cemented carbide is
primarily made up of the hard phase WC and the Co-based
binder phase. On a microscopic level, the WC phase typically
forms irregular quadrilateral or triangular structures, with the
binder phase interspersed between them. Comparatively, the
edges of the hard phase in the Ti(C, N)-based cermet are
smoother, whereas that in the cemented carbide is sharper,
impacting their impact wear resistance. Fig.6b and 6c¢ reveal
the microstructures of cemented carbides YG6 and YG6X,
respectively. YG6X, whose hard phase size is smaller than
that of YG6, generally exhibits higher hardness and better
wear resistance due to the increased hard phase contact points
afforded by the smaller particles. The multi-phase structure of
the Ti(C, N)-based cermet may aid in stress dispersion during
erosion-corrosion, thereby increasing its wear resistance.

Additionally, the particle size of the hard phase in the
cemented carbides directly influences its wear resistance and
fracture toughness.

Fig.7a displays the volumetric loss rates of cermet CN16,
cemented carbides YG6 and YG6X under dynamic alkaline
solution corrosion. It is observed that as the corrosion time
increases, the volumetric loss rate of the materials consistently
decreases. The primary cause of volumetric loss during the
surface flushing with the alkaline solution is the corrosion of
the metal binding phase. Initially, the metal binding phase on
the material surface is fully exposed to the corrosive solution,
resulting in a large contact area and a fast corrosion rate, and
leading to a relatively high volumetric loss rate. However,
over time, the metal binder phase on the material surface
gradually is corroded. Consequently, the corrosion pits are
deepened, and their contact area with the corrosive solution
decreases, causing a gradual reduction in the corrosion rate.
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water mixture
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In dynamic corrosion with rapid flow of alkaline solution,
corrosion products adhere to the corroded surface, creating a
temporary barrier that prevents further contact between the
solution and the material s fresh surface, thereby inhibiting
corrosion. However, as the alkaline solution erodes the
surface, dissolved corrosion products mix with the solution,
allowing unrestricted direct contact and ongoing corrosion of
the fresh surface. Fig. 8 depicts the surface morphologies of
CN16, YG6, and YG6X after eroding in the alkaline solution
for 120 min. The binder phases experience corrosion while the
hard phases remain almost unaffected. Comparing the
corrosion characteristics, the metal binder phase of YG6 and
YG6X undergoes more severe corrosion, resulting in deeper
pits, whereas the binder phase of CN16 displays shallower
pits. Considering that both Ni and Co have comparable
densities of 8.9 g/cm’, the volumetric loss rate of CN16 is
lower than that of YG6 and YG6X. Specifically, YG6X
demonstrates a higher volumetric loss rate than YG6. This can
be attributed to the smaller average size of the ceramic phase
in YG6X, which exposes more dispersed metal binder phases
on the material surface. Consequently, the contact area with
the alkaline solution is larger, resulting in faster corrosion rate.
Additionally, the improved corrosion resistance of the Ni
binder in CN16, compared with the Co binder in YG6 and
YG6X, contributes to the slowest corrosion rate of CN16.

3.2.2 Erosive wear by sand-water mixture

Fig.7b displays the volumetric loss rates of cermet CN16 as
well as cemented carbides YG6 and YG6X after abrasive
erosion in sand-water mixture. The graph demonstrates an
increase in volumetric loss rates as the erosion time

progresses. Initially, the material surfaces are relatively
smooth, resulting in fewer pits caused by sand particles, and
leading to smaller volumetric loss rate. However, with
prolonging the erosion time and increasing number of sand
particles, the number of pits on the surface continues to rise.
These pits are more susceptible to cracking due to the impact
of sand particles, eventually leading to gradual fragmentation
and detachment, and thus increasing the volumetric loss rate.
Among the materials studied, YG6 exhibits the highest
volumetric loss rate. The rotational linear speed was 5.76 m/s,
resulting in high-speed relative erosion between the materials
and the sand particles. Under such conditions, the resistance to
abrasive particle wear plays a crucial role in mitigating
material loss, and this resistance is closely linked to the
material’s hardness. Generally, materials with higher hardness
exhibit better resistance to abrasive particle wear. CN16 has a
hardness of 92.8 HRA, YG6 has a hardness of 90.5 HRA, and
YG6X has a hardness of 92.9 HRA. From a hardness
perspective, YG6 has lower hardness than CN16 and YG6X,
resulting in the highest volumetric loss rate.

It also indicates that CN16 demonstrates the lowest
volumetric loss rate. The resistance to abrasive particle wear is
determined not only by hardness but also microstructure.
Fig.9 illustrates the surface morphologies of CN16, YG6, and
YG6X after of erosion in sand-water mixture for 120 min.
CN16 exhibits ceramic hard phase with core phase and
surrounding rim phase, resulting in the rounded or elliptical
shapes of the ceramic hard phase’s edges (Fig. 9a). This
configuration weakens stress concentration at the edges and
impedes cracking, fracturing, and delamination upon impact
by sand particles. In contrast, the WC ceramic hard phase in

Fig.8 Surface morphologies of CN16 (a), YG6 (b), and YG6X (c) after dynamic alkaline solution corrosion for 120 min

Fig.9 Surface morphologies of CN16 (a), YG6 (b), and YG6X (c) after erosion by sand-water mixture for 120 min
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YG6X appears irregular with sharp edges and corners
(Fig.9c). These irregularities and sharp edges promote stress
concentration upon impact, leading to cracking, fracturing,
and subsequent detachment. Consequently, despite YG6X
having a slightly higher hardness than CN16, its volumetric
loss rate is greater. Additionally, compared to the alkaline
solution corroding discussed earlier, the erosive action of the
sand-water mixture results in a volumetric loss rate that is one
order of magnitude higher, indicating a more significant
damaging effect of sand particle erosion.

3.2.3 Alkaline erosion-corrosion of cermet and cemented

carbides

Fig.7c presents the volumetric loss rates of cermet CN16 as
well as cemented carbides YG6 and YG6X when exposed to
alkaline sand-water mixture. As the erosion-corrosion time
increases, the volumetric loss rates of the materials gradually
rise. The metal binder phase undergoes corrosion and
dissolution into the mixture, while the ceramic hard phase
experiences fragmentation and delamination, resulting in
volumetric loss for both the metal ceramic and cemented
carbide. During the erosion-corrosion process, there is a
reaction between SiO, and NaOH. However, the reaction rate
is slow, and the resulting Na,SiO, product does not
significantly impact the process. Thus, the influence of this
reaction on the erosion-corrosion can be negligible. The
reaction equation is as follows™":

Si0,+2NaOH=NaSiO,+H,0 (13)

The metal binder phase in both the cermet and cemented
carbides reacts with NaOH, resulting in the formation of
corrosive oxidation products. These corrosion products
initially cover the original surface and are subjected to intense
erosion from the sand-water mixture. However, the adhesion
between the corrosion products and the substrate is weak,
leading to easy washout before completely covering the
original surface. Consequently, they dissolve into the sand-
water mixture. Moreover, the reaction between the metal
binder phase and NaOH proceeds slowly. As a result,
corrosion products exhibit restricted ability to inhibit the
erosive wear and corrosion of the alkaline sand-water mixture.
The removal of corrosion products signifies a loss of the
binder phase, which contributes to the volumetric loss in both
the cermet and cemented carbides.

Another factor contributing to surface damage and
volumetric loss in cermet and cemented carbides is the
delamination of the ceramic hard phase. In the erosion
process, as abrasive sand particles impact the surface of
materials, the high-speed impact forces vary in their
probability of hitting the metal binder phase. Consequently,
the metal binder phase experiences uneven stress, which leads
to varying rates of chemical reactions. The regions
experiencing higher stress are preferentially corroded,
resulting in the expansion of the corrosion region. Upon
destruction of the metal binder phase, corrosion pits form,
intensifying the damage to the edges of the ceramic hard
phase caused by abrasive sand particles. Moreover, the

presence of corrosion pits increases the contact surface area
between the material and the alkaline mixture, thus
accelerating the corrosion process. As the abrasive sand
particles impact and shatter the edges of the ceramic hard
phase, the fragmented pieces are subsequently carried away
by the running mixture, leading to volumetric loss of the
material.

In the conditions of erosive and corrosive alkaline sand-
water mixture, the metal binder phase plays a crucial role in
preserving and delaying the destruction of the ceramic hard
phase. The damage to cermet and cemented carbides primarily
originates from the metal binder phase. Due to the significant
difference in corrosion resistance between the metal binder
phase and the ceramic hard phase, the metal binder phase
firstly undergoes corrosion. Afterwards, the ceramic hard
phase, enclosed by the metal binder phase, is directly exposed
to the erosive mixture, and the surface exposure of the
ceramic hard phase is increased in the eroding. Given the
lower toughness of the ceramic hard phase, the exposed
surfaces are vulnerable to crack formation and fragmentation
upon impact by abrasive sand particles. Following the
corrosion of the metal binder phase, the ceramic hard phase
particles, previously bonded and supported by the metal
binder phase, is detached™. Smaller particles are particularly
prone to detachment than larger particles™". Consequently,
the detachment of ceramic hard phase particles gives rise to
concave pits that proliferate through the combined effects of
corrosion and erosion. As a result, the erosive and corrosive
process in cermet and cemented carbides intensifies over time,
leading to an accelerated volumetric loss rate.

YG6 exhibits the highest rate of volumetric loss under the
erosive-corrosive action of alkaline sand-water mixture,
indicating its
Although YG6 demonstrates better resistance to dynamic
corrosion in alkaline solutions than YG6X, it shows notably
weaker performance in resisting abrasion caused by sand-
water mixture erosion than YG6X. Fig. 10 illustrates the
surface morphologies of CN16, YG6, and YG6X after erosion-
corrosion in the alkaline sand-water mixture for 120 min. It is

weakest resistance to erosion-corrosion.

evident that the corrosion effect is relatively weak, and the
material damage is primarily attributed to erosive impact
wear, and the non-impacted regions remain smooth. In other
words, during the erosive-corrosive process of the alkaline
sand-water mixture, the primary mechanism of material loss is
the impact abrasion of sand particles, with minimal corrosive
effect. Consequently, YG6 experiences a higher volumetric
loss rate. Additionally, since impact abrasive wear is
dominated by sand particles, the trend in volumetric loss rate
for CN16, YG6, and YG6X under the erosive-corrosive action
of the alkaline sand-water mixture is similar to that in the case
of the simple sand-water mixture. CN16 exhibits superior
resistance to impact abrasion caused by the sand-water
mixture than YG6X, and its resistance to dynamic corrosion
by alkaline solutions is also better than that of YG6X.
Therefore, CN16 performs better in overall resistance to
erosion-corrosion in the alkaline sand-water mixture.
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Fig.10 Surface morphologies of CN16 (a), YG6 (b), and YG6X (c) after erosion-corrosion by alkaline sand-water mixture

The surface of CNI16 shows simultaneous traces of
corrosion and erosion due to abrasive particle impact, as
depicted in Fig. 10a. Corrosion is mainly observed in the
region of the metal binder phase, resulting in a rough surface
and accumulation of corrosion products in the pits.
Conversely, the ceramic hard phase experiences fracturing and
detachment due to abrasive particle impact, leading to a
smoother interface. The ceramic hard phase in the
microstructure of CN16 has a core-rim structure. This rim
phase, which is inherently brittle®, tends to initiate and
propagate cracks when subjected to the impact and erosion of
abrasive particles. Consequently, the rim phase is more
susceptible to fracture, while the core phase remains relatively
intact, with cracks not crossing directly through it. In YG6, the
ceramic hard phase has a larger average size, which increases
the likelihood of internal structural defects within the larger
tungsten carbide grains. As a result, YG6 exhibits more
cracks, and transgranular fracture modes are more prevalent,
as depicted by the arrows in Fig. 10b. YG6X has a smaller
average size of ceramic hard phase with a greater number of
phase boundaries. The well-developed small WC grains in
YG6X possess higher strength, so the bonding strength
between the ceramic hard phase and the metal binder phase is
lower than the strength of ceramic hard phase itself.
Consequently, cracks tend to propagate along the phase
boundaries during crack extension, as indicated by the arrows
in Fig.10c.

3.3 Comparison of material loss under different erosion

conditions

By comparing material loss under various conditions such
as dynamic alkaline solution corrosion, sand-water mixture
abrasion, and erosion-corrosion by alkaline sand-water
mixture, several conclusions can be made. When subjected to
simple alkaline solution erosion (Fig.8), both the cermet and
cemented carbide surfaces display numerous corrosion pits. In
the alkaline solution, the metal binder phase on surfaces reacts
with NaOH, leading to the corrosion of the metal binder
phase. The NaOH solution flows over the surface of the
cermet and cemented carbides at a specific velocity, resulting
in a more rapid removal and dissolution of the exposed metal
binder phase. As there is no impact from sand particles, the
ceramic hard phase is less prone to detachment. Therefore, the
effect of alkaline solution erosion essentially expedites the

corrosion process.

From the morphology of erosion by sand-water mixture
(Fig.9), it is evident that the cermet and cemented carbide
surfaces undergo deformation due to the impact of sand
particles, which leads to particle loosening, displacement, and
uneven surface. The presence of small broken particles can
also be observed. Importantly, these deformed and broken
particles detach from the material surface during erosion,
forming pits. Comparatively, the destructive effect of sand
particle erosion is more severe than that of alkaline erosion-
corrosion within the same-time frame. Despite partial erosion
of the metal binder phase, remnants of the metal binder phase
still exist on the surface of the cermet and cemented carbides.
Sand-water mixture erosion primarily involves the impact and
wear down of the material surface by sand particles, while the
mixture flushes away and removes the resulting debris.

Fig. 10 clearly demonstrates that when corrosion by the
corrosive solution and erosion by sand particles occur
simultaneously, the metal binder phase on the surface of the
cermet and cemented carbides undergoes corrosion, causing
the ceramic hard phase particles unsupported. The impact of
sand particles and the action of the dynamic solution dislodges
these ceramic hard phase particles, resulting in the formation
of numerous pits. As these pits expose fresh surfaces, the
metal binder phase will be further corroded, and the ceramic
hard phase particles continue to detach due to the impact of
sand particles and the flushing action of the mixture.
Consequently, the pits become deeper. After the combined
action of erosion and corrosion, the surface of the cermet and
cemented carbides comprises the remaining original ceramic
hard phases, a small number of metal binder phases, and
newly formed pits. It is worth noting that the effect of alkaline
sand-water mixture erosion is not merely the combination of
the corrosion effect of the corrosive solution and the erosion
effect of the sand-water mixture. Instead, it involves mutual
interaction and promotion of both corrosion and erosion,
leading to an accelerated destructive process.

4 Conclusions

1) When exposed to alkaline solutions, the cermet exhibits
passivation, which leads to a significant increase in oxygen
content on the corroded surface. The fine-grained cemented
carbides have higher corrosion rate, followed by the medium-
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grained cemented carbides. Notably, the corrosion rate of the
cermet is approximately one order of magnitude lower than
that of cemented carbides.

2) In the alkaline sand-water mixture, both the cermet and
cemented carbides experience an increase in volume loss rate
over time. The medium-grained cemented carbide exhibits the
highest volume loss rate, followed by the fine-grained one.
The cermet demonstrates the lowest volume loss rate. During
the impacts by sand particles, cracks tend to penetrate the rim
phase of the cermet, while the core phase remains relatively
intact. In contrast, transgranular fracture is more common in
medium-grained cemented carbides, and cracks tend to
propagate along grain boundaries in fine-grained cemented
carbides.

3) The abrasive effect of sand particles is the primary
reason for degradation in the erosion-corrosion process of
alkaline sand-water mixture. This process is not simply the
combination of individual alkaline solution corrosion and
sand-water mixture erosive wear. Instead, it involves mutual
interaction and promotion of both erosive corrosion and wear,
leading to an accelerated destructive process.
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