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Y In this research, the effect of microstructure, chemical composition, and open porosity on the

resistance of ZrBbased composites was investigated. To this end, four composites with c
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Accepted19 October2020 conditions, namely different temperature, time, and pressure. The open porosity was measure

Arashmidouse method. Image Analysis Tools (IAT) were also utilized to determine the grain si
Keywords composites thnagh SEM images. For oxidation test, the samples were put on the box famt

oxidized at 1400 C at different holding times of 20, 40, 60, and 120 minutes. The oxidation re
ZrB»-30 vol% SiC was evaluated by weighing the samples before and after oxidation agwl tvas considered as 1
Oxidation oxidation criterion. In addition, EDS analysis was used to identify the phases. The results shc
HfB> chemical composition was the most significant factor in terms of the oxidation resistance, leas
SPS by open porosity. Saple 9, with a grain size of 2.5 um and open porosity of 1.5%, had the least 0

value of 0.0026 gr; however, Sample 4 with a grain size of 12 ym and open porosity of 0.68%
highest oxidation value of 0.0176 gr.
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1. INTRODUCTION enhance the oxidation resistance due to the formation of
borosilicate layers on thauter surface of the ZeBnatrix
Zirconium diboride or ZrB is one of the most which acts as the inhibitor of oxygen diffusion.
investigated materials in the class of Ulkgh SiC, regarded among additives as the most effective one,
Temperature Ceramics (UHTCs) due to its interesting was investigated in compositions withd® vol.% of SiC
combination of physicehemical and engineering for ZrB; in a wide range of test temperatures and
properties, placing it among the most applicable pressuresn which 20 vol.% compositions were regarded
compounds in the hottest parts of thextgeneration as optimal for hypersonic vehicles in a series of efforts
aerospace vehicles [1,2]. supported by the US Air Force-El.
Since the oxidation resistance is improved by making a For a composition consisting of 80 vol% ZrBnd 20
composite with additives, ZeRloes not fully possess the  vol% SiC at 1823 K, oxygen diffusivity in the borosilica
oxidation resistance {8] required for surviving the re was evéauated at 1.¥101 14 m2/s for a BOsi 21 mol%
entry conditions. SiO, composition which was ¥Gimes higher than that
Numerous researchers Ieav investigated the for pure silica, yet much lower than that for oxygen in
improvement of oxidation resistance of Z+Based ZrO, (D101 10 m2/s at 1773 K). The refractory ZiE5iC
ceramics [36]. Obviously, introduction of compounds system has an eutectic melting temperature of

containing Si such as SiC, Mogi and WSi would approximately 2573 K6-10].
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However, in a condition characterizd by a relatively high 2. MATERIALS AND METHODS

temperature and lowxygen partial pressure, SiC is

oxidized in an active mode and its oxidation behaviors at ZrB,, SiC, ZrC, G, MoSk, and HfB powders were used
ZrB,i SiC system are different from those in atmospheric as the raw materials. Four composites with different
air. Typically, Gao et al. [11] reported that in case the compositions were consolidated by SPS method under
ZrB2i SIC ceramic was oxidized in lopressure @N; different sintering conditions according to Table 1.
mixture gas, ZrSi@ began to form at a temperature First, the weighed powders were baililled using
below 1600 °C. Moreover, they [12] reported that during zirconia balls through ethah as milling media in a
the oxidation of ZrBi SIC composite inow-pressure zirconia cup. The details were expressed elsewhere [12
O./N, mixture gas at 1500 °C, when the oxygen partial 14]. The process of sintering through spark plasma
pressure decreased, the oxidation kinetics changed from method was then carried out via SPS furnace (3PS

the parabolic law to the linear law. Moreover, Jin et al. 10: china) in different conditions based on Table 1. To

[13] reported the same change for ZrBiC-Graphite remove the remaing graphite foil, the obtained disk
composite when it wasxalized at 1800 °C in low shaped samples were grinded and then, wire cut to
pressure QJAr mixture gases. achieve 2x4x10 mrheamshaped samples for oxidation

ZapataSolvas studied the effect of intoducing La203 on test. The oxidation test was performed in a box furnace at
the oxidation resistance of Z#20 vol% SiC in the 1400°C for 20, 40, 60, and 120 min. The weight change
temperature range of 1400T7viaéthed méasurefl 4s4He oxid&tibn progrese critefion,
temperature range, the ZrB0 vol% SiC composites according to the following equation-gl:
exhibited kinetics of mass gain following a power law 2
(wn = kt) where 1 O n O 2, i mplw4iwg that oxidation
were to be intermediate between those expected from WOWe. o % =——— 3100 @)
linear and parabolic kinetics; however, introduction of ‘
La,03 to the composé would lead to the kinetics based ~ where We.o shows the percentage of weight change due
on the parabolic rate law, thus improving the oxidation to oxidation, and Wand W presnet the initial and after
resistance. oxidation weights of theamples, respectively.
Other researchers have investigated the oxidation
behaviors of a ZrB SiCi La;O4/SiC duatlayer coating TABLE 1. Compositions and SPS conditions of four
on the siliconized graphite at 1800 °C under laiv composites
pressures. In OXIdatIOI’_1 klneftICS, a_tran5|_t|on of th_e coated "o Factor..Factor.zFactor.:Factor.<Factor.tFactor.tFactor. Factor.tFactor.¢
samples from parabolic weight gain to linear weight loss _ : -

R . . SiC Cr MoSi HfB2 ZrC Tem. Press. Time
with a decrease in the air pressure was observed. A Voo Voo MY \voos Vol Vol C - MPa  min
protective oxide scale comprising Zrénd SiQ with La
dispersed was formed orhet coating surface after
oxidation in 50 kPa air [15]. rows 5 6 15 0 1600 20 8
The kinetics and oxide scale evolution during isothermal g 15 o 25 4 5 0 1700 30 16
exposure of ZrB-20 SiQ LaBs composites sintered by
sparkplasma at 1300 °C in different time periods were
examined. The variation of mass gaiith time was
expressed by negrarabolic rate law during a time period

of 018 h and by the r el at3 RESULTSANR PISCYSSION suggestive

Sampl

IN

5 7.5 7.5 6 15 15 1900 40 16

=
w

20 0 25 6 10 10 1900 20 4

sl ower kinetics within 81 24 h, wi t h parabolic rate
Introducing LaB to ZrB,-SiC composite would In order tosurvey the composite microstructure, SEM

contribute to the oxidation resistance by forming a images of these four composites were employed, as
refractory LaZr,O; and/or LaSi,O; scale on the presented in Fig. 1. According to the previous research

outermost surface of oxide scale {19]. [21-23], the black grains are SiC and the dark gray grains
In our previous study [20], the effect of both different ~are pure Zr The light phases shown in Compositare
additives, namely SiC, {CMoSk, ZrC, and HfB, and HfB2 and finally, the approximately light phases are (Zr,

SPS conditions, including temperature, time, and Hf)B2 solid solution or ZrC. These approx_imately IigI_1t
pressure, were studied using Taguchi design; in addition, Phases can be observed more frequnetly in Composite 7
the effect of each variable and its incorporation on the rather than Composite 4. Moreover, pure ki{ight
oxidation resistance was determined. In the present Phase) is not observed in Coasjte 4. Such differences
study, different compositions and®S conditions were are observed mainly due to the Hf diffusion to Zr lattice.
selected to investigate the effect of microstructure, Based on SPS parameters such as higher temperature,
chemical composition, and open porosity on the time, and pressure, it can be concluded that diffusion
oxidation resistance of Zggased composites. conditions are more supported in Composite 4 than in
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Composite 7 In other words, because of the mentioned
parameters, the required situation for Hf diffusion and
full solution are supported; thus, no pure Hffan be
observed.

A comparison of the SEM images shown in Fig. 1
showed that Composite 7 had higher porasiin others.

For more investigation, the percentage of open porosity
of composites and their grain sizes are given in Table 2.
While Composites 4 anti3 had the least open porosity
due to the high sintering temperature of 1900 ° C,
Composite 7 had the Higst open porosity due to the low
sintering temperature of 1600 °C.

Compared to Composites 7, 9, and 13, Composite 4 had
the largest grain size mainly due to the high temperature
and time of SPS and low amount of SiC fucntioning as
the grain growth inhitbor. Fine grain microstructure in
Composites 7 and 9 was obtained as a result of lower
sintering temperatures of 1600 and 1700 °C and higher
SiC additive. Although Composite 13 was consolidated
at a high sintering temperature of 1900 °C, it had a fine
grain size owing to the higher amount of SiC.

To investigate the oxidation resistance and determine the
phase formation in composites, the SEM images of €ross
sections and their map analysis were employed, as shown
in Fig. 2.

Fig. 2 shows the SEM images of theosssection of
Composite 4 after oxidation at 1400 °C at different times.
While for Samples 420, 440, and 460, the
microstructure of the crossection contains a black layer
with elongated white grains (needle grains), in Sample
4-120, this layer wa not found. To identify the phases,
both point and map were analyzed, as shown in Figs. 3
and 4. According to the analysis of the points A and B in
Fig. 3, this black layer is SiCand the white grains are
HfO2 and ZrQ. A comparison of the SEM imageskhig.

2 revealed that the microstructure coarsened with
oxidation time. Furthermore, it was observed that the
number of white grains in the black layer of %iO
decreased and the thickness of the oxide layer increased.
Reduction of white grains of ZrQand w02 would be
indicative of the oxidation resistance with time.
Furthermore, an analysis of the map images in Fig. 4
showed the depleted C/Si layer with high thickness,
suggesting that in the process of exposing the sample at
oxidation atmosphere at 1400rtperature, the oxidation
was noticeable.

TABLE 2. Open porosity and grain size of all samples

Average Open Grain Size
Sample .
porosity % pm
4 0.68 12
7 12.8 2
9 11 2.5

13 1.15 3.5
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Figure 2. SEM images of the crossection of Sample 4 after
oxidation at 1400C for different times

-

SEM HV: 15.0 kV WD: 11.02 mm 1]y MIRA3 TESCAN|

SEM MAG: 750 x Det: BSE 50 ym
View field: 277 pm  Date(m/d/y): 01/15/19 RMRC FESEM

Zrlo

Figure 3. SEM images and point analysis of Sample 4 after
oxidation at 1400 C for 120 min

Fig. 5 presents the SEM images of Sample 7 after
oxidation at 1400 °C for different times. Obviously,
thickness of the affected zone (oxide zone) increased
with oxidation time. Moreover, according to the point
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analysis in Fig. 6the sample surface comm@elements
such as O, B, and Si, indicating that this layer was a
combination of Si@and BOs (point A). While at points

B and C, the amount of SiCand BOs: decreased
noticeably, that of Zr and Hf increased Fig. 7 depicts the
SEM images of Samples 9 and 13 at two magnifications
after oxidation at 1400 °C for 2 hours. Similar to Samples
4 and 7, the crossection of Sample 9 contains a $iO
black layer with vhite ZrG; grains.

Figure 4.
oxidation at 1400 C for 120 min

SEM images and map analysis of Sample 4 after

41

Figure 5. SEM images of crossection of Sample 7 after
oxidation at 1400 C for different times

3.2. OXIDATION RESISTANCE

The SEM images of all samples after oxidation at 1400
°C for 2 hr as well as the thickness of the oxide layer are
given in Figs. 9 and 10.

As observed, the microstructure of Sample 4 was
different from others that containedore coarse grains
and porosities. Coarse garins originated from sintering
conditions. Coarse porosites wdogmed as a result of
consumed elements such as Zr, Si, and Hf in ZrC,,ZrB
SiC, and HfB. In fact, the pure ZrBis oxidized at 1100

°C and creas BO; which evaporates at 1400 °C. SiC
reacts with BOs; and produces a SiB,0Os glassy layer.
Since SiC amount is low (5 vol%) in this composite,
during a twehour exposure in the oxidation enviroment
at 1400 °C, BOs evaporates and induces porositias i
microstructure. Moreover, the very poor oxidation.
resistance of ZrC (380 °C), according to the following
reaction, promotes porosity formation.

ZrC +20= ZrOy(s) + CQ(Q)

According to Fig. 11, with an increase in the oxidation
time, ww increasewvhich is in total agreement with the
thickness of the oxidation layer increment (Figs. 2, 5, 7,
and 8).

ww occurs as a result of greater oxygen diffusion.
According to the SEM images of Fig. 9 and oxidation
curves in Fig. 11, Sample 9 exhibits differemights vs.
oxidation time. Fig. 11 shows a comparison between
oxidation values of all samples at different oxidation
times.

Among all samples, Samples 7, 13, and 14 exhibited the
highest oxidation resistance. Typically, the following
factors justify the hlgher oxidation resistance of Sample
9 than Sample 4: A) larger microstructure grain size in
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Sample 9 due to lower sintering temperature (1700 °C) Sample 9 contains a greater amount of SiC than Sample
than sample 4 (1900 °C) and higher amount of SiC as 4, hence better oxidation resistance. Moreover, the

grain growth inhibitor (15 Vol% to 5 Vol%?5), leading
positive effects on oxidation resistance; (B) chemical
composition, according to previous research23), in
which SiC reacts with oxygen and creates adhesive SiO
layer which noticeably improves the oxidation resistance
of ZrBy-based ceramics.

SEM MAG: 2.50 kx Det: BSE
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Figure 6. SEM imageand point analysis of Sample 7

carbon fiber, whose amount is higher in Sample 4, has
detrimental effect on the oxidatioresistance [21].
Finally, other research has shown that the ZrC is oxided
at low temperatures (nearly 600 °C) and its high amount
(15 vol%) in Sample 4 resulted in reducing its oxidation
resistance rather than Sample 9. Totally, it can be
concluded that &th the finer microstructure and the
desired chemical composition in Sample 9 caused higher
oxidation resistance than Sample 4. Open porosity
percentage can be an effective factor in oxidation
resistance.

SEMMV 108 WD 10 MIRA3 TESCAN)
SEM MAC: 752 x et 8se Sopm
Viaw flald: 277 pm _ Dateqmdy): 0171513

RMAC FESEM RMARC FESEM

Figure 7. SEM images of the crossection of Sample 9 after
oxidation at 1400C for 120 min at two magnifications
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Figure 8. SEM images of the crosection of Sample 13 after
oxidation at 1400C for 120 min at two magnifications
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Samples 7 and 9 with almoshe same chemical
compositions and grain sizes were selected for further
study. According to Fig. 11, the oxidation resistance of
Sample 7 is lower probably due to its higher open
porosity, presented in Table 1. Therefore, open porosity
by supporting the g@ths for oxygen diffusion could
considerably promote oxygen diffusion to the substrate
and reduce the oxidation resistance. Of note, open
porosity had the less effect than grain size and chemical
composition.

In other words, lower oxidation resistance an#les 4

13 could be attributed to the coarse grain size, lower SiC,
and presence of carbon fiber.

A comparison of Samples 7 and 13 showed that although
Sample 7 had higher open porosity, its oxidation
resistance was better. With respect to their graie and
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chemical composition, it is clear that both of them have 4. CONCLUSIONS

the same grain size with different chemical compositions.
Thus, it can be concluded that the chemical composition 1-
of Sample 7 is desirable in reaching higher oxidation
resistance.

Based on the findings in this study, it can be
concluded that factors such as chemical
compositions, grain size, and open porosity could
considerably affect oxidation resistance, among
which chemical composition and open porosity had
the most and the least effects, respectively.
Among different additives, SiC could significantly
improve the oxidation resistance.

ZrC and carbon fiber had dihental effect on the
oxidation resistance.

During the oxidation at 1400 C, Zs0SiO,, and
HfO; phases were formed.

The best oxidation resistance (0.0026 gr ) was
obtained for Composite 9 (ZsB5SIiG15HB,-
4MoSk) due to its combination of desirable
chemical composition and microstructure (low open
porosity and fine grain size).

The worst oxidation resistance (0.0176 gr ) was
obtained for Composite 4 (ZrBE5ZrC-15HfB,-
7.5G -6MoSk-5SiC) due to its coarse grain size,
low SiC amount, and presence ofZ
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Figure 9. SEM images of the crosection of all samples after
oxidation at 14080C for 120 min
§:250
9 200 -
150 -
100 -
50
O B

Thickness la

. - 1
7 9

13

4

Sample

Figurel0. Thickness of the oxide layer of all samples after
oxidation at 1400C for 120 min
0.008 -

I

0.004 - I
0.002 -

N

0.022

0.02
0.018 +
0.016 ~
0.014 ~
0.012

0.01 +

20m40m 607120

R |

7.1
O I T T Ii T 5'
4 7 9 13

Figure 11.Comparison of weight change of all samples after
oxidation at 1400C at different times

Oxidation, Awv, gr

This article has been extracted from the research project
in the name of " Investigation of oxidation mechnism of

ZrB,-Si C
Islamic Azad University of Ahvaz.

based compositesd whic

REFERENCES

Asl, M.S., Kakroudi, M.G., Nayebi, B., Nasiri, HfiTaguchi
analysis on the effect of hot pressing parameters on density and
hardness of zirconium diboride International Journal of
Refractory Metals and Hard Materiald/ol. 50, (2015), 31320.
https://doi.org/10.1016/j.ijrmhm.2014.09.006

George, M. R. , -high Sempedature sceramit
composite componentsynthesis and characterization of &)
and Si oxidation in atomic
P.H.D ThesisVander Bilt university 2008.

Gu o, W. M. Zhang, G. J. .,
retention of ZrBiSi C ¢ e rJaumalcof the European
Ceramic Society, Vol. 30,
No. 11, (2010), 23872395.
https://doi.org/10.1016/j.jeurceramsoc.2010.01.028

Sarin, P., Driemeyer, P.E., . Haggerty, R.P., Kim, D. K., Bdll,
Apostol ov, Z. D. , Kriven, W. M. , fil
ZrB,and ZrBiSi C composites alournblbfg h
the European Ceramic SocietyV. 30, No. 11,(2010), 2375
2386. https://doi.orgl0.1016/j.jeurceramsoc.2010.03.009
Rezaie, A. R., . Fahrenholtz,
a graphite addition on oxidation of ZiBSiC in air at 1504C o ,
Journal of the European Ceramic Societyyol. 33, No. 2,
(2013), 413421.
https://doi.orgl0.1016/j.jeurceramsoc.2012.09.016

ul tr
oxyge

AOxi da

W.


https://doi.org/10.30501/acp.2020.204582.1043
http://www.sciencedirect.com/science/article/pii/S0263436814002212
http://www.sciencedirect.com/science/article/pii/S0263436814002212
http://www.sciencedirect.com/science/article/pii/S0263436814002212
https://doi.org/10.1016/j.ijrmhm.2014.09.006
https://doi.org/10.1016/j.ijrmhm.2014.09.006
https://doi.org/10.1016/j.jeurceramsoc.2010.01.028
https://doi.org/10.1016/j.jeurceramsoc.2010.01.028
https://doi.org/10.1016/j.jeurceramsoc.2010.03.009
https://doi.org/10.1016/j.jeurceramsoc.2010.03.009
https://doi.org/10.1016/j.jeurceramsoc.2012.09.016
https://doi.org/10.1016/j.jeurceramsoc.2012.09.016

