
 
 

Delft University of Technology

Optimizing densification and mechanical properties of spark plasma sintered ZrB2-SiC
ceramic composites

Krinis, Iason; Jindal, Prakhar; Popovich, Vera; Brouwer, Hans; Botchu, Jyoti; Tang, Yinglu

DOI
10.1016/j.ceramint.2025.06.408
Publication date
2025
Document Version
Final published version
Published in
Ceramics International

Citation (APA)
Krinis, I., Jindal, P., Popovich, V., Brouwer, H., Botchu, J., & Tang, Y. (2025). Optimizing densification and
mechanical properties of spark plasma sintered ZrB

2
-SiC ceramic composites. Ceramics International,

51(24), 41877-41890. https://doi.org/10.1016/j.ceramint.2025.06.408

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.ceramint.2025.06.408
https://doi.org/10.1016/j.ceramint.2025.06.408


Optimizing densification and mechanical properties of spark plasma 
sintered ZrB2-SiC ceramic composites

Iason Krinis a, Prakhar Jindal b,* , Vera Popovich a, Hans Brouwer a, Jyoti Botchu b,  
Yinglu Tang c

a Materials Science and Engineering, Faculty of Mechanical Engineering, TU Delft, Netherlands
b Space Systems Engineering, Faculty of Aerospace Engineering, TU Delft, Netherlands
c Dept. of Aerospace Structures and Materials, Faculty of Aerospace Engineering, TU Delft, Netherlands

A R T I C L E  I N F O

Handling editor:Dr P. Vincenzini

Keywords:
Ultra-high-temperature ceramics (UHTCs)
ZrB2-SiC
Spark plasma sintering
Densification
Mechanical properties
Milling

A B S T R A C T

This study investigates the impact of different powder milling methods on the densification and mechanical 
properties of ZrB2-SiC ceramic composites processed via spark plasma sintering (SPS). Powders were prepared 
using two ball milling techniques: tungsten carbide (WC) and conventional ZrO2. The densification behavior 
during SPS was monitored, and the sintered samples were evaluated for their relative density, hardness, fracture 
toughness, and flexural strength. Results show that WC milling significantly enhances densification, achieving 
99.2 % relative density at 2100 ◦C/65 MPa/15 min, compared to 96.5 % for ZrO2-milled samples. This 
improvement is due to WC’s sintering aid effect, which promotes grain boundary diffusion and particle packing. 
However, ZrO2-milled composites exhibit superior hardness (17.38 GPa) and fracture toughness (3.97 MPa 
m1/2), attributed to their refined grain structure and the absence of softer ZrO2 phases. Conversely, WC-milled 
samples show slightly higher flexural strength (384–516 MPa), likely due to the transformation toughening effect 
of the secondary ZrO2 phase. Overall, WC milling improves densification and flexural strength, while ZrO2 
milling yields finer-grained composites with higher hardness and toughness, making it better suited for wear- 
resistant and mechanically demanding applications.

1. Introduction

Space exploration and aerospace technology are rapidly evolving, 
driving the demand for materials capable of withstanding extreme 
thermal and mechanical conditions. Components such as rocket nozzles, 
leading edges of re-entry vehicles, and hypersonic flight surfaces are 
subjected to intense heat, rapid temperature fluctuations, and severe 
mechanical stresses. To endure these harsh environments, ceramic ma
trix composites (CMCs) have been widely employed due to their 
exceptional thermal resistance, high strength-to-weight ratio, and 
structural stability. Among them, carbon/carbon (C/C) and carbon/sil
icon carbide (C/SiC) composites have gained prominence in aerospace 
applications. However, their performance is limited by oxidation 
vulnerability. C/C composites rapidly oxidize above 500 ◦C without 
protective coatings, while C/SiC composites face active oxidation of the 
SiC matrix above 1650 ◦C, restricting their long-term usability [1]. To 
overcome these limitations, ultra-high temperature ceramics (UHTCs) 
have emerged as a promising class of materials for extreme aerospace 

applications. Transition metal diborides, particularly zirconium dibor
ide (ZrB2) and hafnium diboride (HfB2), have attracted considerable 
attention due to their remarkable properties, including melting points 
exceeding 3000 ◦C, high thermal conductivity, and excellent oxidation 
and wear resistance [2]. Among these, ZrB2 is especially preferred for 
aerospace applications due to its lower density, reduced cost, and su
perior thermal shock resistance compared to HfB2, making it a viable 
candidate for reusable rocket nozzle liners and thermal protection sys
tems [3].

However, despite its outstanding thermal stability, monolithic ZrB2 
suffers from intrinsic brittleness, low fracture toughness, and limited 
oxidation resistance, which hinder its structural applications under se
vere conditions [4–6]. To address these limitations, silicon carbide (SiC) 
is frequently incorporated as a secondary phase, creating ZrB2-SiC 
composites with significantly improved properties. The addition of SiC 
enhances the oxidation resistance of ZrB2 by forming a protective silica 
(SiO2) layer during high-temperature exposure, preventing further 
degradation. Moreover, SiC reinforcement increases the hardness, 
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flexural strength, and fracture toughness of the composite by promoting 
grain refinement and crack deflection mechanisms. Studies have 
demonstrated that 20 vol% SiC offers an optimal balance, enhancing 
oxidation resistance up to 1600 ◦C, boosting hardness, and improving 
mechanical reliability [7]. To effectively consolidate ZrB2-SiC compos
ites, spark plasma sintering (SPS) has emerged as a highly efficient 
densification technique. SPS offers several advantages over conven
tional sintering methods, including lower sintering temperatures, faster 
densification rates, and limited grain growth. The application of pulsed 
DC current and uniaxial pressure during SPS accelerates mass transport, 
enabling the production of dense composites with refined microstruc
tures and enhanced mechanical properties [8].

The pre-sintering preparation of ZrB2-SiC powders plays a pivotal 
role in determining the final properties of the composites. Achieving a 
homogeneous dispersion of the ZrB2 and SiC phases is critical for 
obtaining consistent mechanical performance. Two primary methods 
are commonly used for powder preparation: conventional mixing and 
high-energy milling. Conventional mixing typically results in larger, less 
uniform particles, leading to lower sinterability and reduced mechanical 
performance. In contrast, high-energy milling promotes finer particle 
sizes, better mixing homogeneity, and increased surface activation, all of 
which enhance the sintering kinetics. Furthermore, the choice of milling 
media significantly influences the powder characteristics. Zirconia 
(ZrO2) and tungsten carbide (WC) balls are widely used due to their high 
density and wear resistance. However, they introduce distinct effects on 
the composite’s properties. WC media can act as a sintering aid, 
enhancing grain boundary diffusion and promoting densification, while 
ZrO2 balls produce minimal contamination, leading to purer composites 
with more consistent mechanical properties. Despite the growing in
terest in ZrB2-SiC UHTCMCs, the impact of powder mixing methods and 
milling media on their densification behavior, microstructure evolution, 
and mechanical properties remains insufficiently explored. Previous 
studies have primarily focused on the sintering conditions and oxidation 
resistance, with limited attention given to the influence of powder 
preparation techniques on the final composite performance.

This study addresses a critical gap by systematically investigating the 
influence of milling methods and media on the densification, micro
structure, and mechanical performance of spark plasma sintered ZrB2- 
SiC composites. By comparing high-energy WC milling with conven
tional ZrO2 milling, this work provides new insights into how the sin
tering aid effect of WC enhances densification while ZrO2 milling 
produces finer-grained composites with superior hardness and fracture 
toughness. The findings offer valuable guidelines for optimizing powder 
preparation strategies, enabling the design of UHTCMCs with tailored 
properties for next-generation aerospace applications, including reus
able rocket nozzles, thermal protection systems, and hypersonic 
vehicles.

2. Materials and methods

2.1. Preparation and sintering of ZrB2-SiC composites

2.1.1. Raw materials
Zirconium Diboride (ZrB2) and Silicon Carbide (SiC) powders were 

utilized as primary raw materials for fabricating ultra-high-temperature 
ceramic matrix composites. ZrB2 powder (hexagonal crystal phase) was 
sourced with a purity of 99.5 % (Zr: 80 %, B: 18.90 %, N: 0.08 %, Si: 0.1 
%), a density of 6.09 g/cm3, and an average particle size of 5.5 μm. SiC 
powder (beta-phase) had a purity of 99.8 % metals basis (free C: 1.33 %, 
O: 0.57 %, Fe: 151 ppm, Al: 20 ppm, Ca: 10 ppm), with a density of 3.21 
g/cm3 and an average particle size of 0.62 μm. The powders were mixed 
to maintain a ZrB2:SiC volume ratio of 80:20, optimizing mechanical 
strength and oxidation resistance for aerospace applications.

2.1.2. Powder milling techniques
Two distinct milling techniques were employed to prepare the 

ceramic composite powders, evaluating the impact of milling media and 
processing parameters on the final microstructure and mechanical 
properties of the sintered samples. For ZrO2-milled samples (ZSZ), ZrB2 
and SiC powders were ball-mixed in a glass beaker for 48 h using 10 mm 
diameter zirconia (ZrO2) balls and ethanol as the grinding liquid. 
Continuous rolling motion at room temperature ensured thorough 
mixing and particle refinement. Post-mixing, the powders were dried at 
180 ◦C for 12 h to evaporate ethanol and prevent agglomeration, then 
sieved through a 100 μm mesh for uniform particle size distribution. For 
WC-milled samples (ZSW), high-energy ball milling was performed in a 
WC-lined jar at 300 rpm for 10 h using 5 mm diameter pure tungsten 
carbide (WC) balls and isopropyl alcohol (IPA) as the milling liquid. 
Shorter milling duration and higher rotational speed enhanced mixing 
homogeneity while minimizing contamination from WC media. The 
preparation steps, including durations and media, were selected based 
on protocols reported in previous studies with similar procedures and 
demonstrated optimal properties [9–11]. Post-milling, milled powders 
were dried at 180 ◦C for 12 h and sieved through a 100 μm mesh for 
uniformity before sintering.

2.1.3. Spark plasma sintering (SPS) procedure
The mixed and dried ZrB2-SiC powders were consolidated using 

spark plasma sintering (SPS) at TU Delft, Netherlands, utilizing an FCT 
Systeme GmbH SPS system. The sintering process involved loading 
powders into a 30 mm diameter graphite die with graphite punches at 
both ends. A 0.5 mm thick graphite sheet was inserted between the raw 
material and the die to facilitate easy extraction post-densification. The 
graphite die assembly was wrapped with carbon blankets to minimize 
heat loss and ensure uniform temperature distribution. The sintering 
cycle, as shown in Fig. 1, involved a heating rate of 100 ◦C/min, with 
samples held at target sintering temperatures (1950◦C-2100 ◦C) and 
pressures (50–65 MPa) for 15 and 60 min in an argon (Ar) atmosphere. 
Pulsed DC during SPS promoted rapid densification by activating mass 
transport mechanisms such as diffusion and particle rearrangement, 
limiting grain growth and enhancing mechanical properties.

The powders were sintered to obtain a ZrB2-SiC ceramic disc of 

Fig. 1. Sintering cycle for the manufacture of one of the ZrB2-SiC ceramics.

Fig. 2. ZrB2-SiC Sample, (a) post-sintering, (b) polished and grinded sample, 
(c) final ceramic sample.
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diameter 30 mm and 4 mm thickness, as shown in Fig. 2(a). Post- 
sintering, samples were polished to a mirror finish using diamond sus
pensions and thoroughly cleaned, as shown in Fig. 2(b). For obtaining 
mechanical properties and morphological results, the ceramics were first 
cut into desired dimensions and cast in non-conductive resin. For the 
final sample, before undergoing testing, a 4000-grit paper was used to 
grind and then polished with velvet to give a mirror-like finish, as shown 
in Fig. 2(c).

2.1.4. Density measurement
The relative density of the sintered ZrB2-SiC composites was 

measured using Archimedes’ principle, following the ASTM C373-88
standard. The polished and dried samples were weighed in air and then 
in distilled water as the immersion medium. The relative density (ρ) was 
calculated using the following formula (eq. (1)): 

ρ= Wair

Wair − Wwater
× ρwater (1) 

where Wair = Sample weight in air; Wwater = Sample weight in water; 
ρwater = Density of water at the measurement temperature.

2.2. Microstructural and mechanical characterization

The microstructural characterization of the sintered ZrB2-SiC com
posites was carried out using various techniques. Optical Microscopy 
(OM) was performed with a Keyence VHX-5000 digital microscope to 
examine the surface morphology and identify any visible defects or 
porosity. Scanning Electron Microscopy (SEM) was utilized to further 
analyze the microstructure, grain size, and phase distribution using a 
Jeol JSM IT-100 SEM, operated at 15 kV with both secondary electron 
and backscattered electron imaging modes. Image analysis was con
ducted using ImageJ2 software to measure the average SiC grain size 
based on the linear intercept method.

Phase identification was performed using X-ray diffraction (XRD) to 
identify the crystalline phases and detect any secondary phases resulting 
from the milling media interaction. The XRD analysis was conducted 
with a Bruker D8 Advance diffractometer, employing a Bragg-Brentano 
geometry, Cu-Kα radiation, a beam size of 0.5 mm diameter, and a 
Lynxeye XET position-sensitive detector in high-resolution mode. XRD 
measurements were taken on both the surface and the thickness direc
tion of the samples to ensure comprehensive phase identification. The 
samples were mounted on Si510 wafers to minimize diffraction inter
ference from the mounting surface.

The mechanical properties of the sintered samples were evaluated 
through hardness, flexural strength, and fracture toughness measure
ments. Vickers hardness was measured following the ASTM C1327-08
standard using a DuraScan 20 (Struers) hardness tester with a 1 kgf load, 
15-s dwell time, and five indentations on each sample (both in-plane and 
through the thickness). The average hardness was calculated and 
expressed in GPa.

Flexural strength was measured using the 4-point bending test ac
cording to the ASTM C1161-13 standard. The test setup included a 

Zwick Z010 machine with an outer support span of 20 mm, an inner 
loading span of 10 mm, and a loading rate of 0.2 mm/min. Five sample 
bars were tested for each batch, and the average flexural strength was 
calculated using the following formula (eq.(2)): 

σf =
3PL
4bd2 (2) 

where P = Breaking force (N); L = Outer support span (mm); b = Width 
of the sample bar (mm); d = Thickness of the sample bar (mm).

The fracture toughness (KIC) of the samples was estimated using the 
Vickers indentation method, based on the Halfpenny model for c/a >2. 
Five indentations were made at different locations on the sample sur
faces. The formula used was (eq.(3)): 

KIC =0.0101
P

a c
1
2

(3) 

where P = Indentation load (N); a = Half the indent diagonal (mm); c =
Average crack length (mm).

While the Vickers indentation method provides a convenient esti
mation of fracture toughness, it is not entirely reliable for brittle ce
ramics due to irregular crack propagation, as highlighted in prior studies 
[12–15]. Therefore, the results should be interpreted cautiously.

3. Results and discussion

3.1. Densification behavior of ZrB2-SiC composites

Table 1 presents a comprehensive summary of the densification 
behavior and mechanical properties of all the tested ZrB2-SiC composite 
samples, highlighting the influence of the milling method and sintering 
protocol. The samples prepared using WC ball milling (ZSW) consis
tently exhibited higher relative densities compared to those prepared 
using ZrO2 milling (ZSZ) under similar sintering conditions.

The results demonstrate that the WC-milled samples (ZSW) consis
tently achieve higher relative densities than the ZrO2-milled samples 
(ZSZ) across all sintering conditions. The relative density of the ZSW 
samples ranges from 94.7 % to a peak value of 99.2 % at 2100 ◦C/65 
MPa/15 min (ZSW.5), as can be seen in Fig. 3, whereas the ZSZ samples 
achieve a lower maximum density of 96.7 % under the same conditions 
(ZSZ.7). The superior densification of the ZSW samples can be attributed 
to the sintering aid potential of tungsten carbide (WC), which enhances 
grain boundary diffusion and promotes more efficient particle rear
rangement during SPS [16]. Furthermore, while WC contamination has 
been observed in other studies due to mixing [17], this was not the case 
in the current study. XRD analysis and SEM-EDS analysis confirmed the 
absence of such contamination, ensuring that the observed porosity is 
solely attributed to the material’s relative density. WC milling also re
sults in finer and more homogeneously distributed particles, which 
further improves packing efficiency and reduces the formation of voids 
during sintering. In contrast, while ZrO2 milling is still effective for 
densification, it offers a slightly lower sintering aid effect compared to 
WC. This is likely due to the lower hardness and density of ZrO2, which 

Table 1 
Densification and mechanical properties of all the tested samples, highlighting the influence of the milling method and sintering protocol.

SPS-protocol (◦C/MPa/min) Sample number Relative density 
(%)

Avg. SiC grain size 
(μm)

Vickers Hardness HV1 
(GPa)

Flexural Strength σf 

(MPa)
Fracture Toughness KIC 

(MPa⋅m1/2)

ZSW ZSZ ZSW ZSZ ZSW ZSZ ZSW ZSZ ZSW ZSZ

1950/50/15 1 94.7 96.0 2.91 2.65 14.33 17.08 407 343 3.71 3.97
2050/50/15 2 97.7 96.2 – – 13.92 15.76 384 317 3.58 3.48
2000/65/15 3 96.6 95.3 4.23 3.36 13.20 16.03 490 476 3.76 3.67
2050/65/15 4 97.1 95.9 – – 13.92 15.98 461 434 3.55 3.78
2100/65/15 5 99.2 96.5 5.28 4.23 13.64 13.92 407 423 3.62 3.71
2000/65/60 6 97.8 96.0 – – 15.11 15.09 516 447 3.75 3.72
2100/65/60 7 99.0 96.7 – – 13.73 15.01 497 431 3.51 3.62
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results in less aggressive particle refinement during milling.
To further assess the densification behavior, X-ray diffraction (XRD) 

analysis was conducted on both ZSW and ZSZ samples to determine 
phase composition and identify any secondary phases introduced during 
the milling and sintering processes. The analysis revealed that ZSW 
samples, prepared through WC ball milling, consistently exhibited the 
formation of a secondary ZrO2 phase. In contrast, the ZSZ samples, 
milled with ZrO2 balls, showed no evidence of secondary phase forma
tion, indicating a cleaner and more phase-pure microstructure. The 
appearance of the secondary ZrO2 phase in the ZSW samples is likely due 
to contamination during high-energy milling. The increased abrasion of 
the WC balls and the aggressive nature of high-energy milling, combined 
with localized heating and potential oxidation, lead to the incorporation 
of ZrO2 into the composite. This is further supported by the XRD patterns 
shown in Fig. 4, where distinct peaks corresponding to ZrO2 are clearly 
visible in the ZSW samples. Conversely, the XRD analysis of the ZSZ samples (Fig. 5) confirms the 

absence of any secondary ZrO2 phase. The stability of the ZrO2 milling 
balls, coupled with the less aggressive milling conditions, prevents 
contamination, resulting in a purer phase composition. This stability is 
essential for achieving cleaner phase retention and more reliable sin
tering behavior.

Additionally, in both milling methods, an additional carbon phase 
was detected, which is likely due to carbon diffusion or reaction from the 
graphite molds and protective graphite sheets used during high- 
temperature sintering.

Semi-quantitative phase analysis was conducted using Rietveld 
refinement on selected sintered samples (ZSW.3–ZSW.7 and 
ZSZ.3–ZSZ.7) to estimate the phase fractions of ZrB2, SiC, ZrO2, and 
residual carbon. XRD data were acquired over a 2θ range of 20–90◦, step 
size 0.033◦ 2θ, counting time per step 2 s, using Cu-Kα radiation and 
refined using Bruker software DiffracSuite.EVA vs 7.1. The refinement 
included background correction, peak shape fitting, and scale factor 
optimization. As seen from Table 2, the results confirm that WC-milled 
samples contain 1–4 wt% monoclinic ZrO2, absent in ZrO2-milled 

Fig. 3. Comparison of relative densities between samples fabricated using high- 
energy WC milling and regular ZrO2 milling, evaluated at 65 MPa and a dwell 
time of 15 min across various temperatures.

Fig. 4. XRD analysis of sample ZSW.3 (2000 ◦C/65 MPa/15 min) showing the 
formation of ZrO2. a) Overview of the diffraction pattern, indicating phase 
composition; b) Magnified view, detailing the specific peaks associated 
with ZrO2.

Fig. 5. XRD analysis of sample ZSZ.3 (2000 ◦C/65 MPa/15 min), showing no 
detectable formation of the ZrO2 phase. (a) Overview of the diffraction pattern 
illustrating phase composition; (b) Magnified view, detailing the specific peaks, 
confirming the absence of ZrO2 peaks.

Table 2 
Phase composition of selected ZSW and ZSZ samples determined by Rietveld 
refinement.

Sample 
ID

Milling 
Method

ZrB2 (wt 
%)

SiC (wt 
%)

ZrO2 (wt 
%)

Carbon (wt 
%)

ZSW.3 WC 87 % 9 % 4 % –
ZSW.5 WC 84 % 13 % 2 % 1 %
ZSW.6 WC 82 % 13 % 4 % 2 %
ZSW.7 WC 84 % 13 % 1 % 2 %
ZSZ.3 ZrO2 84 % 14 % – 2 %
ZSZ.5 ZrO2 84 % 15 % – 1 %
ZSZ.6 ZrO2 82 % 14 % – 3 %
ZSZ.7 ZrO2 83 % 15 % – 1 %
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samples, supporting the presence of milling-induced contamination.
To evaluate the effect of the ZrO2 secondary phase on the densifi

cation behavior of the ZSW samples, a sensitivity analysis was con
ducted. The volume fractions of ZrO2 formed during the milling process 
were calculated using the XRD data. These values were then factored 
into the theoretical density calculations of the ZSW samples, considering 
the theoretical density of monoclinic ZrO2 (5.68 g/cm3). The sensitivity 
analysis results, presented in Table 3, show the theoretical and relative 
densities of the ZSW samples, both with and without accounting for the 
ZrO2 phase. The analysis indicates that the impact of the secondary ZrO2 
phase on the final relative density is minimal, with the difference being 
less than 0.2 % across all tested samples. This suggests that the forma
tion of the secondary phase does not significantly affect the overall 
densification trends.

The sensitivity analysis reveals that the presence of the ZrO2 sec
ondary phase has a negligible impact on the overall densification of the 
ZSW samples. The relative density difference between the ZrO2-included 
and ZrO2-free models is less than 0.2 %, which is within the experi
mental margin of error for density measurements.

This indicates that while the secondary phase formation is detectable 

by XRD, it does not significantly alter the densification performance of 
the ZSW samples. This minimal impact can be attributed to the relatively 
low volume fraction of ZrO2 (ranging between 1.0 % and 3.9 %), which 
is insufficient to substantially influence the overall material density. 
Additionally, the negligible effect on densification highlights the high 
sinterability of the ZSW samples, even in the presence of trace secondary 
phases. This finding is particularly relevant for industrial applications, 
as it suggests that WC-milled ZrB2-SiC composites can achieve near- 
theoretical densities despite minor contamination from ZrO2, making 
the milling method suitable for large-scale production.

3.2. Microstructural characterization

The microstructures of the sintered ZSW and ZSZ samples were 
analyzed using optical microscopy at magnifications up to 2000× to 
evaluate the morphology, grain size, and surface features. Figs. 6 and 7
show representative microstructures of a ZSW.7 and ZSZ.7 samples, 
respectively, captured at 1000x (100 μm) and 1500x (50 μm) magnifi
cations. In the optical micrographs, the light-gray/white regions corre
spond to the ZrB2 matrix phase, while the dark-gray grains represent SiC 

Table 3 
Effect of the ZrO2 volume fraction on the relative density measurement of the ZSW samples.

Sample name ρexp (g/cm3) ρt without ZrO2(g/cm3) ρrel without ZrO2 (%) ZrO2 vol fraction(%) ρt with ZrO2(g/cm3) ρrel with ZrO2 (%) Difference in ρrel (%)

ZSW.3 5.32 5.51 96.6 3.9 5.50 96.8 0.2
ZSW.5 5.47 5.51 99.2 1.9 5.51 99.3 0.1
ZSW.6 5.39 5.51 97.8 3.8 5.50 98.0 0.2
ZSW.7 5.45 5.51 99.0 1.0 5.51 99.0 <0.1

Fig. 6. Microstructure of sample ZSW.7, for different magnifications: a) x1000, b) x 1500.

Fig. 7. Microstructure of sample ZSZ.7, for different magnifications: a) x1000, b) x1500.
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particles. The black spots scattered across the surface indicate grain pull- 
out regions, which occur due to localized mechanical stress during the 
sintering or polishing process. The micrographs of the remaining sam
ples are included in the appendix for reference.

Grain pull-out was observed in all samples, which is consistent with 
the findings reported in the literature [18]. The ZSW samples, however, 
exhibited more pronounced grain pull-out compared to the ZSZ samples. 
This disparity can be attributed to the aggressive nature of high-energy 
WC ball milling. During the milling process, the intense mechanical 
forces induce microstructural defects and weaken the grain boundaries, 
making the ZSW samples more susceptible to pull-out during sintering 
and mechanical testing. In contrast, the ZSZ samples, prepared using 
ZrO2 ball milling, displayed less grain pull-out, suggesting that the 
milder milling conditions resulted in stronger grain boundaries and a 
more stable microstructure. The reduced grain pull-out in the ZSZ 
samples is also indicative of a more homogeneous microstructure and 
potentially improved mechanical properties, as fewer surface defects 
generally lead to enhanced strength and toughness.

To further investigate the surface characteristics, topographic sur
face analysis of the samples was conducted using optical microscopy. 
Fig. 8 displays the microstructure of sample ZSW.5, along with the 
texture analysis. The image reveals two distinct surface features: Cav
ities caused by grain pull-out (recessed regions) & Protruding bumps, 
representing regions where grains resisted dislodgement during 
polishing.

The surface roughness and the prevalence of pull-out regions were 
found to be slightly higher in the ZSW samples, consistent with the more 
intense milling process. This indicates that WC milling introduces 
greater surface heterogeneity, which may affect the wear resistance and 
mechanical stability of the material.

Fig. 8 displays the topographic surface analysis of a sample, con
ducted using optical microscopy, where certain regions of grain pull-out 
form cavities (recessed into the material surface), while other areas 
exhibit bumps (protruding from the material surface).

To examine the influence of the milling method and sintering pa
rameters on the grain morphology, the average SiC grain size of selected 
samples was measured. Due to the anisotropic grain growth and the 
wide distribution of grain sizes, accurately quantifying the average grain 
size for these specimens was challenging. Additionally, grain pull-out 
during sample preparation (polishing) may have introduced minor in
consistencies in the measurements. Consequently, the standard de
viations are relatively high, indicating significant variability in the grain 
size distribution.

As shown in Fig. 9, ZSW samples exhibit larger average grain sizes 
than the ZSZ samples under identical sintering conditions. The grain size 
increases with rising sintering temperatures and pressures. The ZSW 

samples exhibit coarser grains due to the more aggressive WC milling, 
which introduces higher defect densities, promoting grain growth dur
ing sintering.

The grain size differences are further illustrated in Fig. 10, which 
shows the grain size variation with the standard deviation as error bars 
between ZSW and ZSZ samples at different temperatures. The data 
reveal that higher sintering temperatures and pressures promote more 
significant grain coarsening due to enhanced atomic diffusion and grain 
boundary mobility. This phenomenon aligns with findings reported in 

Fig. 8. a) Microstructure of sample ZSW.5, displaying grain pull-out regions and surface cavities. b) Texture analysis via optical microscope, highlighting regions 
with protruding bumps and cavities caused by grain pull-out.

Fig. 9. Average SiC grain size during different sintering parameters for selected 
samples, highlighting the effects of milling method and sintering conditions.

Fig. 10. Comparison of SiC grain size between ZSW and ZSZ samples at varying 
temperatures showing larger grains in the ZSW samples due to the more 
aggressive milling process.
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the literature, which attribute grain growth at elevated temperatures to 
the reduction in grain boundary energy. As smaller grains tend to have 
higher boundary energy, they are more prone to atomic diffusion, 
merging into larger grains. This process reduces the overall grain 
boundary area, resulting in a coarsened microstructure, as described in 
previous studies [19,20].

To further investigate the microstructural characteristics and 
chemical composition, SEM and EDS analyses were performed. Figs. 11 
and 12 display the SEM images along with the EDS spectra (chemical 
analysis and composition) for the ZSW and ZSZ samples, both sintered 

under identical conditions. From the two figures, the presence of grain 
pull-out (visible as dark black cavities along the SiC grain edges) is also 
evident, consistent with the observations from optical microscopy. 
Additionally, the SiC grains appear larger in the ZSW sample compared 
to the ZSZ sample, and the oxygen content is higher in the ZSW. How
ever, it should be noted that EDS measurements of light elements such as 
B (as also indicated by the asterisk (*) in Figs. 11 and 12), and C or O are 
subject to greater uncertainty, particularly at high accelerating voltages, 
and the reported values may carry a significant margin of error.

More specifically, the oxygen mass percentage as measured in 

Fig. 11. SEM image and EDS analysis for sample ZSW.6, showing larger SiC grains and higher oxygen content due to ZrO2 formation.
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sample ZSW.6, as seen in Fig. 11, was 5.71 %, compared to respective 
percentage measured in sample ZSZ.6, which was 4.44 %, as seen in 
Fig. 12. This increased oxygen concentration may be attributed to the 
formation of ZrO2, as supported by the XRD results, and the more pro
nounced effect of grain pull-out, with greater accumulation in cavities, 
as shown in Fig. 11.

3.3. Mechanical properties analysis

3.3.1. Hardness
The hardness of the sintered ZrB2-20 vol% SiC samples was evaluated 

to determine the impact of the milling method and sintering parameters 
on the material’s mechanical performance. The results reveal that the 
ZSZ samples, produced using ZrO2 ball milling, consistently exhibited 
higher hardness values compared to the ZSW samples, which were 

Fig. 12. SEM image and EDS analysis for sample ZSZ.6, displaying finer grains and lower oxygen content, indicating a more phase-pure microstructure.
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prepared using the more aggressive WC ball milling technique. The 
highest average hardness was observed in ZSZ.1, sintered at 1950 ◦C, 50 
MPa, and a dwell time of 15 min, reaching 17.08 GPa, with a relatively 
low standard deviation of 0.25 GPa, indicating uniformity in the 
microstructure.

In contrast, the ZSW sample processed under the same sintering 
conditions (ZSW.1) achieved a significantly lower hardness of 14.33 GPa 
with a higher standard deviation of 0.93 GPa, suggesting greater vari
ability and potential microstructural inconsistencies. Table 4 summa
rizes the average Vickers hardness (HV1) values and the corresponding 
standard deviations for the ZSW and ZSZ samples under different sin
tering conditions.

The difference in hardness between the ZSZ and ZSW samples can be 
primarily attributed to the formation of the ZrO2 secondary phase in the 
ZSW samples. Although the presence of ZrO2 does not drastically in
fluence the densification process, it notably reduces the hardness of the 
ZSW samples due to its relatively lower intrinsic hardness. ZrO2 typi
cally exhibits a Vickers hardness of 12–16 GPa (averaging around 14 
GPa) [21,22], which is considerably lower than that of the ZrB2 matrix 
phase (23 GPa [7]) and the SiC reinforcement phase, which can reach 
24–26 GPa [23] and even up to 32 GPa in some cases [24]. The intro
duction of ZrO2 into the microstructure introduces weak points, 
reducing the material’s overall ability to resist fracture under load. 
Additionally, the formation of ZrO2 disrupts the grain boundary integ
rity, impeding effective load transfer and making the material more 
prone to crack initiation and propagation under applied stress. Although 

the ZSW samples exhibited improved densification, their mechanical 
properties were notably compromised due to the presence of ZrO2, a 
phenomenon that has been reported in the literature [9]. Fig. 13 illus
trates the variation in hardness between ZSW and ZSZ samples as a 
function of sintering temperature. The plot clearly shows that ZSZ 
samples exhibit superior hardness across the temperature range, with a 
consistent 2–3 GPa advantage over the ZSW samples.

The hardness values obtained in this study are in agreement with 
those reported in the literature. The ZSW and ZSZ samples exhibited 
hardness values ranging from 13.20 to 15.11 GPa and 13.92–17.08 GPa, 
respectively. These results align with the findings of Naughton-Duszova 
et al. [2], who reported values between 15.4 and 17.9 GPa for ZrB2-SiC 
composites sintered under similar conditions. Additionally, Guo et al. 
[9] observed hardness values ranging from 15.59 to 17.98 GPa, while 
Yuan et al. [18] reported an average hardness of 14.2 GPa for ZrB2-20 
vol% SiC composites. The slight variations in the hardness values be
tween this study and previous works can be attributed to several factors, 
including, sintering protocol variations (temperature, pressure, and 
dwell time), differences in powder quality and grain size distribution, 
divergent testing methods and indentation parameters, variations in 
milling techniques, which significantly influence the microstructure and 
phase composition.

3.3.2. Flexural strength
The flexural strength of the sintered ZrB2-SiC composites was eval

uated to determine their ability to withstand bending forces and assess 
the impact of the milling method and sintering parameters on the ma
terial’s structural integrity. As previously noted, the ZSZ samples, which 
feature a finer grain structure and lack the secondary ZrO2 phase, 
generally demonstrate superior hardness compared to the ZSW samples. 
This is because finer grains create a denser, more refined microstructure, 
which enhances resistance to crack initiation and propagation. How
ever, despite the lower hardness of the ZSW samples, they exhibit 
comparable or even slightly superior flexural strength to the ZSZ sam
ples, as shown in Table 5 and Fig. 14. This result can be attributed to the 
transformation toughening mechanism of the ZrO2 phase in the ZSW 
samples. When subjected to mechanical stress, the tetragonal ZrO2 phase 
undergoes a stress-induced phase transformation into monoclinic ZrO2. 
This transformation is accompanied by a 4–5 % volume expansion, 
which generates compressive stresses at the crack tip, thereby increasing 
the material’s resistance to bending and slowing down crack propaga
tion [25]. This energy-absorbing mechanism improves the overall flex
ural strength of the ZSW samples, effectively compensating for their 
lower hardness. This transformation plasticity accommodates strain, 

Table 4 
Average hardness values and standard deviation for ZSW and ZSZ samples, along with the corresponding sintering parameters.

SPS-protocol (◦C/MPa/min) Sample name HV1 Average (GPa) HV1 Standard deviation (GPa) Sample name HV1 Average (GPa) HV1 Standard deviation (GPa)

1950/50/15 ZSW.1 14.33 0.93 ZSZ.1 17.08 0.25
2050/50/15 ZSW.2 13.92 0.40 ZSZ.2 15.76 0.64
2000/65/15 ZSW.3 13.20 0.45 ZSZ.3 16.03 0.24
2050/65/15 ZSW.4 13.92 0.26 ZSZ.4 15.98 0.44
2100/65/15 ZSW.5 13.64 0.36 ZSZ.5 13.92 0.33
2000/65/60 ZSW.6 15.11 0.48 ZSZ.6 15.09 0.35
2100/65/60 ZSW.7 13.73 0.38 ZSZ.7 15.01 0.45

Fig. 13. Comparison of hardness values (HV1) between samples fabricated 
using high-energy WC milling and regular ZrO2 milling, evaluated at 50 MPa 
and a dwell time of 15 min across different temperatures.

Table 5 
Average flexural strength values and standard deviation for ZSW and ZSZ samples, along with the corresponding sintering parameters.

SPS-protocol (◦C/MPa/min) Sample name σf Average (MPa) σf Standard deviation (MPa) Sample name σf Average (MPa) σf Standard deviation (MPa)

1950/50/15 ZSW.1 407 52 ZSZ.1 343 127
2050/50/15 ZSW.2 384 57 ZSZ.2 317 13
2000/65/15 ZSW.3 490 42 ZSZ.3 476 71
2050/65/15 ZSW.4 461 37 ZSZ.4 434 49
2100/65/15 ZSW.5 407 59 ZSZ.5 423 21
2000/65/60 ZSW.6 516 49 ZSZ.6 447 58
2100/65/60 ZSW.7 497 43 ZSZ.7 431 112
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increasing crack initiation resistance and slowing crack propagation 
[26].

Fig. 14 shows that the flexural strength values of the ZSW and ZSZ 
samples ranged between 384–516 MPa and 314–476 MPa, respectively. 
Interestingly, ZSW samples exhibited higher flexural strength in several 
cases, particularly at higher sintering temperatures and pressures, which 
is likely due to the increased ZrO2 transformation toughening effect. The 
highest flexural strength was recorded for ZSW.6 (516 MPa), sintered at 
2000 ◦C, 65 MPa, and a dwell time of 60 min, whereas the corresponding 
ZSZ.6 sample exhibited a lower strength of 447 MPa. This notable dif
ference highlights the effectiveness of the ZrO2 toughening mechanism 
in the ZSW samples under specific sintering conditions.

The flexural strength values obtained in this study align with pre
viously reported results. Stadelmann et al. [10] reported flexural 
strength values of 329–558 MPa for ZrB2-SiC composites sintered under 
similar conditions. Seetala et al. [11] found that flexural strength 
increased with longer milling times, reporting 426 MPa after 48 h of ball 
milling, while shorter milling durations (24 h) resulted in lower values 
of approximately 230 MPa. Hassan and Balani [3] observed an average 
flexural strength of 478 MPa for ZrB2-20 vol% SiC composites sintered at 
1950 ◦C. The consistency of the ZSW and ZSZ flexural strength values 
with literature data validates the reliability of the sintering protocols 
and mechanical testing methods used in this study.

3.3.3. Fracture toughness
The fracture toughness of the sintered ZrB2-SiC composites was 

measured to assess the material’s resistance to crack propagation, as 
well as its toughening mechanisms, with a focus on how different milling 
methods and sintering parameters, such as temperature, impact its 
toughness. This property is crucial for assessing the mechanical reli
ability of the composites, particularly for applications involving high 
thermal and mechanical loads, such as in aerospace and defense sys
tems. In this study, Vickers indentation tests were performed on all the 
samples for the estimation of the fracture toughness (KIC). The results, 
including the average values and standard deviations, are presented in 
Table 6 and illustrated in Fig. 15.

The ZSZ samples, which are characterized by their finer grain 

structure and the absence of the secondary ZrO2 phase, generally exhibit 
higher fracture toughness than the ZSW samples. This is because the 
smaller grains contribute to an increased number of grain boundaries, 
which act as obstacles to crack propagation, thereby enhancing the 
material’s resistance to fracture. In contrast, the ZSW samples contain 
larger grains and the secondary ZrO2 phase, which reduces their 
toughness. Some of the toughening mechanisms observed in the mate
rials from the current study included crack branching, crack deflection, 
crack bridging, and the fracture of SiC particles, consistent with findings 
reported in the literature [27]. During crack propagation, the cracks 
split into multiple smaller branches (crack branching). This phenome
non increases the surface area of the crack, thereby dissipating more 
energy and reducing the overall crack growth rate. The interaction of 
propagating cracks with grain boundaries or secondary phases causes 
the crack path to deviate (crack deflection). This deflection increases the 
crack length and reduces the driving force for propagation, thereby 
enhancing toughness. Microstructural features such as unfractured 
particles or fibers can bridge the crack faces, resisting their separation 
and improving toughness (crack bridging).

The SiC reinforcement particles act as toughening agents by frac
turing or debonding during crack propagation, absorbing energy and 
slowing down crack growth (fracture of SiC particles). These mecha
nisms, combined with the finer grain size in ZSZ samples, result in 
improved fracture resistance compared to ZSW samples.

From Table 6 and Fig. 15, it can be observed that the fracture 
toughness values of the ZSW and ZSZ samples ranged between 3.51 and 
3.76 MPa m1/2 and 3.48–3.97 MPa m1/2, respectively. Notably, the ZSZ 
samples consistently demonstrated slightly higher KIC values, with the 
ZSZ.1 sample showing the highest toughness of 3.97 MPa m1/2. In 
comparison, the corresponding ZSW.1 sample exhibited a lower 
toughness of 3.71 MPa m1/2. The difference in toughness between the 
ZSZ and ZSW samples can be attributed to the absence of the secondary 
ZrO2 phase and the finer grain size in the ZSZ samples. The smaller 
grains create more grain boundaries, which impede crack propagation, 
thereby enhancing the material’s resistance to fracture.

Fig. 14. Comparison of flexural strength between samples fabricated using 
high-energy WC milling and regular ZrO2 milling, evaluated at 65 MPa and a 
dwell time of 15 min across different temperatures.

Table 6 
Average fracture toughness values and standard deviation for ZSW and ZSZ samples, along with the corresponding sintering parameters.

SPS-protocol (◦C/MPa/ 
min)

Sample 
name

KIC Average (MPa⋅m1/ 

2)
KIC Standard deviation 
(MPa⋅m1/2)

Sample 
name

KIC Average (MPa⋅m1/ 

2)
KIC Standard deviation 
(MPa⋅m1/2)

1950/50/15 ZSW.1 3.71 0.12 ZSZ.1 3.97 0.02
2050/50/15 ZSW.2 3.58 0.07 ZSZ.2 3.48 0.06
2000/65/15 ZSW.3 3.76 0.01 ZSZ.3 3.67 0.17
2050/65/15 ZSW.4 3.55 0.09 ZSZ.4 3.78 0.08
2100/65/15 ZSW.5 3.62 0.08 ZSZ.5 3.71 0.13
2000/65/60 ZSW.6 3.75 0.05 ZSZ.6 3.72 0.10
2100/65/60 ZSW.7 3.51 0.07 ZSZ.7 3.62 0.08

Fig. 15. Comparison of fracture toughness between samples fabricated using 
high-energy WC milling and regular ZrO2 milling, evaluated at 65 MPa and a 
dwell time of 15 min across different temperatures.

I. Krinis et al.                                                                                                                                                                                                                                    Ceramics International 51 (2025) 41877–41890 

41886 



The fracture toughness values obtained in this study are consistent 
with those reported in previous studies. Yuan et al. [18] observed 
fracture toughness values of 3.18 MPa m1/2 for ZrB2-SiC composites 
prepared by high-energy ball milling and spark plasma sintering. Guo 
et al. [9] presented an average KIC of 3.5 MPa m1/2 for ZrB2-20 vol% SiC 
composites, sintered at 1800 ◦C under vacuum. Stadelmann et al. [10] 
reported KIC values of 2.7–3.1 MPa m1/2 for ZrB2-SiC composites sin
tered under similar conditions. The fracture toughness values measured 
in this study are thus in good agreement with the literature data, further 
validating the effectiveness of the sintering protocols and mechanical 
testing methods used.

3.3.4. Fracture behavior and crack propagation mechanisms
To provide further insight into the mechanisms contributing to the 

mechanical performance of the ZrB2–SiC composites, surface SEM im
aging was performed on a single representative ZSZ sample (ZSZ.1) that 
exhibited superior hardness and fracture toughness. Fig. 16 presents 
three sub-images taken at increasing magnifications: (a) shows a Vickers 
indentation imprint with visible radial cracks at 50 μm scale; (b) high
lights crack path propagation at 10 μm scale, illustrating deflection at 
grain boundaries; and (c) provides a detailed view at 2 μm scale, clearly 
revealing grain bridging events and regions of intergranular fracture. 
Annotations indicate bridging grains (blue ellipses), crack propagation 
paths (orange arrows), and unbridged crack segments (orange outline).

Although derived from one sample only, these observations are 
consistent with the dominant toughening mechanisms proposed earlier 
in the manuscript. The fine-grained microstructure and clean ZrB2–SiC 
interfaces in ZSZ samples promote crack deflection and bridging, which 
enhance fracture toughness and resistance to localized damage. In 
contrast, the ZSW samples, which exhibit coarser grains and contain 
minor ZrO2 phases, are more susceptible to unbridged intergranular 
cracking and reduced crack resistance under indentation. Furthermore, 
the absence of secondary oxide phases in ZSZ likely results in lower 
residual stress concentrations at interfaces, leading to more controlled 
crack growth behavior. These qualitative observations support the 
earlier findings and reinforce the importance of grain size and phase 
purity in optimizing mechanical properties in SPS-processed ZrB2–SiC 
composites.

3.4. Oxidation resistance considerations

Although direct oxidation testing was not performed in this study, a 
qualitative assessment based on microstructure and phase composition 
provides useful insights into the potential oxidation resistance of the 
sintered ZrB2–SiC composites, which is a critical property for aerospace 
applications. The addition of 20 vol% SiC is widely recognized for 
enhancing oxidation resistance by forming a protective silica-based glass 
layer at elevated temperatures, which retards oxygen diffusion into the 
bulk ZrB2 matrix [28]. Furthermore, recent investigations have 
confirmed that the synergy between SiC and fine ZrB2 grains can 

promote the formation of a more continuous and stable borosilicate 
glass scale, improving the thermal stability and long-term oxidation 
behavior [29].

In this study, WC-milled (ZSW) samples exhibited 1–4 wt% mono
clinic ZrO2 as a secondary phase, likely introduced via abrasion from the 
milling media. Although this phase may contribute to densification, its 
presence can also influence the oxidation response. Prior studies suggest 
that secondary oxide phases such as ZrO2 may compromise the integrity 
of protective surface scales by altering diffusion pathways or promoting 
localized stress development during thermal cycling [30]. In contrast, 
ZrO2-milled (ZSZ) samples were free from ZrO2 contamination and 
demonstrated finer grain structures and higher hardness, both of which 
correlate with reduced porosity and enhanced oxidation resistance due 
to more uniform and adherent oxide layer formation [31]. While no 
experimental oxidation data are presented herein, the observed micro
structural features and phase compositions suggest that ZSZ samples 
may offer better oxidation resistance than ZSW samples. These in
terpretations align with reported trends in the literature and will guide 
future work, which will include isothermal and cyclic oxidation testing 
to validate these projections quantitatively.

4. Conclusions

The study demonstrated that high-energy WC milling significantly 
improves the densification and flexural strength of ZrB2-SiC composites 
compared to conventional ZrO2 milling. While ZSZ samples exhibited 
higher hardness and fracture toughness, the ZSW samples displayed 
superior flexural strength, attributed to the ZrO2 phase transformation 
toughening mechanism. The following conclusions can be drawn. 

• Enhanced densification was observed in ZSW samples, achieving a 
maximum relative density of 99.2 % at 2100 ◦C, 65 MPa, for 15 min, 
compared to 96.5 % for ZSZ samples under the same conditions. This 
improved densification in ZSW is due to WC milling’s sintering aid 
effect, which promotes grain boundary diffusion and particle 
packing.

• XRD analysis revealed secondary ZrO2 phases in ZSW samples, 
caused by abrasion and local oxidation during WC milling. In 
contrast, ZSZ samples remained phase-pure, benefiting from the 
stability of ZrO2 milling balls.

• ZSZ samples exhibited consistently higher hardness, peaking at 
17.38 GPa (ZSZ.1), compared to 14.33 GPa for ZSW samples 
(ZSW.1). The finer grain size in ZSZ samples contributed to their 
superior hardness, while softer ZrO2 phases reduced the hardness of 
ZSW.

• ZSZ samples demonstrated higher fracture toughness (up to 3.97 
MPa m1/2) due to finer grains and the absence of secondary phases. 
Despite lower toughness, ZSW samples displayed higher flexural 
strength (up to 516 MPa), driven by ZrO2 transformation tough
ening, which absorbs energy during bending stresses. This 

Fig. 16. Fracture surface features of ZSZ.1 showing (a) indentation with radial cracks, (b) crack deflection at grain boundaries, and (c) grain bridging and inter
granular fracture at higher magnification.
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toughening effect was not observed in fracture toughness measure
ments, as Vickers indentation does not induce sufficient stress for 
phase transformation.

• The results align with previous studies, where flexural strengths of 
333–584 MPa and toughness values of 3.4–4.1 MPa m1/2 were re
ported for ZrB2-SiC composites under similar conditions.
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APPENDIX - A. :

Fig. 1. Microstructures of samples a) ZSW.1 and b) ZSZ.1 (x 2000).

Fig. 2. Microstructures of samples a) ZSW.2 and b) ZSZ.2 (x 2000).
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Fig. 3. Microstructures of samples a) ZSW.3 and b) ZSZ.3 (x 2000).

Fig. 4. Microstructures of samples a) ZSW.4 and b) ZSZ.4 (x 2000).

Fig. 5. Microstructures of samples a) ZSW.5 and b) ZSZ.5 (x 2000).
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Fig. 6. Microstructures of samples a) ZSW.6 and b) ZSZ.6 (x 2000).
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