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Abstract

In this work, we prepared mullite-zirconia/zirconia pre-stressed composites with excellent mechanical properties by
means of pressureless sintering. Both the strength and toughness of zirconia could be significantly enhanced with the
application of a pre-stressed coating. The optimal mechanical properties were obtained when the content of mullite in
the coating was 40 wt%. The corresponding flexural strength and fracture toughness were 1250.48 + 43.81 MPa and
12.39+0.87 MPa-m1/2, an improvement of 39.15 % and 26.8 % compared with the values of zirconia, respectively. Basis
for this reinforcement mechanism is that the achieved residual compressive stresses in the mullite-zirconia coating can
simultaneously improve the strength and prevent crack propagation. The outstanding properties of mullite-zirconia/
zirconia pre-stressed composites make these promising candidates for advanced manufacturing.
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I. Introduction

Zirconia ceramics have excellent properties such as high
hardness, high-temperature resistance, excellent corro-
sion resistance, and outstanding wear resistance. These
qualities have led to the widespread use of zirconia ceram-
ics in various fields, including aerospace, vehicles, elec-
tronics and information technology, and biomedical ap-
plications 1-2. However, the brittleness of ceramic mate-
rials significantly restricts the broader utilization of zir-
conia ceramics. To overcome this limitation, researchers
have developed various methods for strengthening and
toughening 3. Currently employed toughening techniques
for ZrO, ceramics include fiber/whisker reinforcing 46,
particle toughening 7—9, phase transformation toughen-
ing 190-13 among others. Nevertheless, these methods ex-
hibit certain drawbacks. Firstly, none of these approaches
can simultaneously enhance both strength and toughness.
Secondly, the effectiveness provided by different meth-
ods is limited and they are constrained by process con-
ditions such as cost considerations or limitations related
to shape and size requirements 14. These aforementioned
issues can be effectively addressed with the pre-stressed
coating method.

Pre-stressed design necessitates fulfillment of several cri-
teria. In order to achieve surface compressive stresses dur-
ing the cooling process, a lower coefficient of expansion
but a higher modulus of elasticity are required for the
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coating material compared to that of the matrix material.
Moreover, the coating material must be compatible with
sintering processes while being suitably matched with ma-
trix material. Bao et al. 1517 utilized the coating method
to apply a coating with a low coefficient of thermal expan-
sion onto a ceramic matrix, followed by pressureless sin-
tering to obtain pre-stressed coated ceramic composites.
During the cooling process, a layer of highly compressive
stress can be formed on the surface of the composite due to
the difference in shrinkage volume between the matrix and
coating. Pre-stressed ZrO, ceramics coated with Al,O5
achieved a flexural strength of (1330 + 52) MPa, which
was 45 % higher than that of uncoated counterparts. Sim-
ilarly, the flexural strength of building porcelain tiles in-
creased by 70 %, from (67 £ 3) MPa to (114 + 5) MPa 15.
Hao et al. 18 employed this simple preparation method
to enhance the flexural strength of mullite-aluminum pre-
stressed ceramics by 37.19 % (from 400 MPa to 549 MPa),
demonstrating excellent resistance against thermal shock
and high-temperature flexural strength. Compared with
other toughening methods, pre-stressing is more effective
in enhancing materials while maintaining simplicity.
Because the thermal expansion coefficient of mullite is
4~5.,5x 10"6K-1, lower than that of zirconia (11.27 x 10-6K-1
at 1100 °C), and Young‘s modulus of mullite is 210 GPa,
higher than that of zirconia (205.76 GPa), and the mul-
lite coating material is compatible with zirconia during
sintering processes, the mullite-zirconia coating was se-
lected to improve the strength and toughness of zirco-
nia. In this study, the green bodies of ceramic compos-
ites were obtained by immersing the zirconia matrix
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Table 1: Physical and chemical indicators of fused mullite.
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Material Den- Al,O4 Si0, Fe,O; TiO, CaO MgO
sity(g/cm3)
Fused Mullite 3.02 72.6% 25.6% 0.01% 0.01% 0.17% 0.08%
Table 2 The mass ratio of zirconia to mullite in coating of each group.
Sample Zirconia(g) Mullite(g) PVB(g) Castor oil(g) Ethanol (mL)
S1 (Owt%) / / / / /
$2 (20 wt%) 16 4 1 0.1 80
$3 (30 wt%) 14 6 1 0.1 80
S4 (40wt%) 12 8 1 0.1 80
S5 (50 wt%) 10 10 1 0.1 80

in mullite-zirconia slurry, followed by pressureless co-
sintering to produce pre-stressed composites. Systematic
investigations were conducted on the mechanical proper-
ties of the composites, as well as performance parameters
such as the density, Young‘s modulus and thermal expan-
sion coefficient of both the composites and matrix. Fur-
thermore, residual stress was calculated to explain the en-
hancement mechanism of pre-stress coating.

II. Experimental Method

(1) Preparation of materials

The solvent used in this study was ethanol (Modern Ori-
ent Technology Development Co., Ltd., China), and mix-
tures of fused mullite (Plutonium Casting Materials Co.,
Ltd., China, D5y = 17 pum, the chemical composition is
shown in Table 1) with mass fractions of 20 wt%, 30 wt%,
40wt% and 50 wt% were combined with 3 mol% yt-
tria partially stabilized zirconia powder (Shanghai Xin-
chao Welding Material Co., Ltd., China, D5q = 0.02 um).
Polyvinyl butyral (Shanghai Macklin Biomedical Co.,
Ltd., China) and castor oil (Shanghai Macklin Biomedical
Co., Ltd., China) were added to mixture, which was then
subjected to ball milling in a planetary ball mill (YXQM-
1L, MITR, China) at a speed of 300 r/min for 4 h using a
ball-to-material ratio of 10: 1. This process resulted in the
formation of a uniformly dispersed mixture slurry.

A prefabricated 3 mol.% yttria partially stabilized green
zirconia substrate with dimensions of 60 mm x 60 mm x 2 mm
was prepared with the sol-gel method (Zhisheng Kuangye
Co., Ltd., China, D5q = 0.4 um) and cut into samples
measuring 40 mm x 4.5 mm x 2 mm. The surfaces of the
substrate were polished and chamfered using 2 000-mesh
sandpaper.

The prepared matrix was immersed in the slurry and
subsequently dried, with the coating thickness being
controlled by adjusting the number of dips. The dried
composite ceramics were pressureless-sintered in air at
a temperature of 1550 °C for a duration of two hours,
with a heating rate of 5 K/min. Then, they were cooled to
room temperature within the furnace. The resulting sin-
tered specimens had dimensions approximately equal to

32 mm x 3.5 mm x 2 mm, with an average coating thick-
ness around both upper and lower sides measuring ap-
proximately 25 um. Specifically, S1 represents the zirco-
nia matrix while S2 — S5 represent pre-stressed ceramic
composites prepared using different mullite contents as
indicated in Table 2.

(2) Testing and Characterization

The phase structures of the coating and matrix were
determined with an X-ray diffractometer (D8 Advance
Diffractometer, Bruker, Germany). The morphology ob-
servations of the samples were conducted on a scanning
electron microscope (SEM, Quanta 250 FEG, FEI Com-
pany, American), equipped with energy-dispersive spec-
trometer (EDS) for elemental composition analysis. The
flexural strength and fracture toughness of samples were
tested with a microcomputer-controlled electronic uni-
versal testing machine (Model C45, MTS, American) with
a span of 30 mm and a loading rate of 0.5 mm/min, five
samples were tested. Furthermore, the thermal expan-
sion coefficient of samples was measured with a ther-
mal dilatometer (DIL 402C, Linseis, Germany) during
stepwise heating from room temperature to 1400 °C at
a heating rate of 5 K/min. The Young’s modulus samples
were measured with the impulse excitation method (JC/T
2172-2013).

The Archimedes’ drainage method was used to obtain
the density of the composites and matrix. The relative
method 19 was used to test the density of the coating. The
calculation formula is:

L_(l_kj ! 1
p. \P p)l-k o
where k=2 p_is the density of the coating (kg/m3); mg
and m are the dry weights (kg) of the matrix and compos-
ites at the same volume; p, and p are the densities (kg/m?3)
of the matrix and composites, respectively.

A three-point bending 20 test was used to determine
the flexural strength of the samples. The fracture tough-
ness of the specimens was obtained using the Single-Edge

Notched Bending (SENB) Method. The notch had a depth
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of 1.45 £ 0.05 mm and a width of 0.1 mm. The fracture
toughness was calculated 21 as:

/ 3 2 3 4
K, =PNax10” 1.93—3.07[1]“4.53[1) —25.11[1] +25.so(i)
2WH? H H H H )

where K¢ is the specimen fracture toughness, o is the
specimen notch depth, P the maximum load that the spec-
imen can bear in N, L is the experimental span of the uni-
lateral notched beam, Wis the specimen width and H is the
specimen thickness in mm.

Shear stress and normal stress are the two types of stress
that generally occur at the coating/substrate contact. In-
terfacial shear stress is the driving force of residual stress
in the coating, which is a function that increases from the
midpoint to both ends of the material, the maximum val-
ue is at both ends of the sample. So, the maximum resid-
ual stress in coating and substrate is at the midpoint, that
is & = 0. The residual stress is determined using the Non-
Uniform Strain Model, and the residual stress in the coat-
ing and substrate is calculated according to Eg. (3) and
Eq. (4) 22 respectively:

_ —(n+2)Aa-AT-EEM, (l—c._f””)

e = (n+1)(E.b +Eh,) 3)
(n+2)Aa-AT-EEh ...,
%= (n+1)(Eb.+Eh,) (1 ¢ ) *)

where o, E, Ao, AT, b are residual stress, elastic modu-
lus, thermal expansion coefficient difference, temperature
drop range and layer thickness, respectively, and the sub-
scripts ¢, s represent the coating and matrix, respectively,
and 7 is taken as 8.

III. Results and Discussion

(1) Synthesis and microstructure characterization

Fig. 1 displays the XRD pattern of the coating materials
and matrix after sintering. The XRD results indicate that
the sintered coating consists primarily of zirconia crys-
talline phases and mullite. No other impurity peaks were
detected. Furthermore, as the mullite content in the coat-
ing increases, the intensity of the mullite crystalline phase
diffraction peak gradually rises. The sintered matrix con-
sists solely of tetragonal phase zirconia, whereas mono-
clinic phase zirconia was observed in the coating. This ob-
servation may be attributed to the significant particle size
of the utilized mullite powder and the internal stress in
the coating induced during sintering and cooling, both
of which influenced the zirconia phase transition process.
Additionally, due to the presence of residual stress, the
peaks in the coating exhibit deviations.
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Fig. 1: XRD pattern of the coating materials and matrix after sin-
tering.

The density of the zirconia matrix measured with
Archimedes’ drainage method was 6.2 g/cm3. With the
increase in mullite content in the coating, the density
of the ceramic composites and coating continues to de-
crease (shown in Fig. 2). When the mullite content reached
50 wt%, the corresponding densities of ceramic compos-
ites and coating were 5.95 g/cm3 and 3.47 g/cm3, respec-
tively. The reason can be attributed to the low theoretical
density of mullite of 3.02 g/cm3, an increase in the con-
tent of mullite inevitably leads to a significant decrease in
density of the coating.
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Fig. 2: The density samples and the coating density of each group,
p. for coating density, p for composite density.

Fig. 3 shows the SEM and EDS images of the samples in
groups S2 — S5 after three-point bending experiments. In
order to better see the interface between coating and sub-
strate and the thickness of coating, EDS surface scanning
was performed on the cross-section. Due to the addition
of silica and alumina as sintering aids in the zirconia ma-
trix, Al element with lower content was chosen for scan-
ning. It can be observed that the coating thickness distri-
bution of each group was uniform, with a coating thick-
ness ranging approximately between 10 and 15 pm. Addi-
tionally, no distinct dividing line can be seen between the
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Coating

Fig. 3: SEM and EDS images of the fracture surface of each coating group.

coating and substrate, indicating that the coating and ma-
trix were closely bonded. The EDS surface scanning re- 125048
sults reveal a uniform distribution of aluminum within the
coating, with an increasing content of aluminum observed
as the mullite content increases.

Fig. 4 shows the SEM image of matrix after three-point
bending experiments. The fracture of the composites was
mainly transgranular and intergranular. There were only
a few pores present in the matrix after sintering, further
indicating dense sintering. Furthermore, its grain size was
approximately 1 pm, which was small and can enhance the
material‘s density, reduce pores and cracks, and contribute
to improving its strength and toughness.
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Fig.5: Curves of flexural strength and fracture toughness as a
function of mullite content.

i s
Intergraﬂulaar{c_ture dic different content of mullite and zirconia matrix at room

¥ \ - temperature. The flexural strength and fracture tough-

l P - : | ness of the ceramic composites increases significantly
with the support of pre-stressed coating. With the in-
crease in the content of mullite in the coating, the flexural
strength and fracture toughness of the pre-stressed com-
posites showed a trend of increasing and then decreas-
ing. The highest pre-stressed enhancement was achieved
when the content of mullite in the coating was 40 wt%,
the flexural strength increasing to (1250.48 + 43.81) MPa,
which was 39.15 % higher than that of the zirconia ma-
trix (898.67 £ 108.69 MPa). The fracture toughness of the
pre-stressed ceramic reached (12.39 + 0.87) MPa-m!/2,
Fig. 4: Scanning electron microscope images of the matrix. which was 26.8% higher than that of the zirconia matrix
(9.77£0.76 MPa-m1/2). It should be noted that the fracture
toughness results obtained using the SENB method may
potentially exhibit an overestimation. When the content
of mullite was increased to 50 wt%, the flexural strength
and fracture toughness began to decrease. The improved

(2) Mechanical properties

Fig.5 shows the flexural strength and fracture tough-
ness of the pre-stressed ceramic composites prepared with
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strength and toughness of the composites can be attributed
to the presence of residual compressive stress in the coat-
ing. This compressive stress counters the applied tensile
stress, inhibiting the expansion of microcrack tips. This
effectively enhances the composite‘s overall strength and
toughness.

Table 3 summarizes related articles on different toughen-
ing methods of ZrO, ceramics and mullite-ZrO, compos-
ites. Their preparation conditions and mechanical proper-
ties are also listed. The comparison of the results of this
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work with that of other researchers is shown in Fig. 6.
It is observed that in the methods of previous work, the
improvement of flexural strength and fracture toughness
cannot be taken into account at the same time, and of-
ten only one of the two properties clearly improved. No-
tably, the pre-stressed method not only achieves the pur-
pose of both strengthening and toughening, butisalso able
toachieve a higher rate of improvement compared to other
methods.

Table 3: Different toughening methods for ZrO, ceramics and mullite-ZrO, composites.

Mechanical properties

Toughening Sintering Materials Sintering Relative References
method process method  density (%) of(MPa) Kic(}\//[zl))a
‘m
Phase trans- 1500 °C Al,O3/ZrO,  Pressure- 98.4 / 5.4 23
formation (5 h, air) less sintering
toughening
1200 °C (4 h, air) TiO,/Ca-TZP  Pressure- 99.140.2 730420 9 24
less sintering
1450 °C 2YSZ Hot-pressed 99 1269 10.7 25
(1 h, vacuum) sintering
1200 °C Al,O3/YSZ SPS / 593 5.5 26
(10 min,
30 MPa,
vacuum)
Fiber/whisker ~ 1400 °C (1 h, ZrO, Oscilla- / 1376 6.7 27
reinforcing 25-35MPa, whisker/  tory pressure
air) 71O, sintering
1550 °C SiC whisker/  Oscilla- 98.54 528+20 6.671£0.33 28
(1h, Al,O43/ZrO, tory pressure
27.5-32.5MPa, sintering
vacuum)
1600°C Al,O5 short  Pressure- 98 760 9.2 29
(2 h, air) fiber/YTZP less sintering
1200 °C Al,O, SPS / 277+43 15.93+0.75 30
(10 min, fiber/YSZ
30 MPa,
vacuum)
1600 °C mul- Pressure- 96.2+0.2 3.940.2 31
(5h, air) lite/ZrO,  less sintering
Particle 1500°C Ta/ZrO, Pressure- 95 697121 1410.47 32
toughening (2h, argon) less sintering
1400°C (1h, Nb/YTZP Hot pressed / 800£10 / 33
45 MPa, argon) sintering
1550 °C HfB,/ZrO, Hot pressed / 1093.06+24  8.17£0.18 34
(30 min, sintering
30 MPa,
vacuum)
1550 °C mul- Pressure- >93 268.23 4.05 35
(2 h, air) lite/ZrO, less sintering
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Mechanical properties

Toughening Sintering Materials Sintering Relative References
method process method  density (%) (MPa) Kicq\gl))a
‘m
1500 °C mul- Pressure- 98.9 890.4 10.2 36
(3 h, air) lite/3Y-TZP less sintering
1450 °C Mul- Pressure- 99.6 780 5.4 37
(3 h, air) lite/Y-TZP less sintering
Pre-stressed 1500 ° Al,O3/ZrO, DPressure- / 1330452 / 15
toughening C(2h, air) less sintering
1550 °C mul- Pressure- 125048+  17.91£1.19 This work
(2 h, air) lite/ZrO,  less sintering 43.81
werederived from the measured results of matrixand com-
2 . . o .
posites. Fig. 7 exhibits the elongation of each group sam-
18 S I ples as a function of temperature in the temperature range
o el i i e 0f25°Cto1400°C, and the results of the calculation of the
= / Particle toughening coating thermal expansion coefficient are summarized in
L aali / Pre-stressed toughening Table 3. The thermal expansion coefficient of the zirconia
e ml matrixat1100°Cwas 11.27 x 10-6 K-1. Notably, there was
2 areduction in the coefficient of thermal expansion for each
T group’s samples after the production of the mullite pre-
on . . . .
z st stressed coating. However, this reduction did not follow
° a simply decreasing rule with the increase in the content
‘;3 4 of mullite. When the content of mullite was higher than
&AL / Phase transformation 50 wt%, the coefficient of thermal expansion changed to
I o _ toughening increase, it can be inferred that the strong bond 1s formed
2 Mullite-Zirconia composite . . .
between the coating and matrix when the mullite content
e ’ is at a low level, leading to the low thermal expansion co-
200 400 600 800 1000 1200 1400 1600

Flexural strength (MPa)

Fig. 6: Comparison of strength and toughness of ZrO, ceramics
toughened with different methods 15:23-37,

(3) Analysis of reinforcement mechanism

To further explore the effects of pre-stressed coating
on the mechanical properties of composites, the residual
stress in the coating was analyzed with the relative method.
The thermal expansion coefficient and Young‘s modulus
of coating were firstly calculated with Eq. (5)38 and Egq.
(6) 39, respectively. Subsequently, the residual stress in the
coating was derived according to the uniform stress mod-
el.

— ESbS
a.=a; =75 (o,~ay) )
3
g (+2R) E, - ©)
¢ 8R*+12R*+6R

where oy, o, oy, Ef, Ee, Eg by b R are the coefficient
of thermal expansion of the composites, the coefficient
of thermal expansion of the coating, the coefficient of
thermal expansion of the substrate, Young‘s modulus of
the composites, Young‘s modulus of the coating, Young's
modulus of the substrate, the thickness of the coating, the
thickness of the substrate, and the thickness ratio of the
coating to the substrate, respectively.

It can be known from Egq. (5) and Eq. (6), the thermal ex-
pansion coefficient and Young‘s modulus of the coating

efficient. As the mullite content increased, the degree of
interface bonding gradually weakened, resulting in the in-
crease of thermal expansion coefficient. In addition, when
the temperature exceeded 1100 °C, the elongation rate of
each group of samples began to slow down and the coef-
ficient of thermal expansion began to decrease gradually.
This phenomenon is probably due to the fact that the mon-
oclinic phase zirconia in the coating began to change into
tetragonal phase at high temperatures. The phase change
affects the residual stress left after sintering. Therefore, the
coefficient of thermal expansion of each sample at 1 100 °C
was chosen as the critical temperature AT for the residual
stress calculated.

BHBE i g (1ERITTR p
0014 = 7S2 O’SZAIIOU°C=11'13X10-6/K E
83 0, em=11.19%109K y z
N :‘51 Olgy o= 11.08X10°/K P
0.010 | Ogs 1 1opc=11.19x10¢/K /
3
ot
0.008 |-
3
0.006 | 0.014 s
0.004 |-
0.012 g
0.002 |- 7
0 000 W!l(’l 1200
' 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Fig.7: Linear thermal expansion coefficient curves measured from
room temperature to 1400 °C.
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Table 4: Calculation results of residual stress in pre-stressed coating of each group.

Sample E/GPa EJ/GPa /100Kl 0 /10-°K-1 H/mm H/mm J8T/°C o/MPa c/MPa
S2(20wt%) 189.34 205.76 8.09 11.27 0.025 1.95 1100 -907 26
S3(30wt%) 130.01 205.76 6.13 11.27 0.025 1.95 1100 -1013 25
S4(40wt%) 83.97 205.76 6.10 11.27 0.025 1.95 1100 -2220 64
S5(50 wt%) 137.34 205.76 6.40 11.27 0.025 1.95 1100 -1014 23

The Young‘s modulus of each group of samples is shown
in Fig. 8. As the content of mullite increases, the Young's
modulus of the composites showed a trend of decrease and
then increase. The lowest Young’s modulus of 185.6 GPa
was obtained corresponding to the content of mullite be-
ing 40 wt%. As the content of mullite increased to 50 wt%,
Young’s modulus started to become larger. This may be
due to an increase in the content of mullite with a high
Young’s modulus in the coating and a decrease in the resid-
ual stress in the coating, and the bonding ability between
the coating and substrate was weakened as the content
of mullite increased. However, Young’s modulus calcula-
tions for the coatings in Table 4 show that the S4 group
has the highest Young’s modulus, which was influenced
by residual stress in the coating.

205.76
205 ’\
| & 203.06
N
£ 200 F
O
N’
3 196.27
E *
B 195 | e 19521
g
JIJ
[=)]
[=]
2 190
=
185 L ¥ 185.60
1 1 1 1 1
0 20 30 40 50

Mullite content (wt%)

Fig. 8: Curve of Young‘s modulus as a function of mullite content.

Based on the calculated results for Young’s modulus and
the coefficient of thermal expansion, the residual stress in
the coating and the matrix for each group of samples were
obtained according to the calculations Eq. (3) and Eq. (4)
(shown in Table 4). It can be seen from the results that the
residual stress in the coating and matrix was positively cor-
related with the difference in the thermal expansion coef-
ficient (Aa) between the coating and matrix, and the resid-
ual compressive stress in the coating was greatest when the
content of mullite was 40 wt%. It is confirmed that the
application of the pre-stressed coating can effectively im-
prove the mechanical properties of zirconia ceramics.

IV. Conclusions

In this study, a mullite coating was applied to a zirconia
matrix with a co-sintering method. Due to the mismatch
of thermal expansion coefficient, compressive stress was
formed between the coating and matrix during the cool-

ing process. The results show that residual compressive
stress can effectively inhibit crack tip spreading, giving
mullite-zirconia/zirconia pre-stressed composites ex-
cellent mechanical properties. The maximum residual
stress in the coating was achieved when the content of
mullite was 40 wt% and the corresponding mechanical
properties were most excellent, the flexural strength was
(1250.48 £43.81) MPa, which was 39.15 % higher than
that of zirconia matrix, and the fracture toughness was
(12.39£0.87) MPa-m1/2, representing an increase rate
0f26%. These high-strength, high-toughness ceramics
are expected to be used in advanced manufacturing field.
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