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1- Introduction

ZrB; has a combination of mechanical and physical
properties, which has made it an attractive material for
high-temperature applications and of interest to
researchers in recent years. Such as good properties have
been made it a potential and actual candidate in the
aerospace industry (rocket or projectile propellant, etc.),
abrasive applications, cutting tools and turbines, refractory
crucibles, furnace elements, high-temperature spray
nozzles, and additives in composite systems.

In addition to the problem of its sinter ability, ZrB,, like
other ceramic materials, is inherently brittle, which limits
its application in the monolithic phase.

Carbon with different sources and morphologies has
been used as a sintering aid to improve the sinter ability or
mechanical properties of monolithic ZrB, or ZrB-SiC
composite. Carbon improves the sinter ability of ZrB, or
ZrB,-SiC by reacting with oxide impurities on the surfaces
of primary powders such as ZrO,/B,03 on ZrB; and SiO-
on SiC particle surfaces and minimizing or removing them.
It is reported that chopped carbon fibers improve the
fracture toughness of ZrB,-SiC composites by activating
the mechanisms of fiber deboning, bridging, pull-out, and
crack deviation. In addition to carbon, the addition of
carbides also helps to improve densification with a similar
mechanism.

This research aims to optimize the chemical
composition and sintering parameters to achieve a
composite with desirable mechanical properties. For this
purpose, the variables (ZrC, CNFs, T, and t) were defined
in three levels. Due to the high number of samples required
for optimization, Taguchi's experimental design was used
using Minitab software. Also, ANOVA analysis was used
to determine the importance of each variable. The novelty
of this research is the investigation of chemical
composition, the use of carbon fiber and SiC particles on

the nanoscale, on the sintering parameters simultaneously
which according to the author's knowledge, has not been
studied before

2- Experimental procedure
Firstly, the initial materials consisting of ZrB, (2 um,

Northwest Institute for Non-Ferrous Metal Research,
China, > 99), SiCyp (45 nm, Twig LeafLane, USA, > 99),
CNFs (OD: 200-600nm, L < 50 um, Twig LeafLane, USA,
> 99) and ZrC (< 10 um, Alfa-Aesar, > 99) were
purchased. Four variables (ZrC, CNFs, temperature, and
time sintering) in three levels (were defined for mechanical
properties optimization. Hence, the DOE method was
applied to reduce the required samples. According to the
number of variables and their levels, the Lg array was
determined by Taguchi: (Temperature) are 1725, 1800, and
1875 °C, B (Time) are 4, 7 and 11 min, C(CNFs) are 5, 10
and 15 Wol% and D (ZrC) are 5, 10 and 15 \Vol%.

To obtain the homogenous mixture of powders, a planetary
ball mill was used. The sintering process was conducted
via SPS (SPS: 20T-10, China). Then, the samples were
polished to remove the graphite and reach a smooth
surface. Finally, to evaluate the microstructure and
mechanical properties, the samples were cut by the wire-
cut method. X-ray diffraction (XRD, (Bruker Advance D8,
and Germany)) was applied to phase identification.
Scanning electron microscopy (Vega Tscan, Czech
Republic) was employed for microstructural evaluation.
The hardness of samples was evaluated by the Macro-
Vickers method with a diamond indenter (Zwick Roell,
ZHV 10, Germany) under the 30 Kg load for 15 s on the
polished sections as an average of 5 indentations.
Indentation fracture toughness (Kic) was estimated from

*Manuscript received: December 1, 2023, Revised February 21, 2024, Accepted, April 3, 2024 .
' PHD student, Department of Mechanical Engineering, Aligudarz Branch, Islamic Azad University, Aligudarz, Iran.
2 Associate Professor, Faculty of Mechanical Engineering, Shahid Rajaee Teacher Training University, Tehran, Iran.

3 Corresponding Author. Associate Professor, Department of Materials Science and Engineering, Ahvaz Branch, Islamic Azad

University, Ahvaz, Iran. Email: zbalak1983@gmail.com

4 Assistant Professor, Department of Mechanical Engineering, Aligudarz Branch, Islamic Azad University, Aligudarz, Iran.



https://jmme.um.ac.ir/article_45080.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2024.85569.1131
mailto:zbalak1983@gmail.com
http://orcid.org/0000-0003-4232-1462

Gholamreza Davoudi, Mohammad Morad Sheikhi, Zohre Balak, Shahrouz Yosefzadeh 78

the lengths of the diagonal indentation-induced cracks
after Vickers hardness measurements.

3- Results and Discussion

The values of open porosity, hardness, and fracture
toughness of all samples are presented in Table 1. To
investigate the effect of each variable (temperature, time,
SiC, and CNFs) the data were entered in Minitab software
and their signal-to-noise values were obtained. sample 8
has the best mechanical properties and sample 1 has the
lowest properties. Analysis of variance (ANOVA) was
used to determine their importance and effectiveness.

Table 1. Results of porosity, hardness, and fracture

toughness
samples Result
Porosity Hardness Fracture Toughness
% (HV) (MPa.m*?)
1 12.11+0.7 190410 3.81+0.1
2 9.60+0.6 249415 5.04+0.2
3 9.201+0.5 231+14 4.940.1
4 5.80+0.4 272420 5.440.2
5 6.11+0.4 275122 5.840.3
6 3.2240.3 290425 5.740.2
7 1.2540.2 297127 6.7+0.3
8 0.1140.08 | 400433 73104
9 1.044+0.1 320+28 7.0+0.3

In Figure 1, the X-ray diffraction pattern of the ZS-5 Vol%
ZrC-20 Vol% CNFs composite sintered at 1800 °C and 7
min (sample 5) is given. According to the identified
phases, no new phases have been identified except for the
phases related to raw materials. This means that despite the
high temperature of the sintering process of this sample,
the primary powders did not react chemically with each
other and therefore a new phase was not synthesized. In
addition to XRD, an elemental distribution map was used
for phase identification.
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Figure. 1. XRD images of the composite 5.

Figure 2 shows the FE-SEM image of the polished cross-
section of sample 5 along with its elemental distribution
map, in which the identified elements include Zr, Si, C, and
B.

Figure. 2. Elemental map analysis of sample 5.

It is clear that sample 8 with the chemical composition of
ZS-15ZrC-10CNF sintered at 1875°C for 7 minutes has the
lowest amount of porosity (almost zero (0.1%)): it means
that Sample 8 is almost completely consolidated. In
contrast, in sample 1, which contains 5\Vol% ZrC and 10
WVol% CNF and is sintered at 1725 °C for 4 minutes, the
highest amount of porosity (12%) has been created. The
presence of ZrC also reduces porosity, which may be
related to the formation of a solid solution with ZrB,. The
addition of CNF increases the porosity in the sample to
some extent.
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Figure. 3. S/N curves of porosity against T, t, ZrC, Cnf

The highest level of hardness was obtained in sample 8
which is equal to 400 and the lowest level was obtained in
sample 1 which is equal to 190 Vickers.

Figure. 4. Optical microscopy of indent induced in Sample 8
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Figure. 5. S/N curves of hardness against T, t, ZrC, Cnf

The improvement of fracture toughness with the presence
of carbon nanofibers can be attributed to its effect on the
activation of toughening mechanisms such as crack
deflection and branching. The fracture toughness values of
samples 2, 5, and 8 were 5, 5.28, and 7.3 MPm'?,
respectively (Table 1). Examining the crack propagation
path in these samples (Figure 6) shows that in sample 8,
more crack deflection mechanisms are activated and the
crack goes a more tortuous path and thus consumes more
energy in comparison with others.

Figure. 6. FE-SEM images of the crack propagation of
composites a) 2, b) 5, and c) 8 (Crack indentation)

4- Conclusion

ZrB, ceramics with different types and amounts of
additives (both ZrC and CNFs) and processing conditions
were sintered via SPS according to Lo array. Since with the
increase in temperature and time of the process, the
porosity decreased significantly and the reduction of
porosity is the most effective factor on the final hardness
and toughness of the samples, so the hardness and fracture
toughness also increased, which is the main reason for the
efficiency of the SPS process in controlling the grain size.
The in-situ synthesized ZrC phase, which has a higher
density than other phases, is attached to ZrB, and ZrC
particles. The presence of ZrC reduces the porosity, which
is due to the formation of a solid solution with ZrB..
Adding the volume percentage of CNF has increased the
hardness and fracture toughness to some extent. Sample 8
has the highest Vickers hardness (400+33 kg/mm?) and
fracture toughness (7.3+0.4 MPa.m%?). In total, the
synergism of CNF and ZrC up to 15 percent by volume
had a positive and constructive effect in improving the
physical, mechanical and microstructure properties.
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Optimization of Fracture Toughness and Hardness by Taguchi Method in ZrB-SiCy,-ZrC-CNFs
Gholamreza Davoudi Mohammad Morad Sheikhi Zohre Balak Shahrouz Yosefzadeh

Abstract In this research, the effect of adding silicon carbide nanoparticles, zirconium carbide, and carbon nanofibers
at different sintering temperatures and times on fracture toughness and hardness of ZrB2 ceramics has been investigated.
Due to the high number of required samples (four variables in three levels) to optimize the fracture toughness and
hardness, the design of the experiment (DOE) by the Taguchi method was used. The hardness and fracture toughness of
the composites fabricated by spark plasma sintering (SPS) were evaluated by macro-Vickers and crack length
measurement methods respectively. The results showed that sample 8 with the chemical composition of ZrB2-25Vol%SiC-
15ZrC-10CNF sintered at 1875°C for 7 minutes has the maximum amount of HV hardness (400+33) and fracture
toughness (7.3+0.4) Mpa.m*2. Also, analysis of variance (ANOVA) indicated that temperature and time are the most
effective variables on fracture toughness (with contributions of 84% and 10.5% respectively) and hardness (with
contributions of 74.3% and 15.9% respectively).

Key words Fracture toughness, hardness, SPS, Taguchi, ZrB..
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