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a b s t r a c t 

Appropriate preparation routes allow designing and improving the performances of ceramic-based func- 

tional composites. In this work, two powder-preparation methods enabled by the cold sintering process 

are utilized to fabricate unique ZnO-based varistor composites. The thermoplastic polymer, poly-ether- 

ether-ketone (PEEK), has been successfully integrated with ZnO to form dense ZnO-PEEK composites. 

With a dissolution method, PEEK particles can be homogeneously dissolved by the mixed solution of 

tetrahydrofuran and toluene and then form nanoscale thin grain boundaries after cold sintering process. 

In the direct mixing method, large PEEK particles are observed in the cold sintered samples. A Finite 

Element Method (FEM) analysis indicates that von-mises stresses concentrate at the grain boundaries 

of ZnO and at the interfaces of ZnO and PEEK, and these can be increased with the increase of PEEK 

particle sizes. The electrical properties have been improved with the addition of PEEK, and the cold sin- 

tered 95ZnO-5PEEK shows a high breakdown electric field (0.1 mA/mm 

2 ) of 3070 V/mm, and a nonlinear 

coefficient of 5. In addition, the conduction mechanism of the composites has been investigated using 

impedance spectroscopy. Overall, our work provides a strategy for the development of high-performance 

ceramic-polymer composites via cold sintering process. 

© 2021 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

The poly-ether-ether-ketone (PEEK) is a kind of thermoplastic 

olymer with excellent comprehensive high temperature proper- 

ies. It has a long-range order structure with the main chain com- 

osed of a ketone bond and two ether bonds. As a semi-crystalline 

olymer material, its melting point is over 300 ◦C and the soft- 

ning point is about 168 ◦C [1–3] . Due to the outstanding physi- 

al and chemical properties including excellent dielectric and me- 

hanical properties, high temperature resistance and chemical cor- 

osion resistance, PEEK can be used as electrical insulating materi- 

ls and structural materials at high temperatures [4–5] . PEEK poly- 

er has a large number of applications in various fields, including 
∗ Corresponding author. 
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he aerospace, medical devices, electronics, automobile industries, 

tc. 

Zinc oxide (ZnO) is a semiconducting material with a wideband 

ap of ~3.37 eV [6–9] . It has a large exciton binding energy, high

ransparency, and excellent luminous properties at room tempera- 

ure. As a semiconductor oxide, it is widely used in liquid crystal 

isplays, thin film transistors, light emitting diodes, varistors, etc. 

 10 , 11 ]. ZnO based varistors are key materials for circuit protec- 

ors in electronic devices and overvoltage arresters in power sys- 

ems. The main electrical parameters of ZnO based varistors in- 

lude breakdown electric field ( E b ) and nonlinear coefficient ( α), 

ypically, a variety of metal oxides such as Bi 2 O 3 , Co 2 O 3 , MnO 2 ,

b 2 O 3 , SiO 2 , etc. [12–20] are sintered into ZnO to form the Schot-

ky barriers at the grain boundaries and improve the overall elec- 

rical performances under conventional sintering conditions with 

emperatures from ~10 0 0 to 120 0 ◦C. 

https://doi.org/10.1016/j.actamat.2021.117036
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117036&domain=pdf
mailto:jingguo19@xjtu.edu.cn
https://doi.org/10.1016/j.actamat.2021.117036
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Table 1 

Compositions of ZnO-PEEK powders. 

Samples ZnO (Wt.%) PEEK (Wt.%) 

ZP0 100 0 

ZP1 99.75 0.25 

ZP’1 99.75 0.25 

ZP’2 97.00 3.00 

ZP’3 95.00 5.00 

ZP’4 93.00 7.00 

ZP’5 90.00 10.00 

ZP’6 80.00 20.00 
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Traditionally, one of the main routes to prepare ceramic- 

olymer composites is to disperse ceramic materials in the poly- 

er matrix to improve the structural or electrical properties of 

he polymers [ 9 , 21 ]. As for the ceramic-based composites, ceramic 

owders are usually sintered first to form ceramic skeletons, fol- 

owed by the infiltration of polymers [ 22 , 23 ]. The differences of

intering temperatures between ceramics and polymers make it 

ifficult to fabricate ceramic-based composites without damaging 

he polymers in a single step. 

The melting temperature, T m 

of ZnO is 1975 ◦C [9] and the sin- 

ering temperature, T s , is usually > 10 0 0 ◦C within the expected 

onventional thermal sintering-range 0.5 < T s /T m 

< 0.95, which is in- 

ompatible with co-processing polymeric materials. Cold sinter- 

ng process (CSP) has recently emerged as a low temperature 

 ≤300 ◦C) sintering technique, with T s /T m 

< 0.2, potentially offer- 

ng a manufacturing path with lower energy costs and fast den- 

ification increasing process throughput [24–26] . The dissolution- 

recipitation process is activated with an important selection of a 

ransient chemical phase, that is assisted by an applied pressure 

nd moderate temperature [27] . A large number of ceramic mate- 

ials in a variety of laboratory scale prototypes have been devel- 

ped with CSP [ 26 , 28 , 29 ] or CSP assisted sintering methods [30–

2] . Due to the low sintering temperatures, researchers recently 

ave demonstrated the feasibility of integrating polymers into ce- 

amics via CSP, such as Li 2 MoO 4 -PTFE (Polytetra fluoroethyllene), 

 2 O 5 -PEDOT: PSS (Poly (3,4-ethylenedioxythiophene)-poly (strene 

ulfonate)), ZnO-PTFE, SiO 2 -PTFE, ZnO 

–Ca 3 Co 4 O 9 -PTFE, and ZnO- 

DMS (Polydimethylsiloxane) composites [33–35] . ZnO-PTFE, and 

aTiO 3 -PTFE [36] can be cold sintered into high densities with ex- 

ellent electrical properties. With the modification of grain growth, 

ew properties are introduced [35] . Herisson de Beauvoir et al. 

how that ZnO-PTFE composites have an anisotropic grain growth 

fter cold sintering, which in turn affects the physical properties 

n-plane [37] . Dey and Bradt report that (1-x)ZnO-xPDMS compos- 

tes (0.00 ≤x ≤0.05) can be sintered to above 90% of the theoretical 

ensity by cold sintering process at 250 ◦C under a pressure of 

20 MPa for 60 min [38] . 

As for the reported cases on cold sintering, the polymers are 

ypically dispersed in the ceramics by direct mixing, and thus, 

olymers with small particle sizes are usually required to assist the 

old sintering process and improve the properties of the resulted 

omposites. In this work, another mixing route named dissolution 

ethod is introduced, where the polymers are dissolved in an or- 

anic solvent first and then mixed with ceramic powders. The ef- 

ects of particle sizes of polymers on the sintering and properties 

ave been studied using Finite Element Method (FEM). Moreover, 

EEK is a thermoplastic polymer with a high melting point and ex- 

ellent physical and chemical properties, and there is no work on 

old sintered ceramic-based composites with addition of PEEK up 

o date. Therefore, it is of interest to integrate PEEK with ZnO by 

old sintering process to tailor the interfacial structures and elec- 

rical properties. 

In this study, PEEK was added into ZnO using two different 

outes (direct mixing and dissolution method) and then cold sin- 

ered to form ZnO-PEEK composite varistors. The relative densi- 

ies, microstructures, and electrical properties were studied in de- 

ail. The mechanism was investigated using FEM with the thermal- 

echanical coupling simulation. The results indicate that high per- 

ormance composites can be obtained using cold sintering process 

ith a high breakdown electric field (0.1 mA/mm 

2 ) of 3070 V/mm, 

nd a nonlinear coefficient of 5. 

. Experiments 

The ZnO powder with a particle size of 270–330 nm (99.9%) 

as obtained from Forsman Scientific (Beijing) Co., Ltd. The PEEK 
2 
owder with an average particle size of 10 μm (99%) was ob- 

ained from Jilin Joinature Polymer Co.,Ltd. Acetic acid, toluene 

nd tetrahydrofuran (99%) were obtained from Sinopharm Chem- 

cal Reagent Co.,Ltd. 

.1. Synthesis of ZnO-PEEK powders 

According to the component ratios in Table 1 , ZnO and PEEK 

owders were mixed using two different methods to form ZnO- 

EEK composite powders. ZnO, PEEK and ZnO-PEEK were abbrevi- 

ted as Z, P and ZP (or ZP’), respectively. As shown in Fig. 1 , the

rst method was to dissolve the PEEK powders firstly, and then 

o disperse the ZnO powders in the solution. The other one was 

o mix ZnO powders with PEEK powders straightly by magnetic 

tirring. Table 1 lists the weight percentages of all the composi- 

ions, among which ZP0, ZP1, and ZP’1-ZP’6 stand for pure ZnO, 

nO-PEEK using the dissolution method (The first mixing route), 

nd ZnO-PEEK using the direct mixing method (The second mixing 

oute). More compositions can be found in the Supporting Infor- 

ation ( Table S1 ). The detailed processes are shown as follows. 

The first method of preparing ZnO-PEEK powders is shown in 

ig. 1 a . Firstly, 100 mL tetrahydrofuran (THF) and 110 mL toluene 

ere mixed and magnetically stirred for 40 min with a speed of 

00 revs/min. Then, the PEEK powders were put into the mixed 

olution at a ratio of 0.40 g/100 mL, and magnetically stirred at 

0 ◦C for 1 h. Afterwards, the temperature was set to 71 ◦C and

he stirring process was continued for 3 h. Then, the ZnO pow- 

ers were poured into the mixed solution and stirred for 1.5 h at 

1 ◦C. After that, the mixed solution was poured into a ball mill 

ar and mechanically ground for 4 h with a rotating speed of 10 0 0

evs/min. Finally, the mixed solution was dried at 90 ◦C for 12 h. 

he ZnO-PEEK powders were sieved through an 800-mesh screen. 

The second method of preparing ZnO-PEEK powders is shown 

n Fig. 1 b . ZnO and PEEK powders were mixed and ball milled

or 4 h in ethanol using a planetary ball mill tank with a rotat- 

ng speed of 450 revs/min. Then, the mixed solution was placed 

nto an oven and baked at 90 ◦C for 12 h. Finally, it was filtered

hrough an 800-mesh screen. 

.2. Cold sintering process 

1.0 g ZnO-PEEK powders and 0.13 g acetic acid aqueous solu- 

ion (1.5 mol/L) were mixed using an agate mortar. After homoge- 

eous mixing, the wetted powders were poured into a steal die. In 

he case of ZPi or ZP’j ( i = 1; j = 1, 2, …,6) samples, the die was

ressed under a uniaxial pressure of 300 MPa and heated to 330 

C at a heating rate of 5 ◦C/min with a holding time of 120 min,

fter which the sample was naturally cooled down to room tem- 

erature. In the case of pure ZnO (ZP0), the wetted powders were 

ressed with a load of 218 MPa and cold sintered at 220 ◦C for

0 min. 
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Fig. 1. Schematic illustrating the mixing routes for ZnO-PEEK powders and the cold sintering process of the composites. (a) Dissolution method (ZP). (b) Direct mixing 

method (ZP’). 
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.3. Characterizations 

The final densities of cold sintered samples were determined 

y Archimedes’s method (XS204 Analytical Balance) and geomet- 

ic method. Structures were characterized by X-Ray diffraction 

XRD) on cold-sintered pellets with Cu K α radiation (PANalytical 

mpyrean). The 2 θ angles range from 7 ° to 70 ° with a scanning 

tep of 0.026 °. Microstructures were observed by SEM (LS 10, CARL 

EISS EVO MA10) and FE-TEM (JEOL JEM-F200 (HR)). The SEM im- 

ges were obtained from both surfaces and fractured surfaces of 

old sintered samples. Prior to the measurement of SEM on sur- 

aces, the samples were polished using sandpapers with 800 mesh, 

200 mesh and 1um diamond polishing agent. The TEM speci- 

ens were prepared using the focused ion beam (FIB, FEI He- 

ios NanoLab 600i). Before electrical measurements, the samples 

ere polished with sandpapers and Au electrodes were sputtered 

n both sides of the samples using a sputter coater. The Current- 

oltage was measured by a high-voltage test system (PolyK, USA) 

nd a temperature chamber (Delta 9023, Delta Design, Poway, CA). 

he impedance spectroscopies and dielectric properties were mea- 

ured in the frequency range of 100mHz-8 MHz (Electrochemical 

orkstation, Zennium-Pro 43,139, ZAHNER, Germany) and 100Hz- 

0 MHz (Keysight E4990A), respectively. 

. Results and discussion 

Fig. 2 a shows the densities and relative densities of cold sin- 

ered ZnO-PEEK composites (More details are shown in Table S2, 

upporting information ). It is seen that the relative densities of 

P0, ZP1 and ZP’1 are 99.96%, 98.80% and 98.74%, respectively, in- 

icating that highly dense ZnO-PEEK composites can be obtained 

y the cold sintering process. It is also seen that with the increase 

f PEEK amount, the densities and relative densities of the com- 

osites show a downward trend (more details can be found in the 

icrostructural analysis). As shown in Fig. 2 b , there are no obvious 

mpurities detected in the XRD patterns and all the sharp peaks 

an be indexed to wurtzite ZnO with a PDF No. 800,074. The XRD 

eaks representing PEEK are difficult to be observed with the con- 

ent of PEEK less than 7wt%. When the content of PEEK reaches 

ver 7wt%, a weak and broad peak belonging to PEEK can be de- 
3 
ected. The XRD result indicates that ZnO does not react with PEEK 

nd ZnO-PEEK composites can be formed under the cold sintering 

onditions. 

Fig. 3 a–c and Fig. S1 (Supporting Information) present the mi- 

rostructures of ZnO-PEEK raw powders. In the case of the disso- 

ution method (ZP1), PEEK particles with 10 μm are dissolved ho- 

ogeneously in the THF and toluene solution, so that large PEEK 

articles are not observed in ZP1 samples, as seen in Fig. 3 b . In

he case of the direct mixing method (ZP1’), there are obvious 

arge particles (PEEK) detected besides the small zinc oxide parti- 

les, as shown in Fig. 3 c and Fig. S1 . With the content of PEEK in-

reases, PEEK particles are more and more unevenly dispersed. The 

gglomeration has been occurred in some areas in powder ZP’5 

nd ZP’6. Fig. 3 d–f and Fig. S2 ( Supporting Information ) show 

he cross-sectional SEM images of the cold sintered samples with 

ifferent amounts of PEEK. The SEM images of polished surfaces of 

P0, ZP1 and ZP’1 can be found in Fig. S3 (Supporting Informa- 

ion). Both ZP1 and ZP1’ have compact microstructures with few 

ores between the grains, which are similar to the pure ZnO. With 

ncreasing the amount of PEEK, more pores can be found, as shown 

n Fig. S2 , which is in a good agreement with the density data. 

he PEEK particles are located between ZnO grains, preventing the 

ass transportation of ZnO, which leads to a decreasing tendency 

f the relative densities. 

Fig. 3 g–i and Fig. S4 ( Supporting Information ) are EDS results 

f all the ZnO-PEEK composites after cold sintering process. The 

ixed solution of THF and toluene can dissolve the PEEK particles 

ithin a certain limit so that small PEEK particles can be homoge- 

eously distributed along the ZnO grains in sample ZP1. However, 

or the samples with the direct mixing method (ZP’1-ZP’6), PEEK 

hows larger particle sizes with a lamellar shape. More proofs for 

he distribution of PEEK in ZP1 and ZP’1 can be found in Fig. S5 

 Supporting Information ). 

Fig. 4 shows the TEM micrographs of cold sintered ZnO-PEEK 

omposites. From the overview in Fig. 4 a , it can be clearly seen

hat there are two phases in sample ZP1, and PEEK is homoge- 

eously dispersed in ZnO, which is in consistent with the SEM 

nalysis. Fig. 4 b,c are enlarged images from Fig. 4 a to show the 

etails of the interfaces between ZnO and PEEK. As an amorphous 

hase, PEEK is located in the grain boundaries with a thickness of 
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Fig. 2. (a) The densities and relative densities of the ZnO-PEEK composites with the amount of PEEK ranging from 0 to 20wt%, (b) XRD data of the cold sintered ZnO-PEEK 

composites. 

Fig. 3. SEM micrographs of ZnO-PEEK powders and cold sintered samples, and the related EDS mapping results. SEM images of Powder ZP0 (a) , ZP1 (b) , and ZP’1 (c) . SEM 

images of the cross sections of cold sintered ZP0 (d) , ZP1 (e) , and ZP’1 (f) . EDS mapping results of cold sintered ZP0 (g) , ZP1 ( h ), and ZP’1 (i) . 
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ens to hundreds of nanometers. This phenomenon further demon- 

trates that PEEK is dissolved by the THF and toluene solutions and 

ransported to the ZnO grain boundaries during cold sintering pro- 

ess. 

In order to study the effects of the PEEK particle sizes on the 

tructures and properties, a 2D thermal-mechanical coupling sim- 

lation has been performed using an ideal micro-model with FEM, 

s shown in Fig. S6 (Supporting Information) . ZnO and PEEK 

re assumed to be ideal hexagonal particles with a side length 

f 1.0 mm, and circular particles with diameters of 0.1 mm and 

.2 mm (or elliptical particles), respectively. All the particles are 
4 
exible and the parameters are based on the literatures. The con- 

traints of the simulation model are shown in Fig. S6a . To simplify 

he analysis, the mass transportation through the liquid phase is 

gnored in the simulation calculation. 

Fig. 5 depicts the calculation results of the von-mises stresses 

or different models (the result is magnified by 80 times so that 

he difference can be clearly seen). It is seen that the stresses con- 

entrate at the grain boundaries of ZnO and interfaces of ZnO and 

EEK. With the increase of the PEEK particle sizes, the von-mises 

tresses around the PEEK particles show an increase trend, which 

s similar to the results of von-mises strains ( Fig. S6, S upporting 
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Fig. 4. TEM images of cold sintered sample ZP1. (a) Overview, (b) The interface between ZnO and PEEK characterized by a high-resolution transmission electron microscopy, 

(c) ZnO-PEEK-ZnO boundaries. 

Fig. 5. Calculation results of Finite Element Method. Von-mises stresses of the pure ZnO model (a) , ZnO with circular particles with a diameter of 0.1 mm (b) and 0.2 mm 

(c) , and ZnO with oval particles (d) . 

5 
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Fig. 6. (a) Current density - electric field ( J - E ) curves of the cold sintering samples at room temperature, (b) The high current regions of the J - E curves, (c) The pre-switch 

regions of the J - E curves, (d) The breakdown electric field at 0.1 mA/mm 

2 and the nonlinear coefficient of the ZnO-PEEK composites, (e) A schematic of the barrier at the 

grain boundaries. 
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 nformation ). The stresses of the interfaces can be enhanced from 

everal hundred MPa to over GPa with PEEK particle sizes in- 

reasing. It is also seen that when the shape of PEEK particles is 

hanged from circle to oval, both the stresses and strains of the 

ontact areas are increased. The excessive stresses during cold sin- 

ering process may lead to more defects at the interfaces, which 

ffects the electrical properties of ZnO-PEEK composites. 

The breakdown electric field ( E b ) and non-linear coefficient ( α) 

re important indicators for examining the electrical performances 

f the varistors. In this work, the generic nonlinear Current-Voltage 

haracteristics are obtained using the formula as follow [ 38 , 39 ], 

= log I/ log U (1) 

Where α is the nonlinear coefficient; I and U are the current 

nd voltage, respectively. The breakdown regions of some varistors 

ppear in advance or lag, and α can also be calculated by fitting 

he actual I - V curves of the samples. If α= 1 and α> 1, the samples

ould be regarded as an ohmic resistor and varistor, respectively. 

he higher nonlinear coefficient, the better performance the varis- 

ors will have. 

Fig. 6 a–c depict the E - J curves of the cold sintered ZnO-PEEK 

omposites with different content of PEEK. There are three main 

egions in a typical E - J curve of ZnO based varistors, includ- 

ng pre-switch region, breakdown region and high-current region 

36] ( Fig. S7, Supporting Information ). Fig. 6 b,c show the de- 

ails of the high-current region and pre-switch region respectively. 

he calculated nonlinear coefficient and breakdown electric field 

0.1 mA/mm 

2 ) are summarized in Fig. 6 d . It is seen that ZnO

hows an E b of 114.9 V/mm, while all the cold sintered ZnO-PEEK 

omposites have much higher breakdown electric fields and the 

aximum E b is obtained in sample ZP’3 with 3070 V/mm, almost 

7 times higher than that of pure ZnO. This phenomenon indicates 

hat the addition of PEEK can dramatically improve the breakdown 

lectric fields of ZnO ceramics. It is also seen that the breakdown 

lectric field of ZP1 (1693.6 V/mm) is much higher than that of 

P1’ (239.2 V/mm), which may result from that PEEK is more ho- 

ogenous dispersed in ZnO matrix using the dissolution method 
6 
nd the composite shows fewer defects after cold sintering pro- 

ess (ZP1). The improvement of breakdown electric field via disso- 

ution method also occurs in other compositions, as known in Fig. 

8 ( Supporting Information ). 

Comparing the samples ZP’1-ZP’6, it is found that the break- 

own electric field shows an increase trend first, and then de- 

reases with increasing the amount of PEEK. It is well known that 

EEK is an excellent insulating material with a high breakdown 

lectric field. Therefore, it is reasonable that the breakdown elec- 

ric field can be enhanced with the addition of PEEK. However, if 

he amount of PEEK is too high, there will be obvious agglomer- 

tion for PEEK particles after cold sintering process, as discussed 

n the above SEM analysis. The agglomeration is unfavorable for 

he densification of ceramics, and thus the ZnO-PEEK composite 

hows a lower density with a high PEEK amount. The lower den- 

ity and agglomeration of PEEK particles together with the defects 

ead to the decrease of the breakdown electric field for the amount 

f PEEK higher than 5wt%. 

Based on the microstructural analysis, it is found that PEEK is 

ocated at the grain boundaries of ZnO after cold sintering process. 

he interface of ZnO and PEEK forms a Schottky barrier, which 

akes ZnO-PEEK composites exhibit nonlinear electrical character- 

stics [40–44] . Fig. 6 e shows a schematic diagram of the interfacial 

arrier of cold sintered ZnO-PEEK composites. With the increase of 

EEK content, the nonlinear coefficient shows a trend of increas- 

ng first and then decreasing, that is similar to the changes of the 

reakdown electric field. Sample ZP’3 (5wt% PEEK) has the largest 

onlinear coefficient of 5. 

Fig. 7 a,b and Fig. S9 ( Supporting Information ) present the di- 

lectric properties of cold sintered samples. Compared with ZnO, 

EEK has a smaller dielectric constant, and thus, the dielectric con- 

tant of ZnO-PEEK composite is smaller than that of ZnO, as shown 

n Fig. 7 a and Fig. S9a . Meanwhile, the losses show a similar de-

rease trend with the addition of PEEK, as seen in Fig. 7 b and Fig.

9b . Impedance spectroscopy is usually used to study the conduc- 

ion mechanisms of varistors or heterogeneous systems. The con- 

ribution of different areas to the conductivity of varistors can be 
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Fig. 7. Dielectric properties and impedance spectra of cold sintered ZnO-PEEK composites. (a) Relative dielectric constant, (b) Losses, (c) Impedance spectra, and (d) Equiva- 

lent circuit model. 
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btained using an equivalent circuit with electronic components 

45–47] . The existence of the PEEK phase in the grain boundaries 

ill lead to the formation of Schottky barrier and the difference 

n characteristics between the grains and the grain boundaries. 

nO grains can be equivalent to the resistance ( R ), while the grain

oundaries can be equivalent to parallel resistance-capacitance 

 RC ) elements. Fig. 7 c,d show the Nyquist diagram and equivalent 

ircuit of ZnO-PEEK samples with different PEEK contents in the 

requency range from 100 mHz to 8 MHz. According to the Nyquist 

urve, the grain resistance R g and grain boundary resistance R gb 

an be obtained using the equivalent circuit model. The calculated 

 g and R gb are listed in Table S3 ( Supporting Information ). It is 

een that PEEK can significantly affect the grain boundary resis- 

ance. With the increase of the PEEK content, R gb shows a trend 

f increase first and then decrease. With 5wt% PEEK addition, the 

nO-PEEK composite shows the largest R gb . Similar with the anal- 

sis of the I - V characteristics, the changes of the grain boundary 

esistance may result from the comprehensive factors such as den- 

ities, agglomeration of PEEK particles, and the defects. 

. Conclusions 

In this work, a new type of ZnO-polymer composites is intro- 

uced. The thermoplastic polymer, PEEK, has been first integrated 

nto ZnO via cold sintering process, and dense ZnO-PEEK compos- 

tes can be obtained by CSP with a dilute acetic acid (1.5 mol/L) 

t a low temperature of 330 ◦C. With the addition of 0.25wt% 

EEK, the composite shows the highest relative density of over 

8%. In the case of the dissolution method, PEEK can be homo- 

eneously dissolved by the mixed solution of tetrahydrofuran and 

oluene and form small particles in the cold sintered samples. In 

he case of the direct mixing method, most of the PEEK particles 

ave a similar size to the raw powders after cold sintering pro- 
7 
ess. The FEM analysis reveals that the von-mises stresses concen- 

rate at the grain boundaries of ZnO and interfaces of ZnO and 

EEK. The stresses of the interfaces can be enhanced from several 

undred MPa to over GPa with PEEK particle sizes increasing, and 

he excessive stresses may lead to more defects at the interfaces. 

he I - V characteristics show that ZnO-PEEK composites are varis- 

ors, and the largest nonlinear coefficient of 5 can be obtained in 

he samples with 5wt% PEEK. One of the advantages of ZnO-PEEK 

omposites is that the breakdown electric field can be dramatically 

mproved and the largest E b is 3070 V/mm (5wt% PEEK), almost 

7 times higher than that of ZnO. In addition, due to more ho- 

ogeneous distribution, ZP1 (dissolution method) shows a higher 

reakdown electric field than ZP’1 (direct mixing method). The 

mpedance spectra have been fitted using the RC equivalent cir- 

uit and the grain boundary resistance shows a trend of increase 

rst and then decrease with the increase of PEEK amount, which 

s similar with the changes of nonlinear coefficient and breakdown 

lectric field. Comprehensive factors such as densities, agglomera- 

ion of PEEK particles, and defects are considered to be the reasons 

or the changes of electrical properties. In summary, this study 

rovides two routes to prepare functional ZnO-PEEK composites, 

hich may inspire the further study for the cold sintered ceramic- 

olymer composites. 
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