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Abstract

In this study, we combined liquid precursor infiltration of high introduction amounts of bi-additives
(20wt%) and stereolithography-based 3D printing to fabricate zirconia toughened alumina, and the
infiltration systems consist of the four following systems Zr4+/La3+, Zr4+/Er3+, Zr4+/Gd3+, and
Zr4+/Ce4+. The sample immersed with Zr4+/La3+ shows intense peaks of m-ZrO2 phase compared to
the other samples while a new phase of flake-like LaAl11018 occurs in the Zr4+/La3+ immersed sample,
the existence of which could be confirmed by XRD and EDS. The fracture toughness of the Zr4+/Er3+,
Zr4+/Gd3+, and Zr4+/Ce4+ samples remained basically unchanged versus the crack size, while the
measured fracture toughness values for the Zr4+/La3+ system could be fitted as a rising R-curve
behavior with the steady-state fracture toughness of 17.76 MPa-m1/2. The enormous enhancement of
the toughness could be attributed to thermal expansion misfit and flake-like LaAl11018 in the Zr4+/La3+
system. The effect of residual stresses on the fracture mode and thus the toughness is discussed on the
basis of theoretical calculation and analysis. It is the first time a rising R-curve behavior is observed in the
3D printed ceramics. The shocking discovery provides a highly effective toughening way in 3D printing
combined infiltration approach.

1. Introduction

Zirconia toughened alumina (ZTA) ceramic has been used in many important engineering fields due to its
high strength, high hardness, and good chemical corrosion resistance [1-2]. However, two major
drawbacks greatly limit its application: One is the high hardness and strength of ZTA ceramic materials,
which makes it hard to shape and process highly precise and highly complicated ceramic parts. The other
is that the mechanical properties of Al,05 ceramics strengthened and toughened by mono phase are still
need to be improved. For the preparation of ZTA ceramics, traditional methods such as dry pressing, cold
isostatic pressing, slip casting, and injection molding [3—6] are all relied on mold-based manufacturing
approaches which result in high costs and long production cycles while some certain special shapes and
features are difficult or even impossible to produce. These limitations have placed significant constraints
on the promotion and application of high-end equipment and key components. 3D printing (Additive
manufacturing) is now gradually becoming substitutes of conventional shaping methods in some fields
due to its feasibility of solving the aforementioned issues. Among the methods of 3D printing,
stereolithography (SLA) has become the most popular method in ceramic 3D printing due to its high
shaping speed, high shaping precision, and high density of green body, which could finally lead to high
density and high performance ceramic parts [7-11].

The effect of multi-dopants toughening is better than mono-dopant, which has been evidenced in many
literatures [12-13, 3]. For example, Y,03, CeO,, SiC, and CNT were added as the second toughening
phase in ZTA ceramics and the fracture toughness were significantly improved [13, 14-16]. In this study,
four rare earth oxides were adopted as the second toughening phase in ZTA to conduct a systematic
research to understand rare earth oxide-ZrO, integrated toughening behavior. The introduction approach

of the bi-additives is liquid precursor immersion and the shaping method is 3D printing. It is the first time
Page 2/11



that a rising R-curve behavior could be observed in 3D printed ceramics composites, i. e. the enormous
enhancement of the crack resistance versus the crack size could be attributed to flake-like LaAl;;04g in

the Zr**/La%* system. The shocking discovery provides a highly effective toughening way in the 3D
printing combined liquid precursor infiltration approach.

2. Materials And Methods

The preparation of pre-sintered alumina samples can be found in our previous work [9]. The bi-additive
systems consist of Zr*t/La%*, Zr**/Er®*, Zr**/Gd3*, with the molar ratio of 98:4, while an optimal
composition of Zr**/Ce** with the molar ratio of 88:12 was adopted according to previous literature [17].
Solution A (2 mol%La,03-Zr0,), solution B (2 mol%Er,05-Zr0,), solution C (2 mol%Gd,03-Zr0,), and
solution D (12 mol%Ce0,-Zr0O,) were prepared by dissolving analytically pure ZrOCl,-8H,0, combined
with La(NO3)3-6H,0, Er(NO3)3-5H,0, Gd(NO3)5-6H,0, Ce(NO3),,-6H,0, and in deionized water, respectively.
The Infiltration was conducted by immersing the alumina green body in solution at room temperature and
ambient pressure. Then, the samples mentioned above were completely immersed in solution A, B, C and
D at room temperature for 3 h, respectively. After the infiltration, the green parts were first cleaned with
tissue to remove the residual solution and then immersed in an ammonia solution for 15 min. Finally, the
green parts after immersing in an ammonia solution were dried in an oven at 60 °C for 12 h. All infiltration

steps repeated for five times. All infiltration specimens were sintered at 1600°C for 1 h in a furnace
(Thermconcept, HTK 16/18, Germany).

The weight of the second phase was calculated by comparing the green body before infiltration with the
sintered body after infiltration. The density of the prepared alumina bodies was determined employing the
Archimedes' principle using a balance with an accuracy of 0.0001 g. The Vickers hardness was tested
using a Vickers hardness testing machine (HVS-30Z, Shanghai Precision Instrument Co., Ltd., China) by
applying a load of 98 N after 10 s. The fracture toughness was also measured by indentation method
applying the respective load of 49, 98, 196, 294 N after 10 s. The fracture toughness was assessed by
measuring the crack lengths produced by the Vickers indentation tests. The fracture toughness was then
calculated using the following equation proposed by Niihara [18]

ke =22(4) v () o
where H is the hardness, a is half length of the indentation diagonal, | is the length of the crack
propagation, E is the elastic modulus. At least 5 indentation tests were performed for each sample at
randomly chosen spots. The radial crack lengths were measured using an optical microscope. The phase
compositions of the prepared ceramic parts were determined by X-ray diffraction (XRD, Bruker D8,

Germany), and the microstructures of the sintered body were characterized by scanning electron
microscopy (SEM, Nova NanoSEM 430, FEI, Netherlands).
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3. Results And Discussion

The microstructures of the polished surfaces of composites A, B, C, and D are shown in Fig. 1(a-d),
respectively. From the figure, we can easily distinguish the zirconia grain (light colored) and the alumina
grain (grey colored) due to the atomic number difference. The zirconia particles are well distributed in
alumina matrix which could inhibit abnormal grain growth of alumina grains. In addition, based on the
microstructure observation in higher magnification factors shown in Fig. 2(a), it is found that some flake-
like grains exist in Zr**/La%* system, and the EDS characterization of such a grain indicates that is
composed the element of O, Al and La. Meanwhile, EDS of the matrix grain indicates that the grain is
composed of the element of O and Al (Fig. 2(b)). In order to clarify the phase of the flake-like grains, an
XRD test was conducted and shown in Fig. 2(c). The XRD patterns of all sample show that Al,05 and t-
Zr0O, are the major phase, and m-ZrO, minor phase, respectively. Moreover, different from the other three
sample, a new phase LaAl;,0,g occurs in sample A, which corresponds to the flake-like grain in Fig. 2(a).
The generation of the LaAl,,0,5 phase could be explained as follows [19], which could also explain the
high intensity of m-ZrO, in sample A.

La,03; +11A1,0; = 2LaAl,, 045 2)

In addition, the microstructure of Zr**/La%* system is very dense without obvious pores, which could be
further proved by the typical TEM image shown in Fig. 2(d). The weights increase, average grain size,
density, relative density and Vickers hardness of the four researched systems combined with the
referenced pure alumina and ZTA are listed in Table 1. It can be seen that the alumina grain growth is
effectively inhibited after infiltration (from 2.21 pm to less than 1 ym). It can also be observed that the
densities of all the infiltrated samples which are above 99% are higher than that of the sintered samples
which has not been subjected to infiltration (96.21%). However, although the densities of the samples
subjected to infiltration increased, considering the introduction of zirconia and the hardness of zirconia is
lower than that of alumina, the hardness of all the composites subjected to the infiltration treatment are
not much higher than the pure alumina.

The crack resistance as a function of the crack size of the Zr**/La3* system is shown in Fig. 3 (a). The
fracture toughness of Sample B, C, and D remained basically unchanged versus the crack size, the
phenomenon of which is common in brittle materials. However, it can be seen that the fracture toughness
of sample A increased with the increase of the crack size. Herein, the toughness of the composites can be
divided into three parts using the following equation [20, 21]

K& = K™ + AKE + AK), 3)

AKL. .
“ is the

Where ¥ s fracture toughness of the Al,05 matrix, AKic is the contribution from the ZrO,, and
contribution from the LaAl;;0,4 platelets. As can be seen in XRD, only a little m-ZrO, exist in sample B, C,
and D. The intensity of m-ZrO, phase is higher than that in B, C and D while the fracture toughness of
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Sample A is higher than the other four, which illustrate the effect of phase transformation toughen

mechanism is small for Sample A. Hence, to understand the enhanced 2%, we can focus on the residual
stress caused by thermal expansion misfit. The global residual stress of composites can also be
computed as following equations [22].

i = -1
Om = (am — ) [0 4 S ] p )
And,
o = oy ®)

Where 0,,, and o; are residual stress in ZTA matrix and LaAl,,0+g platelets, a,,, and g, (a,, = 8.7 x 10°
®/K,a,= 7.7 x 10®/K) are thermal expansion coefficients of ZTA matrix and LaAl;;0,5 platelets,
respectively. v,, and v, are Poisson’s ratios of ZTA matrix and LaAl;,045 platelets, E,,and E,;are Young's
modulus of of ZTA matrix and LaAl;;0,4 platelets [23], f,,is the volume fraction of the ZTA matrix, A T is

the difference in temperature over which the stress is locked in. From the calculation of equations above,
the residual stress of LaAl,;0,4 versus temperature is shown in Fig. 4(a), and the compressive stress in

LaAl,;0,4 platelets is 689 MPa, while the tensile stress of ZTA matrix is 28 MPa. The thermal expansion
coefficient differences between Zr0, (10.5x1076/°C), Al, 04 (8.5%x107%/°C), and LaAl,,045 (7.7x1076/°C)
impose compressive stress on Al,05 grain boundaries, which strengthens the grain boundary and leads
to more energy consumed when crack passes through flake-like LaAl;;0,5 grains (Fig. 3(b)). As a result,
the fracture toughness of the Zr**/La%*composite system would be tremendously improved [24]. A
schematic of the interaction between the propagating crack and the LaAl;,045 grain in the presence of
highly localized tensile or compressive stresses at LaAl,;0,4 grain surface is shown in Fig. 4(b). It can be
noted that since LaAl;,0g grain are placed in “hoop-compression”, the crack would be attracted to pass
through them, and thus result in transgranular fracture. Due to that more fracture work would be

drastically consumed when transgranular fracture occurs, the fracture toughness of the Zr**/La%* system
would be thus drastically enhanced. Therefore, the effect of residual stresses on the fracture toughness
was confirmed by satisfactory agreement between the theoretical calculation and the crack path
characteristics determined experimentally above.

To explore the contribution of residual stress on toughening of ZTA composites, an empirical equation
proposed by Ramachandran and Shetty [25] was introduced to describe the measured toughness
enhanced behaviors,

KR = Kcu e (Kw - Ku)exp(_cll) (6)
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Where K, Ky and A are adjusted parameters. In the case of the present ZTA and co-doped ZTA, Kj is the
intrinsic fracture resistance defined as the fracture toughness just to start crack extension in the absence
of shielding. K, is the steady-state fracture toughness when a steady-state process zone has been
developed behind the crack tip, and A is a fitting constant while c is the crack length (the sum of a and I.).
It can be seen that experimental data can be fit well by Eq. (4). And the values of K; and K,, were 5.53
MPa-m'/? and 17.76 MPa-m'/2, respectively, which indicate that residual stress contributes a lot to
toughening. That is to say, the measured fracture toughness values under the different 4 loads could be

fitted as a rising R-curve behavior with the steady-state fracture toughness of 17.76 MPa-m'/2. The
enormous enhancement of the crack resistance versus the crack size could be attributed to thermal

expansion misfit and flake-like LaAl;,0g in the Zr**/La%* system.

4. Conclusions

In summary, we combined liquid precursor infiltration of high introduction amount of bi-additives

(20 wt%) and stereolithography-based 3D printing to fabricate zirconia toughened alumina, and the
infiltration systems consist of the four following systems Zr**/La3*, Zr**/Er3*, Zr**/Gd®*, and Zr**/Ce**.
The sample immersed with Zr**/La3* shows intense peaks of m-ZrO, phase compared to the other
samples while a new phase of flake-like LaAl;;0,g occurs in the Zr**/La%* immersed sample, the
existence of which could be confirmed by XRD and EDS. The fracture toughness of the Zr*t/Erdt,
Zr**/Gd®*, and Zr**/Ce** samples remained basically unchanged versus the crack size, while the
measured fracture toughness values for the Zr**/La3* system could be fitted as a rising R-curve behavior
with the steady-state fracture toughness of 17.76 MPa-m'/2. The enormous enhancement of the
toughness could be attributed to thermal expansion misfit and flake-like LaAl,,0g in the Zr**/La3%*
system. The effect of residual stresses on the fracture mode and thus the toughness is discussed on the
basis of theoretical calculation and analysis. It is the first time a rising R-curve behavior is observed in the

3D printed ceramics. The shocking discovery provides a highly effective toughening way in 3D printing
combined infiltration approach.
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Tables

Table 1 The weights increase, average grain size, density, relative density and Vickers hardness the four researched systems combined with the

referenced pure alumina and ZTA

Sample Zirconia Content (Wt%) Grain Size (pm) Density (g/ cm3) Relative Density Hardness (GPa)
Pure Alunina[26] 0 2.21 3.81 96.21% 16.99+0.32
A 19.84% 0.84 4.24 99.25% 17.06+0.18
B 19.70% 0.96 4.26 99.89% 17.08+0.36
C 18.59% 0.73 4.23 99.53% 17.32+0.27
D 21.88% 0.83 4.29 99.87% 17.03+0.33
ZTA[2] 20% 0.80 4.27 99.76% 17.42+0.27
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Figure 1

(a-d) The respective microstructures of the polished surfaces of composites Zr4+/La3+, Zr4+/Er3+,
Zr4+/Gd3+, Zr4+/Ce4+ doped Al203
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(a, b) SEM images of the Zr4+/La3+ system in higher magnification factors and the corresponding EDS

analysis; (c) An XRD pattern of the as-prepared Zr4+/La3+ co-doped Al203; (d) typical TEM image of the

Zr4+/La3+ co-doped Al203 system

Page 10/11



Figure 3
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(@) The crack resistance as a function of the crack size of the Zr4+/La3+ system; (b) The crack
propagation image passing through LaAl11018 grains
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(a) Residual stress calculations for LaAl11018 grain at temperatures ranging from 293K to 1873 K; (b)

The effect of residual stress on the fracture mode of LaAl11018
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