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Abstract

Zirconia-toughened alumina composites with zirconia contents of 10, 20, and 30 vol% were systematically investi-
gated as candidate insert washer materials for suspension components operating in aggressive road-splash environ-
ments. Nearly fully dense ceramics (>99.5 %) were fabricated by means of pressureless sintering at 1550 °C,
exhibiting a progressive trade-off between hardness and fracture toughness. The incorporation of zirconia increased
fracture toughness from 3.6 MPa-m!/2 for monolithic alumina to a maximum of 8.1 MPa-m!/2 at 20 vol% zirconia,
while hardness decreased from 18.2 to 17.1 GPa. Tribocorrosion-erosion behavior was evaluated using a slurry jet
impingement system with a simulated road-splash medium consisting of 3.5wt% NaCl and 200-300 um silica
particles at a velocity of 10 m s-! and an impingement angle of 45°. After 24 h exposure, monolithic alumina exhibited
severe degradation with a cumulative volume loss of 0.86 mm?, whereas the optimized composite with 20 vol%
zirconia showed the lowest loss of 0.15 mm?, corresponding to a steady-state erosion rate of 5.9 x 103 mm?h-1.
Electrochemical measurements revealed that mechanical damage significantly increased surface electrochemical
activity for all ceramics; however, zirconia-toughened alumina maintained lower post-test corrosion current densities
compared with monolithic counterparts. Post-mortem analyses demonstrated that brittle grain pull-out dominated
degradation in alumina, while crack arrest and deflection associated with stress-induced tetragonal-to-monoclinic
zirconia transformation governed material removal in the composites. These results identify an optimal balance of
hardness and toughness that minimizes coupled mechanical and electrochemical degradation under realistic slurry

impingement conditions.
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I. Introduction

The relentless pursuit of enhanced vehicle performance,
longevity, and safety has catalyzed significant advance-
ments In automotive materials science. Suspension
systems, in particular, are critical assemblies that govern
vehicle dynamics, ride comfort, and stability 1. These
systems operate in one of the most punishing environ-
ments experienced by any automotive component, being
constantly subjected to dynamic loads, vibrations, and
aggressive environmental attacks 2. A pervasive and highly
detrimental environmental factor is road splash, a complex
mixture of water, abrasive particles such as sand and
road debris, and corrosive agents, most notably de-icing
salts like sodium chloride (NaCl) and calcium chloride
used in colder climates3. This medium gives rise to a
complex and synergistic degradation phenomenon known
as tribocorrosion-erosion, where mechanical wear from
impacting and sliding particles is accelerated by electro-
chemical corrosion, and vice versa#. The mechanical
action continually removes passive or protective surface
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layers, exposing fresh material to the corrosive electrolyte,
while corrosion can weaken the material surface, making
it more susceptible to mechanical removal .
Traditionally, suspension components such as washers,
bushings, and joints have been fabricated from metals
and their alloys, or more recently, from engineering
polymers ¢. While cost-effective, metallic components
are highly susceptible to corrosion, particularly galvanic
corrosion and crevice corrosion, when exposed to saline
road splash 7. Protective coatings can mitigate this but
are prone to being breached by erosive particle impacts,
leading to localized catastrophic corrosion 8. Engineering
polymers, while offering excellent corrosion resistance,
often lack the requisite mechanical stiffness, creep resis-
tance, and dimensional stability, especially under the wide
temperature fluctuations experienced inautomotive appli-
cations ?. This creates a compelling need for a new class
of materials that can provide superior resistance to the
coupled chemical and mechanical degradation mecha-
nisms inherent to the suspension environment 10.
Advanced engineering ceramics have emerged as
strong candidates for such demanding applications
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due to their exceptional hardness, high compressive
strength, chemical inertness, and thermal stability 11.
Among monolithic ceramics, alumina (Al,O3) is valued
for its extreme hardness and wear resistance, while
zirconia (ZrO,) is renowned for its exceptional fracture
toughness, a property not typically associated with
ceramics 12, However, monolithic alumina suffers
from inherent brittleness, making it prone to catas-
trophic failure from impact damage, while monolithic
zirconia has lower hardness and stiffness compared to
alumina 13. To overcome these individual limitations,
Zirconia-Toughened Alumina (ZTA) composites have
been developed. These materials ingeniously combine
the superior hardness and stiffness of an alumina
matrix with the toughening effect of dispersed zirconia
particles 14. The primary toughening mechanism in ZTA
is stress-induced phase transformation, where metastable
tetragonal zirconia (t-ZrO,) particles transform into the
more stable monoclinic phase (m-ZrO,) in the high-
stress field ahead of a propagating crack 1. This transfor-
mation is accompanied by a volume increase of approxi-
mately 3 -5 %, which generates compressive stresses that
oppose crack opening, thereby significantly enhancing
the material‘s fracture toughness 16. This unique combi-
nation of properties makes ZTA an outstanding candidate
for wear- and impact-resistant components like the insert
washers in suspension assemblies 17.

Despite the theoretical promise of ZTA for such appli-
cations, a significant gap exists in the scientific literature
regarding its performance under realistic, simulated road-
splash conditions. While numerous studies have investi-
gated the wear resistance 18 or corrosion behavior 19 of
ZTA in isolation, very few have explored the coupled
tribocorrosion-erosion phenomena that dominate in this
specific automotive context. The synergistic interactions
between mechanical particle impingement and saline
corrosion are poorly understood for this class of advanced
ceramics. Consequently, there is a critical need for a
systematic investigation to characterize the performance
of ZTA and elucidate the underlying degradation mecha-
nisms when it is subjected to a simulated road-splash
environment.

This research aims to address this knowledge gap
by conducting a comprehensive study on the tribocor-
rosion-erosion behavior of ZTA insert washers. The
primary objectives are: (1) to synthesize and charac-
terize high-density ZTA composites with systematically
varied zirconia content (10, 20, and 30vol%); (2) to
perform controlled tribocorrosion-erosion tests using a
custom-developed slurry jet impingement system with a
simulated road-splash medium containing silica abrasives
and a 3.5 % NaCl solution; (3) to benchmark the perfor-
mance of the ZTA composites against monolithic alumina
and yttria-stabilized zirconia (YSZ); and (4) to conduct
extensive post-mortem analysis using advanced character-
ization techniques to identify the dominant degradation
mechanisms, with a particular focus on the role of the
stress-induced phase transformation. The findings from
this work are expected to provide crucial performance data
and mechanistic insights, paving the way for the confident

design and implementation of durable advanced ceramic
components in next-generation automotive suspension
systems.

II. Materials and Methods

(1) Materials synthesis and sample preparation

Five distinct ceramic compositions were prepared for
this study to enable a comparative analysis. The baseline
materials were a monolithic alumina (designated A100)
and a monolithic 3 mol% yttria-stabilized zirconia (3Y-
TZP, designated Z100). The composite materials consisted
of Zirconia-Toughened Alumina with 10, 20, and 30
volume percent of 3Y-TZP, designated ZTA10, ZTA20,
and ZTA30, respectively. The starting powders were a
high-purity (99.99 %) a-Al,O3 powder (average particle
size 0.4 um) and a 3Y-TZP powder (average particle size
0.2 um).

For each ZTA composition, the requisite amounts of
Al,O5 and 3Y-TZP powders were weighed and mixed
by means of wet ball milling for 24 hours in an ethanol
medium using zirconia grinding balls to ensure homoge-
neous distribution 4. Following milling, the slurries were
dried in an oven at 80 °C for 48 hours, and the resulting
dried cakes were gently crushed and sieved through a 200-
mesh screen to break up softagglomerates. The monolithic
A100 and Z100 powders were processed similarly to
ensure a consistent processing history. The powders were
then uniaxially pressed into discs of 25 mm diameter and
5 mm thickness, followed by cold isostatic pressing (CIP)
at 200 MPa to achieve high green density and uniformity.
Sintering was performed in a high-temperature furnace
in an air atmosphere. The samples were heated at a rate
of 5K/min to a peak temperature of 1550 °C and held
for 2 hours to facilitate full densification, a temperature
known to promote good mechanical properties in ZTA
systems 20. The furnace was then cooled at a rate of
10 K/min. After sintering, the flat faces of the ceramic discs
were ground and polished to a mirror finish with a final
1 um diamond suspension for subsequent characterization
and testing.

(2) Pre-test material characterization

The bulk density and apparent porosity of the sintered
samples were determined using the Archimedes method
in distilled water, following ASTM C373 standards.
The phase composition of each material was analyzed
by means of X-ray Diffraction (XRD) using a diffrac-
tometer with CuK, radiation (A = 1.5406 A). Scans
were performed over a 20 range of 20° to 80° with
a step size of 0.02°. The quantitative phase analysis,
including the volume fractions of «-Al,O3, tetragonal
ZrO, (t-ZrO,), and monoclinic ZrO, (m-ZrO,), was
carried out using the Rietveld refinement method. The
microstructure of the sintered ceramics was examined
using a Field Emission Scanning Electron Microscope
(FE-SEM). For this, polished samples were thermally
etched at 1450 °C for 20 minutes to reveal the grain bound-
aries. The distribution of alumina and zirconia phases was
observed in backscattered electron (BSE) mode, where
the higher atomic number zirconia phase appears brighter
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than the alumina matrix 2!. The average grain sizes of
the alumina and zirconia phases were determined from
the SEM micrographs using the linear intercept method
according to ASTM E112.

The mechanical properties of the materials were
thoroughly evaluated. Vickers hardness (Hv) was
measured on the polished surfaces using a microhardness
tester with a load of 9.8 N (1 kgf) and a dwell time of
15 seconds, following ASTM C1327. At least ten inden-
tations were made for each sample to ensure statistical
reliability. The apparent fracture toughness (Ky.) was
estimated using the indentation fracture (IF) method from
the lengths of the radial cracks emanating from the corners
of the Vickers indents, calculated using the equation
proposed by Anstis et al. 22. Because indentation-derived
K. in transformation-toughened ceramics can be influ-
enced by local residual stresses and transformation-related
crack shielding around the indent, the values reported
here are used primarily for relative comparison within
the present material set rather than as absolute material
constants.

(3) Tribocorrosion-erosion test

A custom-built slurry jet erosion-corrosion apparatus
was designed and fabricated to simulate the harsh condi-
tions of road splash. The setup consisted of a 10-liter
temperature-controlled slurry reservoir equipped with
a magnetic stirrer to maintain a uniform suspension
of abrasive particles. A peristaltic pump circulated the
slurry through a closed loop to a nozzle with a 3 mm
inner diameter. Because peristaltic delivery can super-
impose temporal pulsation on the mean flow, the imposed
hydraulic condition is treated here as a nominal mean
laboratory jet condition rather than a perfectly time-
invariant impact field. The ceramic disc sample was
mounted in a specialized holder that also served as
a three-electrode electrochemical cell, with the sample
acting as the working electrode, a platinum mesh as the
counter electrode, and a saturated Ag/AgCl electrode as
the reference electrode. For electrochemical testing, the
exposed working area was restricted to the central jet-
impinged region defined by the cell geometry; accord-
ingly, area-normalized current densities are interpreted
comparatively across identically mounted specimens.

The simulated road-splash medium was meticulously
prepared for each test. The corrosive electrolyte was a
3.5wt% NaCl solution in deionized water, a standard
concentration used to simulate seawater and de-icing
salt environments. The abrasive component was silica
(S10,) sand with a defined particle size distribution
of 200-300 um23. The slurry was prepared with a
solids concentration of 10wt%. The test parameters
were held constant for all experiments: the slurry jet
was directed at the center of the sample surface at
an impingement angle of 45° from a nozzle-to-sample
distance of 10 mm. The apparatus was operated at
a nominal mean slurry jet velocity of 10 m/s. This
velocity-angle combination was selected as a controlled
laboratory analogue for oblique road-splash attack on
exposed suspension interfaces, where saline droplets and

entrained particles strike underbody components under
mixed normal and tangential loading rather than purely
normal impact; in this context, 45° captures simultaneous
cutting and impact components, while 10 m/s provides a
moderate but repeatable impingement severity relevant to
splash-driven erosion-corrosion conditions 2326, Direct
single-particle velocimetry at the nozzle exit was not
performed in the present study, so the quoted velocity
should be interpreted as the nominal mean hydraulic
condition rather than an independently measured particle-
impact velocity. Each test was conducted at a constant
temperature of 25 + 1 °C for a total duration of 24 hours.

(4) Performance evaluation and post-test analysis

The degradation of the samples was monitored with
both gravimetric and electrochemical methods. The
mass of each sample was measured at 4-hour intervals
throughout the 24-hour test using a precision analytical
balance (£0.01 mg) after careful cleaning and drying.
The cumulative mass loss was converted to volume loss
using the measured density of each material to provide a
normalized comparison of material removal 24,25,

Electrochemical measurements were performed using
a potentiostat connected to the three-electrode cell.
The Open Circuit Potential (OCP) was continuously
monitored for 30 minutes before, during the entire
24-hour test, and for 30 minutes after the slurry jet was
stopped to observe the processes of surface depassivation
and repassivation. Potentiodynamic polarization scans
were conducted from —250 mV to + 250 mV versus OCP
at a scan rate of 0.167 mV/s to determine the corrosion
potential (E.,,) and corrosion current density (i.o,,) both
before and after the 24-hour exposure. Electrochemical
Impedance Spectroscopy (EIS) was also performed at the
OCP over a frequency range from 100 kHz to 10 mHz
with a 10 mV AC perturbation to analyze the properties
of the material-electrolyte interface 26. Because prolonged
slurry impingement may perturb the exact edge condition
of the exposed zone, the absolute current-density values
are interpreted cautiously, whereas relative trends among
identically mounted specimens are considered more
robust.

After the completion of the tests, the worn surfaces were
subjected to extensive characterization. The morphology
of the wear scars was examined in detail using SEM to
identify the dominant material removal mechanisms.
The topography and volume of the wear craters were
quantified using 3D optical profilometry. To inves-
tigate the role of the toughening mechanism, XRD
analysis was performed on wear-scar-centered regions
to assess the stress-induced tetragonal-to-monoclinic
ZrO, phase transformation. Because the finite beam
footprint may partially sample adjacent unworn material,
the resulting monoclinic fractions are interpreted as
localized, semiquantitative measures of transformation
within the damaged zone rather than perfectly crater-
confined absolute values. This was compared against the
XRD data from the as-sintered, unworn surfaces.
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III. Results and Discussion

(1) Characterization of as-sintered materials

The physical, microstructural, and mechanical
properties of the five sintered ceramic compositions are
fundamental to understanding their subsequent perfor-
mance under tribocorrosion-erosion conditions. The
densification behavior, phase assemblage, microstructure,
and baseline mechanical integrity were thoroughly
evaluated and are summarized in Tables 1 and 2.

All fabricated materials achieved high relative densities
exceeding 99.5 %, indicating that the selected sintering
cycle of 1550 °C for 2 hours was effective in producing
nearly fully dense bodies with minimal residual porosity.
This is crucial as porosity can act as a stress concen-
trator and initiation site for fracture, severely degrading
mechanical performance. The Vickers hardness results
followed a predictable trend: monolithic alumina (A100)
exhibited the highest hardness (18.2 GPa), consistent
with its intrinsic properties2”. With the progressive
addition of the softer 3Y-TZP phase, the hardness of the
ZTA composites gradually decreased, reaching 16.7 GPa
for ZTA30. Monolithic 3Y-TZP (Z100) had the lowest
hardness at 13.1 GPa. Conversely, the fracture toughness
showed a dramatic improvement with the incorporation
of zirconia. Monolithic alumina displayed a modest
toughness of 3.6 MPa-m!/2, The addition of just 10vol%
3Y-TZP in ZTA10 nearly doubled the toughness to
6.4 MPa-m1/2. The toughness peaked at 8.1 MPa-m!/2
for the ZTA20 composition, representing a 125 %
increase over monolithic alumina. Further increasing
the zirconia content to 30vol% (ZTA30) resulted in a
slight decrease in toughness to 7.7 MPa-m!/2. This non-
linear behavior suggests an optimal zirconia concentration
for maximizing the transformation toughening effect 18.
The Z100 sample showed a toughness of 6.1 MPa-m1/2,
superior to A100 but significantly lower than the
optimized ZTA20 composite. These indentation-based
Kj. values are therefore discussed here as comparative
indicators of crack-resistance trends within a common
test protocol, rather than as rigorous absolute toughness
constants for transformation-toughened ceramics.

The XRD patterns of the as-sintered materials are
presented in Fig.1. The patterns confirm the expected
phase compositions. The A100 pattern shows only peaks

corresponding to ®-Al,O3 (corundum), and the Z100
pattern is dominated by peaks of the tetragonal ZrO,
phase, indicating that the 3mol% yttria was highly
effective in stabilizing this metastable phase at room
temperature. The patterns for ZTA10,ZTA20, and ZTA30
show a combination of peaks from both «-Al,O; and
t-ZrO,. Crucially, the intensity of peaks corresponding
to the monoclinic ZrO, phase (e.g., near 28.2° and 31.5°
20) is negligible across all zirconia-containing samples,
confirming that the processing and cooling steps did not
induce premature transformation 14

Intensity (a.u.)

20 30 40 50 60 70 80
26 (degrees)

Fig. 1: XRD patterns of the as-sintered ceramic materials.

The quantitative phase analysis and microstructural
parameters derived from XRD and SEM are detailed in
Table 2. The measured phase fractions are in excellent
agreement with the nominal compositions. The average
grain size of the alumina matrix in the ZTA composites
was observed to decrease with increasing zirconia content,
from 2.2 um in ZTA10 to 1.8 um in ZTA30, compared to
2.5 wm in monolithic A100. This demonstrates the well-
known grain growth inhibiting effect of the second-phase
zirconia particles, which pin the alumina grain boundaries
during sintering 28. The zirconia grains themselves were
significantly finer, with an average size of approximately
0.3-0.5 um, and were found to reside primarily at the
grain boundaries and triple junctions of the larger alumina
grains, as well as within some larger alumina grains (inter-
granular and intragranular distribution).

Table 1: Physical and mechanical properties of as-sintered ceramic materials.

Material ID Composition (vol%) Bulk Density Relative Density

Vickers Hardness  Fracture Toughness,

(g/cm?3) (%) (GPa) K;. (MPa-m!/2)
A100 100% Al,O; 3.96 99.5 18.2+0.4 3.6+0.2
ZTA10 90% Al,O3, 10% 4.15 99.6 17.6+0.3 6.410.3
3Y-TZP
ZTA20 80% Al,O3, 20% 4.34 99.7 17.1£0.3 8.1£04
3Y-TZP
ZTA30 70% Al,Os3, 30% 4.53 99.5 16.7 £ 0.4 7.710.4
3Y-TZP
7100 100% 3Y-TZP 6.02 99.8 13.1+0.2 6.1£0.3
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Table 2: Phase composition and microstructural parameters of as-sintered materials.

Material ID  «-Al,O; (vol%) t-ZrO, (vol%) m-ZrO, (vol%) Al,O; Grain Size  ZrO, Grain Size
(um) (um)

A100 100 - - 25+0.6 -

ZTA10 89.8 10.2 <0.1 22+05 0.3+£0.1

ZTA20 80.1 19.9 <0.1 20+04 0.4+0.1

ZTA30 70.3 29.7 <0.1 1.8+0.4 0.5+0.1

7100 - 99.9 <0.1 - 0.4+0.1

(a) A100

€Y Yr 3 A ‘.\r\.")

.t

Fig. 2: BSE SEM micrographs of the as-sintered microstructures of (a) A100, (b) ZTA10, (c) ZTA20, (d) ZTA30, and (e) Z100.

Fig.2 presents the backscattered electron SEM micro-
graphs, which visually corroborate these findings. The
monolithic A100 shows a dense, equiaxed grain structure.
The fine-grained microstructure of monolithic Z100.
The composite microstructures clearly show the bright
3Y-TZP particles (higher atomic number) homoge-
neously dispersed within the darker alumina matrix.
The inter- and intragranular distribution of the zirconia
particles is evident. This fine and uniform dispersion is
essential for the effective operation of the transformation
toughening mechanism, as it ensures that any propagating
crack is likely to interact with the toughening phase 2.
The combination of high hardness from the continuous
alumina matrix and high toughness imparted by the
dispersed zirconia phase provides these ZTA composites
with a balanced and superior set of initial mechanical
properties compared to their monolithic constituents.

(2) Tribocorrosion-erosion bebavior: volumetric loss
analysis

The material removal due to the synergistic action of
mechanical erosion by silica particles and corrosion by
the 3.5 % NaCl solution was quantified by measuring the

cumulative volume loss over the 24-hour test duration.
The results, plotted in Fig. 3a, reveal distinct differences in
the performance of the five ceramic materials. All samples
exhibited an initial transient period of higher material loss,
followed by a transition to a steady-state erosion rate, as
indicated by the linear progression of volume loss over
time.

The monolithic alumina, A100, demonstrated the
poorest performance, suffering the highest total volume
loss of 0.86 mm? after 24 hours. Its behavior is charac-
teristic of a hard but brittle material under erosive
attack. The impacting silica particles, although softer
than alumina, possess sufficient kinetic energy to cause
localized Hertzian contact stresses that exceed the fracture
strength of the material, leading to the initiation and
propagation of microcracks 39. The dominant material
removal mechanism is brittle fracture, involving lateral
and radial cracking, which results in the detachment of
entire grains or large fragments (grain pull-out), leading
to a high rate of volume loss 31.

In contrast, monolithic zirconia, 2100, showed signif-
icantly better resistance, with a total volume loss of
0.41 mm?, less than half that of A100. Despite its lower
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hardness, Z100‘s substantially higher fracture toughness
allows it to absorb more impact energy through plastic
deformation and stress-induced phase transformation
before fracture occurs32. This reduces the extent of
cracking and shifts the material removal mechanism
towards a more ductile mode involving ploughing and
cutting, resulting in a lower material removal rate 33, 34.

The ZTA composites exhibited superior performance
compared to both monolithic constituents. The volume
loss for ZTA10, ZTA20, and ZTA30 was 0.22 mm?3,
0.15 mm?, and 0.29 mm?, respectively. Notably, the ZTA20
composition displayed the lowest volume loss, achieving
a nearly six-fold improvement in resistance compared
to monolithic alumina and a 2.7-fold improvement over
monolithic zirconia. This highlights the powerful syner-
gistic effect of combining the two phases. The hard
alumina matrix provides the primary resistance to inden-
tation and abrasion from the slurry particles, while the
finely dispersed zirconia particles act as a crucial defense
against crack propagation. When a microcrack is initiated
in the alumina matrix by an impact, its propagation is
impeded as it encounters the high-stress compressive
field generated by the t—m transformation of a nearby
zirconia particle 3. This mechanism effectively dissipates
the impact energy, arrests crack growth, and prevents the
large-scale brittle fracture observed in A100.

The steady-state erosion rates, calculated from the linear
portion of the curves in Fig. 3a, are presented in the bar
chart in Fig.3b and summarized in Table3. The trend
mirrors the total volume loss, with ZTA20 exhibiting
the lowest steady-state erosion rate of 5.9 x 10-3 mm?/h.
The performance ranking is clear: ZTA20 > ZTA10 >
ZTA30>7100 > A100. The fact that ZTA20 outperforms
ZTA30 suggests that there is an optimal zirconia content.
While increasing zirconia content enhances toughness, it
simultaneously reduces hardness. The superior perfor-
mance of ZTA20 indicates that it strikes the ideal balance
between hardness (resisting initial particle penetration)
and toughness (resisting subsequent crack propagation)
for the specific conditions of this tribocorrosion-erosion
test 36,

10
(a) [— =
e

08 ZTA30

3

—
O
o~

s

g

=
S

Volume Loss (mm?)
°
&

Erosion Rate (102 mm?¥/h)
& 8

o
3
g

°
S

o

o

5 10 15 20 2 A100 7Tt 7120 7TA%0 7100
Time (h)

Fig. 3: (a) Cumulative volume loss as a function of time for all five
ceramic materials under slurry jet tribocorrosion-erosion testing.
(b) Steady-state erosion rates calculated from the linear region of
the volume loss curves. .

Table 3: Steady-state erosion rate and post-test surface
roughness.

Material ID Steady-State Average
Erosion Rate Roughness (Ra)
(103 mm?3/h) of Wear Scar (um)

A100 34.5 1.85

ZTA10 8.8 0.62

ZTA20 5.9 0.45

ZTA30 11.2 0.78

7100 16.1 0.95

(3) Analysis of electrochemical bebavior

While ceramics are generally considered corrosion-
resistant, the continuous mechanical damage from particle
impingement can alter their surface chemistry and electro-
chemical response. Fig.4 displays the evolution of the
Open Circuit Potential (OCP) for each material before,
during, and after the slurry jet impingement. Before the
test (t < 0), all samples exhibited a stable OCP, indicative
of a passive surface in the NaCl solution. Upon initiation
of the slurry jet (at t = 0), a sharp and immediate drop in
OCP was observed for all materials. This negative shift
signifies a transition to a more active surface state, caused
by the mechanical removal of any pre-existing passive
layers and the generation of a fresh, damaged surface with
high-density defects like microcracks and strained bonds,
which are more electrochemically active 37. Throughout
the 24-hour test, the OCP remained at this lower,
fluctuating potential. These oscillations are attributed to
repeated depassivation and partial repassivation under
particle impingement, with a likely additional contri-
bution from flow pulsation associated with peristaltic
pumping 3839, Accordingly, the OCP fluctuations are
interpreted qualitatively as indicators of dynamic surface
activation rather than as a purely stochastic signature of
single-particle impacts. After the slurry jet was stopped
(t > 24 h), the OCP began to slowly drift back towards
more positive values, indicating a gradual repassivation
or stabilization of the damaged surface. The magnitude
of the initial OCP drop was most pronounced for A100,
followed by Z100, and was least significant for the ZTA
composites, particularly ZTA20. This suggests that the
ZTA20 surface is more resilient to mechanical depassi-
vation, aligning with its superior material loss perfor-
mance.

The potentiodynamic polarization curves, shown in
Fig.5, provide quantitative insights into the corrosion
behavior. Before erosion (Fig. 5a), all materials displayed
very low corrosion current densities (i.o,,), character-
istic of highly passive materials. After 24 hours of tribo-
corrosion-erosion (Fig.5b), the polarization curves for
all samples shifted towards higher current densities,
confirming that the mechanical damage increased their
electrochemical activity. The extracted corrosion param-
eters are listed in Table 4. While the absolute i.,, values
remain low compared to metals, the relative changes are

significant. A100 showed the largest increase in 1.y
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consistent with its extensive surface damage. The ZTA
composites, especially ZTA20, maintained the lowest
1.orr values after the test, indicating a greater ability to
resist electrochemical degradation even in a mechanically
damaged state.

| A100 ZTA10 ZTA20 ZTA30
0.0 T T

Z100|

Potential (V vs SCE)
o
w
T

_O.GIIIIIIIIlIiIl
2 0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time (h)

Fig. 4: OCP evolution versus time for the ceramic samples in 3.5 %

NaCl slurry.

Further analysis was conducted using Electrochemical
Impedance Spectroscopy (EIS). The Nyquist plots in
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Fig. 6 show the impedance response before and after the
test. Before testing (Fig. 6a), all materials exhibit very
large, semi-circular arcs, indicative of a high apparent
polarization resistance and a highly capacitive surface.
For ceramic-electrolyte interfaces, however, the semicircle
diameter can reflect combined contributions from inter-
facial charge transfer, defect or pore pathways, and non-
ideal capacitive behavior; therefore it is discussed here as
an overall interfacial impedance response rather than as a
rigorously isolated charge-transfer resistance 40. After 24
hours of tribocorrosion-erosion (Fig. 6b), the diameters
of the semicircles for all materials decreased dramati-
cally, signifying a substantial reduction in apparent polar-
ization resistance. This confirms that the erosion damage
severely compromised the protective nature of the ceramic
surfaces, creating easier pathways for interfacial electro-
chemical reactions. Consistent with all other data, the
post-test Nyquist plot for ZTA20 retained the largest
diameter, confirming it maintained the most corrosion-
resistant surface among the tested materials. The electro-
chemical results, while secondary to the massive material
loss from mechanical erosion, consistently support the
performance ranking derived from the volume loss data
and demonstrate that the ZTA composites, particularly
ZTA20, possess asuperior ability to withstand the coupled
chemical-mechanical attack.
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Fig. 5: Potentiodynamic polarization curves for the ceramic materials in 3.5 % NaCl solution (a) before and (b) after 24 hours of tribocorrosion-

erosion testing.



8 Journal of Ceramic Science and Technology — Zhi Yang 2026

Table 4: Electrochemical parameters derived from potentiodynamic polarization.

Material ID E_corr (V vs Ag/ i_corr (nA/cm?) E_corr (V vs Ag/ i_corr (nA/cm?)
AgCl) - Before Test - Before Test AgCl) - After Test - After Test
A100 -0.15 1.2 -0.38 25.6
ZTA10 -0.18 1.5 -0.35 11.4
Z'TA20 -0.17 1.3 -0.33 8.9
ZTA30 -0.20 1.8 -0.36 14.5
7100 -0.22 2.5 -0.41 19.8
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Fig. 6: Nyquist plots from EIS measurements for all materials (a) before and (b) after 24 hours of tribocorrosion-erosion testing.

(4) Analysis of surface degradation mechanisms

To elucidate the physical mechanisms responsible for the
observed differences in performance, the wear scars were
meticulously examined using SEM and 3D profilometry.
The SEM micrographs in Fig. 7 provide compelling visual
evidence of the distinct degradation modes for each
material. The surface of A1001s characterized by extensive
brittle fracture. Widespread intergranular cracking is
visible, and numerous locations show evidence of entire
grains having been dislodged (grain pull-out), leaving deep
cavities. This mode of material removal is inefficient in
terms of energy absorption and leads to rapid surface
degradation and the high volume loss observed.

The wear scar on Z100 presents a different morphology.
While some micro-cracking is present, the surface also
exhibits shallow ploughing grooves and microcutting
features created by the scraping action of the silica
particles. This behavior is consistent not only with the
higher toughness of zirconia, but also with the relatively
small hardness contrast between Z100 (13.1 GPa) and
silica erodent particles (typically about 10-12 GPa), a
regime in which brittle-material erosion is less dominated
by catastrophic lateral cracking and more influenced by
mixed ploughing and crushing processes 36:41. Conse-
quently, Z100 can absorb alarger fraction of impact energy
before fragment detachment occurs, resulting in lower
material loss than alumina.

The ZTA composites display a hybrid degradation
mechanism that leverages the strengths of both
constituents. The wear scar on the best-performing

ZTA20 sample is remarkably smoother than that of A100.
While some ploughing is visible on the alumina grains, the
most significant feature is the absence of large-scale grain
pull-out. High-magnification images reveal microcracks
that have been arrested or deflected upon intersecting
with the zirconia particles. This crack interaction is the
macroscopic manifestation of the transformation tough-
ening mechanism at work, preventing small-scale damage
from coalescing into catastrophic material removal 4>. The
degradation appears to be a more controlled, layer-by-
layer removal process rather than the wholesale ejection of
material seen in A100. The surfaces of ZTA10 and ZTA30
show slightly more damage than ZTA20, consistent with
their intermediate volume loss performance.

The 3D optical profilometry images in Fig. 8 provide
a quantitative, macroscopic view of the wear scars. The
images visually confirm the severity of material loss, with
the A100 sample exhibiting the deepest and widest wear
crater. The ZTA20 crater is clearly the most shallow and
narrow, corroborating the gravimetric data. The surface
roughness (Ra) within the wear scar was also measured
(Table4). The heavily damaged A100 surface was the
roughest (1.85 um), while the ZTA20 surface was the
smoothest (0.45 wm). The smoother surface of ZTA20
is advantageous as it presents fewer stress-concentrating
features for subsequent particle impacts, contributing to
its lower steady-state erosion rate.
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Fig. 7: SEM micrographs of (a) A100, (b) ZTA10, (c) ZTA20, (d) ZTA30, (e) Z100 after 24 hours of tribocorrosion-erosion testing.
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Fig. 8: 3D optical profilometry images of the wear craters on the surfaces of (a) A100, (b) ZTA20, and (c) Z100 after 24 hours of testing.

The definitive evidence of the active toughening
mechanism is provided by the XRD analysis of the
wear scars, shown in Fig. 9. Compared to the as-sintered
patterns, the XRD patterns from the worn surfaces of
7100, ZTA10, ZTA20, and ZTA30 show the distinct
emergence and growth of peaks corresponding to the
monoclinic zirconia (m- ZrO,) phase. This is direct
evidence of the stress-induced martensitic transfor-
mation from t-ZrO, to m-ZrO, occurring in response
to the high stresses generated by the particle impacts 46.
Quantitative Rietveld analysis, centered on the wear-
scar region, indicated that the monoclinic phase fraction
within the damaged zone of the ZTA20 sample increased
from <0.1 % to approximately 45 %. The ZTA10 and
ZTA30 samples showed corresponding localized trans-

formed fractions of about 38 % and 42 %, respectively,
while the Z100 sample reached about 55 %. Because the
finite X-ray footprint can partly average the crater with
adjacent unworn surface, these values should be inter-
preted as semiquantitative wear-zone estimates rather
than perfectly crater-confined absolute phase fractions.
The substantial transformation in the ZTA samples
confirms that this energy-dissipating mechanism was
highly active and is the primary reason for their enhanced
toughness and superior erosion resistance. The fact that
7100 transformed more but performed worse than the
ZTA composites suggests that the toughening mechanism
alone is not sufficient; it must be paired with the high
hardness of the alumina matrix to achieve optimal perfor-
mance against abrasive and erosive wear.
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Fig. 9: XRD patterns taken from within the wear scars after 24 hours
of tribocorrosion-erosion testing.

IV. Conclusions

This comprehensive investigation successfully evaluated
the performance of Zirconia-Toughened Alumina (ZTA)
composites as a potential material for automotive
suspension insert washers operating under severe tribo-
corrosion-erosion conditions. A simulated road-splash
environment, consisting of a 3.5% NaCl slurry with
200-300 um silica sand abrasives, was used to assess the
material degradation in a slurry jet impingement test.

The key findings of this study can be summarized as

follows:

1. High-density (>99.5 %) ZTA composites with 10, 20,
and 30vol% 3Y-TZP were successfully fabricated.
The incorporation of zirconia significantly enhanced
the fracture toughness, with the ZTA20 composition
achieving a peak toughness of 8.1 MPa-m1/2, a 125 %
improvement over monolithic alumina.

2. Under coupled tribocorrosion-erosion conditions, the
ZTA composites demonstrated vastly superior resis-
tance to material loss compared to both monolithic
alumina (A100) and monolithic yttria-stabilized
zirconia (Z2100). The ZTA20 composition exhibited
the best performance, with a steady-state erosion rate
nearly six times lower than that of alumina.

3. The superior performance of ZTA is attributed to
a synergistic combination of high hardness provided
by the alumina matrix and high fracture toughness
imparted by the zirconia dispersoids. Post-test analysis
confirmed that the primary degradation mechanism
in alumina was brittle fracture and grain pull-out,
whereas the ZTA composites resisted material removal
through the activation of stress-induced tetragonal-
to-monoclinic phase transformation in the zirconia
phase. This energy-dissipating mechanism was directly
verified by XRD analysis of the wear scars, which
showed a significant increase in the monoclinic phase
fraction.

4. Electrochemical measurements indicated that while
all ceramics are inherently corrosion-resistant,
the mechanical damage from erosion significantly
increases surface electrochemical activity. The ZTA
composites, particularly ZTA20, maintained a

more electrochemically stable and resistant surface
compared to the monolithic ceramics after prolonged
exposure.

In conclusion, Zirconia-Toughened Alumina, specifi-
cally the composition with 20vol% zirconia, has been
identified as an exceptionally promising material for
suspension components. Its unique ability to combine
hardness with toughness through the transformation
toughening mechanism provides outstanding resilience
in harsh environments where coupled mechanical wear
and corrosion are prevalent. The results of this study
provide a strong basis for the adoption of ZTA ceramics to
enhance the durability, reliability, and lifespan of critical
automotive components. Future work should focus on
long-term field trials and the investigation of performance
under a wider range of temperatures and abrasive condi-
tions.
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