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Abstract 

 

Carbon nanotubes (CNTs) are widely recognized as reinforcements in ceramic matrix composites 

(CMCs).  Many studies highlight the effect of CNTs on the mechanical properties and other 

characteristics of CMCs. However, only a few articles explore the impact of CNTs on the 

microstructure of the ceramic matrix.  This article investigates grain growth in zirconia (3YSZ) 

reinforced with 10 vol. % multi-walled carbon nanotubes (MWCNT) during spark plasma 

sintering (SPS) at a temperature of 1350°C.  The grain size was evaluated using image processing 

and statistical analysis. MWCNTs moderately influence the grain size in the 3YSZ-10MWCNT 

composite sintered at 1350°C. The grain size in the MWCNT-rich region of the composite is 1.6 

to 1.7 times smaller than that in the residual 3YSZ agglomerates and 2.0 to 2.2 times smaller than 

in 3YSZ samples without MWCNTs. The reduced grain growth results from the pinning of zirconia 

grain boundaries at the incoherent 3YSZ/MWCNT interface. The literature refers to this 
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phenomenon as Zener pinning. Additionally, individual MWCNTs and MWCNT agglomerates 

hinder grain fusion. Lastly, the reaction between carbon and zirconia can lead to the formation of 

oxycarbide (ZrOxCy) precipitates, which hinder grain growth through the Zener effect. The SPS 

sintering at 1350°C resulted in full densification of the 3YSZ samples with an HV1 hardness of 

13.2 to 14.5 GPa.  The residual porosity of the 3YSZ-10MWCNT samples was approximately 

3.5%, while the HV1 hardness was around 7.6 GPa. The hardness values align with the typical 

ones for 3YSZ ceramics and the 3YSZ-10MWCNT composite. 

 

1. Introduction 

 

Carbon nanotubes are a fiber-like allotropy of carbon frequently used as reinforcement (filler) 

in various composites [1]. The literature distinguishes single-wall, double-wall, and multi-wall 

carbon nanotubes (SWCNT, DWCNT, MWCNT) according to their structure [2]. Many articles 

consider CNT-reinforced ceramic matrix composites, their synthesis, properties, and application, 

including composites with zirconia matrix [2–5]. The last CMC group typically has a 3YSZ matrix 

(zirconia partially stabilized with 3 mol % Y2O3) with improved crack resistance [6–8]. The CNT 

filler increases the fracture toughness and electrical conductivity but usually decreases the 

hardness, flexural strength, and thermal conductivity of 3YSZ-CNT composites [9–12]. 

Techniques used to synthase dense 3YSZ-CNT composites include spark plasma sintering [10–

13] or hot pressing [7,14] at temperatures of 1200–1350°C and above. 

When sintering at elevated temperatures, carbon nanotubes interact with the zirconia matrix. 

Maitre and Lefort investigated the reaction between carbon and zirconia [15]. This and other works 

report the formation of oxycarbide (ZrOxCy) at 1350-1600°C with an amount depending on 

temperature and holding time [15,16]. Giorgi et al. studied the formation of ZrCx and ZrOxCy 

during SPS of a mixture of undoped ZrO2 and carbon black [17]. The article reports onset 

temperatures of 1300°C during pressureless sintering and 1800°C when sintering at 16 MPa. 

The presence of CNTs can influence grain growth in the 3YSZ matrix. Milsom et al. studied 

grain growth in the 3YSZ-MWCNT composite during SPS at 1500–1800°C. The authors noticed 

a significant decrease in grain size in sintered 3YSZ-MWCNT composites compared to 3YSZ 

ceramics [18]. The paper highlights the growing influence of carbon nanotubes on grain size as 

the content of MWCNT increases. Another paper published by this group reports the onset of this 

effect already at a temperature of 1350°C [19]. Furthermore, Mazaheri et al. observed decreased 

grain growth in 3YSZ-MWCNT composites after SPS at 1250°C [6]. Karanam et al. noticed an 

influence of CNTs on grain size after sintering 8YSZ-MWCNT composites at 1300°C [20]. Some 

authors explain the impeding effect of CNTs on grain growth in zirconia by poor wettability of the 
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ceramic matrix [18], the formation of a CNT network around the grains [21], and grain boundary 

pinning [22]. 

In our earlier work on the SPS of the 3YSZ-10MWCNT composite, we observed a notable 

difference between grain size in the residual 3YSZ agglomerates and areas containing MWCNT 

reinforcement [23]. This feature is investigated in detail in the present paper. The article compares 

the grain size in three sintered samples. The first sample was SPS sintered from the initially 

agglomerated 3YSZ powder supplied by the manufacturer. The second sample was sintered from 

the same powder and sonicated to disintegrate the 3YSZ agglomerates. The third sample was 

manufactured from the 3YSZ-10MWCNT mixture. The samples are denoted in this article as 

3YSZ_aggl, 3YSZ_son, and 3YSZ-10MWCNT. The influence of powder sonication and 

MWCNTs on grain growth was investigated through statistical analysis of microstructure. The 

study of the 3YSZ-10MWCNT sample revealed the notable difference between grain size in 

residual 3YSZ agglomerates and areas with MWCNTs dispersed in the 3YSZ matrix. The residual 

3YSZ agglomerates in the 3YSZ-10MWCNT composites allow a direct study of the MWCNT’s 

impact on grain size within a single sample. The grain size evaluation was performed using image 

processing and statistical analysis. This approach is more informative than conventional grain size 

averaging. The paper explains the effect of carbon nanotubes on decreasing grain growth in 

zirconia by pinning grain boundaries with MWCNTs and ZrOxCy precipitations (Zener pinning) 

and preventing grain fusion. 

 

2. Experimental 

 

2.1. Powders and mixture 

 

The matrix material was the partially stabilized 3YSZ powder (grade TZ-3Y-E) delivered by 

Tosoh (Japan). The 3YSZ powder consisted of primary particles with a size of around 40 nm 

merged into spherical agglomerates with a diameter of 20-200 μm (Figs. 1a and 1b). Multi-walled 

carbon nanotubes (NC7000 series) were supplied by Nanocyl SA (Belgium). The 3YSZ powder 

was sonicated for 3 min in isopropyl alcohol using a Sonic 14 bath (Polsonic, Poland). The short 

sonication time enabled the preservation of a certain number of 3YSZ agglomerates (Fig. 1c). The 

suspension was dried in a CLN32STD laboratory incubator (Pol-Eko-Aparatura, Poland) at 60°C 

for 48 hours. The dried powder was crushed in an agate mortar. The powder was used to sinter the 

3YSZ_son sample. 

Fig. 2 shows the particle size distributions (PSD) for the starting and sonicated 3YSZ powders 

studied with a Mastersizer 3000 (Malvern Panalytical, UK) laser diffraction analyzer according to 
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ISO 13320:2020. The powders were dispersed in distilled water and flashed by light sources with 

wavelengths 470 and 632.8 nm. Light scattering results were analyzed using Mie theory with a 

3YSZ refraction index of 2.148. The imaginary part of the refraction index was set to 1 [24]. The 

results in Fig. 2 illustrate the presence of residual 3YSZ agglomerates after sonication. 

The preparation of the 3YSZ-10MWCNT mixture is described in detail elsewhere [23]. The 

MWCNTs were sonicated for 30 minutes. Then, the ball-milled 3YSZ powder was added, and the 

ultrasonic dispersion continued for another 30 min. The resulting mixture included primary 3YSZ 

particles, MWCNTs, and 3YSZ agglomerates (Fig. 1d). 

 

Fig. 1. (a) Initial 3YSZ agglomerates and (b) primary 3YSZ particles. (c) Loose 3YSZ 

agglomerates after sonication and (d) the 3YSZ-10MWCNT mixture. 
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Fig. 2. (a) Differential and (b) cumulative particle size distributions for initial and sonicated 3YSZ 

powders. 

 

2.2. Sintering 

 

All samples were sintered at 1350°C under a vacuum of about 0.05 mbar in an HP D 25/3 SPS 

furnace (FCT Systeme, Germany). This temperature ensures the nearly full densification of the 

3YSZ-10MWCNT composite with moderate grain growth in the 3YSZ matrix. The tooling was 

adapted to the design of this furnace [25]. In particular, the temperature was measured near the top 

of the sample using a pyrometer. The graphite die (2334 Mersen, France) was thermally insulated 

with 10 mm thick graphite felt (SGL Carbon, Germany) to reduce the thermal gradient in the 

sample [26]. Table 1 shows the parameters of the SPS cycle. The holding at 800°C ensured 

moisture evaporation, decomposition of organics, and temperature homogenization. When heating 

from 800 to 1350°C, the pressure increased from 17 to 60 MPa. The pressure was released from 

60 to 17 MPa during the cooling stage. The sintered samples had a diameter of 20 mm and a height 

of around 4 mm. 

 

Table 1. SPS cycle. 

Segment 
Nr. 

Type Temperature, 
°C 

Heating rate, 
°C/min 

Duration, 
min 

Pressure, 
MPa 

1 Heating RT–250 100 2.5 17 
2 Heating 250–800 100 5.5 17 
3 Dwell 800 0 5 17 
4 Heating 800–1300 100 5 17–60 
5 Heating 1300–1350 75 0.67 60 
6 Dwell 1350 0 10 60 
7 Cooling 1350–640 Forced cooling 5 60–17 
8 Cooling 640–RT Free cooling 75 17 

 

2.3. Hardness and microstructure 

 

The density of the sintered samples was measured using the Archimedes method (ISO 

18754:2013). Relative densities were calculated with the theoretical density of 6.05 g·cm-3 for 

3YSZ (Tosoh) and 5.57 g·cm-3 for the 3YSZ-10MWCNT composite [23]. The latter value was 

determined using the rule of mixtures. Each density experiment was performed three times and 

averaged (Table 2). Vickers hardness was measured with an FM-700 (Future-Tech, Japan) tester 

following ISO 14705:2016. The applied load was 9.807 N with a holding time of 12 s. The average 

HV1 value was taken from five measurements. The hardness values (Table 2) are typical for 3YSZ 
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ceramics and 3YSZ-10MWCNT composite [12]. The microstructure was studied with a 

GeminiSEM 450 scanning electron microscope (Zeiss, Germany). The samples were thermally 

etched at 1200°C for 20 min in air to increase the visibility of grain boundaries. Fig. S1 

(Supplementary Material) compares the SEM images of the microstructure before and after 

thermal etching. The grain size distribution was analyzed using the ImageJ software [27]. ImageJ 

allows the measurement of the area of individual grains. Fig. S2 shows the microstructure before 

and after ImageJ processing. The grain size was evaluated as the diameter of a circle with an area 

equivalent to the area of the grain. A series of three or four SEM images (like those presented in 

Fig. 3) and 1000–1300 grains were analyzed for each case study. The results were collected in an 

Excel file, sorted by value, and statistically processed. A volumetric concentration of 10% (2.26% 

by weight) of MWCNT was sufficient to demonstrate the effect of carbon nanotubes on grain 

growth in the zirconia matrix. 

 

Table 2. Relative density and hardness of sintered samples. 

Sample ID Relative density HV1, GPa HV1 standard deviation, GPa 
3YSZ_aggl 0.997 13.16 0.04 
3YSZ_son 0.999 14.45 0.18 
3YSZ-10MWCNT  0.966 7.58 0.15 

 

3. Results and discussion 

 

Fig. 3a and Fig. 3b show the microstructures of the samples sintered from the initially 

agglomerated 3YSZ powder (left) and the sonicated 3YSZ powder (right). Both microstructures 

do not reveal any traces of the former agglomerates. The 3YSZ_aggl sample has a slightly larger 

grain size and larger pores at junction points than the 3YSZ_son sample. As a result, the hardness 

of the 3YSZ_aggl sample is a little higher than that of the 3YSZ_son sample (Table 2). In general, 

the difference in microstructure for these samples is marginal. Thus, sonication has a minor 

influence on grain size after sintering. 

Fig. S1a shows the microstructure of the sintered composite before thermal etching with 

agglomerates of MWCNTs. The presence of MWCNTs after SPS at 1350°C was also proven by 

Raman spectroscopy in our previous paper [23]. After the carbon burns out during thermal etching, 

the pores replicate the MWCNTs in the microstructure (Fig. S1b). Fig. 3c shows the 3YSZ 

agglomerates in the composite matrix after thermal etching. Fig. 3d shows the boundary between 

a residual 3YSZ agglomerate and the 3YSZ-10MWCNT area. The grain size in the 3YSZ-

10MWCNT area is smaller than in the 3YSZ agglomerate. Figs. 3e and 3f show the 

microstructures of a residual 3YSZ agglomerate and the 3YSZ-10MWCNT area separately and at 
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higher magnification. A comparison of these microstructures confirms the retarding effect of 

carbon nanotubes on grain growth. In summary, the MWCNTs reduce grain growth in the zirconia 

matrix, and powder sonication barely influences the grain size after sintering. 

 

Fig. 3. Microstructure of the samples sintered from (a) initially agglomerated 3YSZ powder and 

(b) sonicated 3YSZ powder. (c) Microstructure of the sintered 3YSZ-10MWCNT composite with 

3YSZ agglomerates. After thermal etching, the pores replicate the individual MWCNTs and 

MWCNT’s agglomerates. (d) The boundary between the 3YSZ-10MWCNT area and the 3YSZ 

agglomerate. (e) Microstructure of the residual 3YSZ agglomerate. (f) Microstructure of the 

MWCNT-rich area in the sintered 3YSZ-10MWCNT composite. 
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Three mechanisms may govern the reduced grain growth in the 3YSZ-10MWCNT composite. 

First, the MWCNTs restrict the 3YSZ grain boundary motion because the 3YSZ/MWCNT 

interface is incoherent due to different atomic structures of zirconia and carbon nanotubes. The 

literature refers to this phenomenon as the Zener pinning effect [29]. Second, the individual 

MWCNTs and MWCNT agglomerates prevent grain fusion. Third, the CNT reaction with zirconia 

may form ZrOxCy precipitations and restrict grain growth due to the Zener effect. The fast diffusion 

of carbon along grain boundaries contributes to this feature [28]. The impact of CNTs on grain 

growth is moderate at 1350°C but can increase with temperature [19]. Detailed observation shows 

an inhomogeneous grain size distribution in all microstructures (Fig. 3). Therefore, the proper 

grain size characterization requires statistical analysis. The technique for doing this was adapted 

from the study of the particle size distribution [30]. Fig. 4a shows the cumulative grain size 

distributions for three sintered samples: 3YSZ_aggl, 3YSZ_son, and 3YSZ-10MWCNT. The 

3YSZ-10MWCNT sample consists of two areas. The first area (3YSZ-10MWCNT_aggl) 

corresponds to residual zirconia agglomerates (Fig. 3e), and the second area (3YSZ-

10MWCNT_comp) is the MWCNT-rich part of the composite (Fig. 3f). Table 3 shows the 

percentage of grains with a size below a certain number. The median grain size D50 divides the 

distribution into two parts with equal amounts of smaller and larger grains. The value S = (D90-

D10)/D50 characterizes the width of the distribution (ISO 9276:2014). Sonication of the 3YSZ 

powder leads to a slight reduction in the grain size of the sintered sample (Fig. 4a). The grain size 

of the residual 3YSZ agglomerates in the sintered composite (Figs. 3c and 3f) is even smaller. The 

reason is the stronger boundaries between primary particles in residual 3YSZ agglomerates. The 

firm boundaries prevent these agglomerates from disintegrating during sonication and hinder grain 

fusion during sintering. The width of the grain size distribution in the 3YSZ-10MWCNT_aggl area 

is the same as in the 3YSZ_aggl sample. The grain size in the MWCNT-rich region is about 1.6-

1.7 times smaller than in residual 3YSZ agglomerates. (Fig. 3d). The grain size distribution in the 

MWCNT-rich area is more expansive because of the retardation effect of nanotubes on grain 

growth and lower number of large grains. The cumulative grain area distribution in Fig. 4b shows 

a trend like the grain size distribution. Interestingly, the grain area distribution is narrower than the 

grain size distribution (Table 4). 
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Fig. 4. Cumulative distribution of (a) grain size and (b) grain area. 

 

Table 3. Characteristics of the grain size distribution. 

Sample ID D10, m D50, m D90, m Distribution width 
3YSZ_aggl 0.127 0.263 0.432 1.16 
3YSZ_son 0.129 0.244 0.398 1.10 
3YSZ-10MWCNT_aggl 0.098 0.199 0.342 1.23 
3YSZ-10MWCNT_comp 0.059 0.117 0.211 1.30 

 

Table 4. Characteristics of the grain area distribution. 

Sample ID S10, m2 S50, m2 S90, m2 Distribution width 
3YSZ_aggl 0.218 0.360 0.520 0.84 
3YSZ_son 0.199 0.334 0.476 0.83 
3YSZ-10MWCNT_aggl 0.167 0.293 0.435 0.91 
3YSZ-10MWCNT_comp 0.101 0.178 0.306 1.15 

 

4. Conclusions 

 

In summary, sonication of 3YSZ powder slightly reduces grain size in sintered samples due to 

the disintegration of weak agglomerates. Hard agglomerates have a strong bond between primary 

particles. Therefore, the hard agglomerates can withstand sonication and mixing without 

disintegration. Firm and less movable grain boundaries in hard agglomerates result in smaller 

grains in residual agglomerates compared to the average grain size in the sintered 3YSZ sample. 

The retarding effect of carbon nanotubes on grain growth during spark plasma sintering at 1350°C 

is moderate. The grain size in the MWCNT-rich region is about 1.6-1.7 times smaller than in the 

residual 3YSZ agglomerate and 2.0-2.2 times smaller than in sintered 3YSZ samples. This effect 

is more pronounced when the 3YSZ-CNT composite is sintered at a higher temperature of 1700-

1800°C [18]. The decreased grain growth results from the pinning of zirconia grain boundaries by 

MWCNTs due to the incoherent 3YSZ/MWCNT (Zener pinning). Additionally, individual 

MWCNTs and MWCNT agglomerates prevent grain fusion. Finally, the carbon and zirconia 
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reaction may result in oxycarbide (ZrOxCy) precipitations restricting grain growth due to the 

Zener effect. The statistical grain size evaluation borrowed from the particle size analysis is more 

informative than the common characterization by the mean grain size or a histogram. This analysis 

assumes the consistent processing of multiple microstructural images. The SPS sintering at 1350°C 

ensured full densification of 3YSZ samples with an HV1 hardness of 13.2-14.5 GPa. The residual 

porosity of the 3YSZ-10MWCNT samples was approximately 3.5%, and the HV1 hardness was 

7.6 GPa. Hardness values are typical for 3YSZ ceramics and the 3YSZ-10MWCNT composite. 
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Fig. S1. Microstructure of sintered 3YSZ-10MWCNT composite (a) before and (b) after thermal 

etching at 1200°C for 20 min. Pores replicate the MWCNTs after their burnout during thermal 

etching. 

 

Fig. S2. (a) SEM image of 3YSZ microstructure and (b) the same image after processing with 

ImageJ software. 


