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Abstract:  In this paper, mechanical properties of RB-SiC ceramics, such as hardness, elastic 

modulus and fracture toughness, are characterized through indentation technique using a 

Vickers indenter at elevated temperatures ranging from room temperature to 1200 °C realized 

by laser heating. . The indentation size effect, load-displacement curves and relationship 

between crack length and applied load are studied in order to determine hardness, elastic 

modulus and fracture toughness accurately. The results show that the Meyer’s index and 

Vickers hardness decrease with the increase temperature. It indicates that the permanent 

plastic deformation of RB-SiC ceramics is mainly responsible for the indentation size effect 

and the reduction of hardness at elevated temperature. Both material softening and plastic 

deformation will contribute to the indentation creep at elevated temperature as shown in the 

load-displacement curves. The elastic modulus decreases with the increase of temperature 

due to increase of contact depth as a result of less elastic recovery. In the indentation test for 

calculating fracture toughness, only radial-median cracks are identified by the relationship 

between crack length and applied load at all temperatures, although the fracture mode 

observed at the indent corner changes from transgranular at room temperature to intergranular 

at elevated temperature. As more energy is consumed by intergranular facture and cracking-
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healing takes place due to oxidation, only short crack length appears in the indentation test 

which implies an increase of fracture toughness with the increase of temperature. However, 

this tendency has an exception at the highest temperature of 1200℃. This is because the free 

Si softening in RB-SiC specimen fails to resist crack propagation at extremely high 

temperature. Consequently, the crack length increases again which leads to the increase of the 

calculating fracture toughness at the highest temperature. These variations of hardness, elastic 

modulus and fracture toughness with temperatures will account for the possible change of 

material removal regimes occurred in some thermal-involved hybrid machining of RB-SiC 

ceramics. 
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1. Introduction 

Reaction-bonded silicon carbide (RB-SiC), as one of the most prosperous material for 

substrate of lightweight space optical mirrors [1,2], is very difficult to machine because of its 

high hardness and brittleness. In recent years, some thermal-involved hybrid processes, such 

as laser assisted machining [3-5], ultrasonic assisted electrical discharge machining [6,7], ED 

milling and mechanical grinding compound process [8-10] and electrical discharge diamond 

grinding [11], have been attempted to improve the machinability of SiC ceramics. However, 

the thermal effect in these processes has a significant influence on the mechanical property of 

the machined surface material, which will change the material removal mode in the hybrid 

machining process, especially in the hybrid process combined with a mechanical action such 

as milling, turning and grinding. Therefore, variation of mechanical properties such as 

hardness, elastic modulus and fracture toughness at elevated temperatures should be firstly 

investigated for RB-SiC ceramics as they have direct influence on material removal mode. 



Indentation technique has been considered as an effective method to obtain mechanical 

properties of sintered ceramics [12-14]. It primarily consists of performing an impression on 

the specimen surface by the penetration of a hard indenter at a given load. The mechanical 

properties are then determined by analysing the geometrical dimensions of the residual 

impression, the load-displacement curves during the indentation and the relative crack length 

at the indent corner. Pyramidal indenters such as Vickers indenter and Knoop indenter are 

generally used in the indentation test to measure hardness, elastic modulus and fracture 

toughness. Whereas ceramic generally has a lower Knoop than Vickers hardness due to the 

elastic recovery occurring around the Knoop indentation [15]. The extra work is consequently 

necessary to obtain the same hardness number with Vickers since Knoop hardness is actually 

the average contact pressure over the projected contact area rather than the true contact area 

[16,17]. Therefor, the Vickers indentation may be the best choice for hardness indentation. 

However, the elastic modulus and fracture toughness in Vickers indentation were reported to 

depend on the applied load and the number of radial cracks generated around Vickers 

impression, respectively [18,19]. The Vickers hardness was also found to increase with the 

decrease of test load and/or depth [13,20,21]. This phenomenon, named as indentation size 

effect (ISE), has been widely reported in existence in indentation test for ceramics [22-24] 

although the hardness, elastic modulus and fracture toughness, as the intrinsic properties of 

materials, are supposed to be independent of the applied load [15,19,25]. In order to obtain 

unique values of the mechanical properties, the proportional specimen resistance (PSR) and 

the modified PSR model were developed to determine the load-independent values of the 

mechanical properties [23,26]. 

However, research on mechanical properties of RB-SiC ceramics, up to date, mainly focus on 

the influence of microstructure [27,28], annealing treatment [29,30] and carbon perform [31] 

during the material fabrication. These investigations were generally conducted at room 



temperature with a conventional measuring technique. Even though there were a few studies 

on the temperature-dependent mechanical behaviours for RB-SiC ceramics, they mainly 

focused on the strength and toughness with respect to the feasibility in application of 

temperature-required environment [32,33]. The hardness, elastic modulus and fracture 

toughness of RB-SiC ceramics at elevated temperatures have not been fully investigated. 

Nevertheless, the mechanical properties of RB-SiC ceramics will be influenced considerably 

by material softening and deformation induced by high temperature. RB-SiC ceramic is 

known to consist of SiC phase and free Si phase. The residual Si phase plays a great role on 

the onset of ductile behaviour, particularly at high temperature, because of the fact that Si is 

more plastic than SiC [34]. Consequently, a change in mechanical properties of RB-SiC 

ceramics might be induced by high temperatures. 

Therefore, this paper carries out Vickers indentation test in order to gain understanding of the 

influence of elevated temperatures on hardness, elastic modulus and fracture toughness of 

RB-SiC ceramics. Considering the indentation size effect in the indentation test, the 

proportional specimen resistance model, load-displacement curve and relationship between 

crack length and applied load will be obtained to determine the values of load-independent 

hardness, elastic modulus and fracture toughness of RB-SiC ceramics at elevated 

temperatures. The indentation size effect, indentation creep and fracture mode will also be 

revealed to obtain underlying mechanism of the variation of hardness, elastic modulus and 

fracture toughness with temperatures. 

2. Material and method 

2.1 Sample preparation 

Commercial RB-SiC ceramic supplied by Goodfellow Cambridge Ltd. (UK) was cut into 

small blocks with dimensions of 10mm×10mm×6mm by wire electrical discharge machining. 



Each block was then polished with diamond slurries of 5μm,0.5μm and 0.25μm step by step 

until a smooth and below 50nm (SRa) surface-finish was accomplished. The polished 

specimens were firstly cleaned with deionized water and then ultrasonic cleaned with 95 

vol.% medical alcohol for the following indentation tests and detections. Microstructurally 

the RB-SiC material contained SiC, residual Si and a minor amount of porosity, shown as the 

micromorphology of the polished surface in Fig.1. The ratio of porosity was estimated to be  

2.5% based on the calculation of the area of the porosity. The content of the residual Si, 

provided in the Goodfellow official website [35], is 10 vol.%. Other material properties of the 

RB-SiC ceramics such as Vickers hardness, tensile modulus and upper continuous use 

temperature that may relate to the investigation as references are 25-35GPa, 410GPa and 

1350℃, respectively.  

 

Fig.1 Micromorphology of the polished surface of RB-SiC ceramic 

2.2 Vickers indentation test 

The Vickers indentation tests were performed on an ultra-precision machine-micro-3D with a 

fibre-laser for heating the SiC specimen, as shown in Fig.2 (a).  The Vickers indenter HV-3 

(Shanghai Liheng, Co., Ltd, China) at loads of 0~50kgf was employed to produce indents. A 

current-controlled linear guide rail was used to apply the load through NC program, which 

enables the minimum displacement of 0.1μm and maximum load up to 40N. The 

measurement cell in the machine was used to record the position of the indenter, which can 



detect displacement change as small as 1nm. The Vickers indenter, with include angles of 

136° between opposite faces and 148° between opposite edges, was fixed on the linear guide 

rail by rigid connection. The load was measured by a three-component piezoelectric 

dynamometer (Kistler 9129 AA) with resolution of 1mN.  

Priors to trails, relationships between the laser power and the resultant temperature on the 

surface of RB-SiC specimen was firstly measured with an infrared thermometer (IR-750-

EUR, USA). The temperatures varying with heated time at different laser powers were 

collected by the IR-750 software in PC, plotted in Fig.2(b). Consideration of graphitization 

temperature (900℃) of diamond and upper continuous use temperature (1350℃ [35]) of the 

commercial RB-SiC ceramic, four different laser powers of 20W, 40W, 80W and 160W were 

selected to heat the RB-SiC specimens to corresponding temperatures of 200℃, 600℃, 900℃ 

and 1200℃, respectively. In order to minimize the thermal drift caused by contact between 

cold indenter and heated specimen, the specimen-indenter was kept in contact during the 

heating process before the indentation. 

Considering the possible ISE in the tests, eleven different maximum loads ranging from 

0.25N to 19.62N, with increasements of 0.05kgf from 0.25N up to 0.98N, 0.1kgf from 0.98N 

up to 4.91N and 0.5kgf from 4.91N up to 19.62N respectively, were selected for the 

indentation tests. All tests were performed with a 10s holding time and 30s loading-unloading 

period. At each load, five indents were made to determine the hardness and fracture 

toughness. Moreover, a maximum load of 1N was used to test the elastic modulus at different 

temperatures. By comparison, a contrast indentation test was also conducted at room 

temperature (RT, 23.7℃). 



   

Fig.2 Details of the experiments. (a) Setup of the experiment (b) Relationship between laser 

power and the resultant temperature on surface of RB-SiC specimen. 

2.3 Sample characterization and measurement 

The residual indentation impressions at different loads and temperatures were imaged by 

scanning electron microscope (SEM) (TM-1000, Hitachi, Japan).  The two diagonals of the 

square shaped impression were then measured by image analysis software (Digimizer, 

Belgium). The cracks mainly generated at the corners of the residual indentation impressions 

were also measured in the same way. The averages of diagonal and crack length at particular 

load were calculated for 5 indents. The variations of applied load and displacement were also 

recorded by a measurement cell assembled on the machine to determine the elastic modulus 

of RB-SiC ceramic at different elevated temperatures.  

3. Results and discussion 

3.1 Analysis of residual indentation impression 

The residual indentation impressions at different temperatures and the load of 19.62N were 

shown in Fig.3. Fractures occurred at the edge of the residual indentation impression. At 

room temperature, the fracture morphology with appearance of smooth and planar cleavage 

facets was suggested as transgranular failure in Huang et al.’s work [33]. Moreover, massive 

microcracks are roughly parallel to the edges of the residual impression, which indicates that 



the brittle fracture mode dominates in room temperature indentation. However, fracture 

occurred at elevated temperature trends to more cleavage facets with relative smaller area as 

well as some holes due to the pullout of SiC particles. Material pile-up is visible on the edges 

of the residual indentation impression coupled with particles or fragments. More importantly, 

the material pile-up trends to increase with the increase of temperature. Covering with small 

oxide particles, the surface of residual indentation impression appears more ductile 

deformation at elevated temperature rather than microcracks parallel to the edges at room 

temperature. Besides, the average diagonal length of the indentation impression roughly 

increases with the increase of temperature. Thus, it can be concluded that the high 

temperature softens the RB-SiC material and will result in a decrease of hardness, which may 

be helpful for machining of the RB-SiC ceramics in ductile regime.  
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Fig.3 Morphology of residual indentation impressions at different temperatures and the load 

of 19.62N. (a) RT, (b)200℃, (c) 600℃, (d)900℃ and (e) 1200℃ 

3.2 Vickers hardness and the indentation size effect affected by temperature 



The hardness of a material represents its resistance to plastic deformation usually by 

indentation [12]. The general relation to calculate the Vickers hardness is determined by the 

ratio of the applied load via a geometrical indenter of defined shape to the contact projected 

area [13,36]: 

 dPHv

3108544.1   (1) 

Where vH  is the Vickers hardness in GPa, P is the applied load in Newtons and d is the 

average value of the two diagonal lengths for each Vickers indentation impression in μm. 

Thus, the Vickers hardness values were calculated and plotted in Fig. 4 based on the 

measurements of the diagonal at a relatively wide range of applied loads. 

 

Fig.4 Vickers hardness varied with applied load 

Here, each of plotted data points and its error bar are the averages of five indent 

measurements and their standard deviations, respectively. It is clearly evident that, at all 

temperatures, the experimental Vickers hardness decreases dramatically with an increase of 

loads at the lower range of loads. It then trends to stable values at the higher range of loads, 

which implies that the ISE occurs in all temperature indentation tests. The classical Meyer’s 

law is usually utilized to evaluate the ISE by analysing the relationship between the Meyer’s 

index n and 2, which is given by [13,23]: 

 nAdP   (2)    



The constant A and Meyer’s index n can be derived directly from the regression fitting of 

Pln  (in Newton) versus dln  (in μm), plotted in Fig.5. The Meyer’s index n is the slope of 

the regression line, and the ISE is usually related to the deviation of the n-value form 2 [23].  

Note that the higher deviation is below 2, the more significant ISE will be obtained. And the 

ISE is absence when n is equal to 2. The Meyer’s indexes in present work are summarized in 

Table 1. According to the different decreasing rates of the hardness via the increasing applied 

load, each experimental data in present work displays linear relationship with two n-values 

for two different ranges of loads. The similar results were also reported in Roy’s work [13]. 

 

Fig. 5.  Pln  versus dln  fitting curves at different temperatures 

Table 1 Meyer’s index obtained by fitting the load-hardness variation at different ambient 

temperatures 

Ambient 

temperature 

Slop 

in  in  n 

RT 1.85 1.96 1.88±0.01 

200℃ 1.84 1.95 1.88±0.01 

600℃ 1.82 1.93 1.84±0.01 

900℃ 1.74 1.94 1.82±0.02 

1200℃ 1.71 1.94 1.82±0.02 



It should be noted that, at the low range of load for a particular temperature test, all the n-

values are lower than those at high loads, which implies that more significant ISE occurs 

easily at low loads. While the n-value at higher load are close to 2 in all temperature tests, 

which indicates minimal presence of ISE in the hardness data. Due to ISE is considered to be 

generated as a result of the proportional elastic resistance of the specimen under the load [13], 

elastic recovery trends to develop more significantly at low range of loads because of the 

nature of intrinsic brittleness of RB-SiC ceramics. Moreover, the low range of loads (~1.96N 

marked with dotted line frame in Fig.4) show a slight decrease at higher temperature 

compared with those (~2.94N) at room temperature and 200℃. This is attributed to more 

plastic deformation at elevated temperatures, which will reduce the ISE to a lower load. 

However, the Meyer’s index n, including the values of both the two ranges of applied loads 

and the whole range of loads at a particular temperature, shows a slight decline with the 

increase of the temperatures. It signifies the increase of the ISE with the increase of 

temperatures. The dislocation-based obstacles may be responsible for the temperature 

dependence of the ISE, since the indentation would involve dislocation multiplication and 

lead to a higher density of statistically stored dislocations at elevated temperatures [37]. 

Consequently, the decrease in the plasticity length scale induced by accumulation of 

dislocation results in the increase of the ISE. Therefore, a load-independent hardness, 

sometimes referred to “true hardness” [23], is necessary to assess the material properties of 

RB-SiC reasonably and accurately. 

 A proportional specimen resistance (PSR) model proposed by Li and Bradt [26] and a 

modified PSR model proposed by Gong et al. [23] are a widely used approach in calculation 

of the true hardness. The former takes the elastic resistance of the specimen and frictional 

effects between the indenter and specimen into consideration. While the latter adds additional 

consideration on permanent deformation of the test specimen during indentation. However, 



the applied load P and the resultant indentation dimension d are both predicted to follow the 

relationships in these two models 

 2

21 dadaP    (3) 

 2

210 dadaPP      (4) 

The coefficient a1 and a2 in PSR model (equation (3)) are determined by fitting of P/d versus 

d. And it is generally acknowledged that a2 term directly denotes the load-independent 

hardness while a1 term is believed to relate to the degree of cracking induced by indentation 

underneath and around the residual impression [18]. In modified PSR model (equation (4)), 

the coefficient a1 and a2 keep the same physical meanings as the PSR model, but they are 

evaluated through fitting by a polynomial regression. The P0 was suggested to relate to the 

residual surface stress in the test specimen [18]. The plots of PSR model and modified PSR 

model are shown in Fig.6.  
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Fig.6 Fitting curves for RB-SiC ceramics at different temperatures.  (a) PSR model by fitting 

of P/d versus d (b) modified PSR model fitted by polynomial regression 

For the PSR model, all data at a particular temperature fall into two separated parts as shown 

in Fig.6 (a), and both of them show apparent linearity. They are similar to the curves fitted 

with the Meyer’s law shown in Fig.5. Two different a2 values signify two different true 

hardness at the particular temperature for the RB-SiC material. But it is unreasonable for a 



given material characterized with two or more different true hardness [23]. Thus, the PSR 

model is unsuitable to provide a satisfactory explanation of load-independent hardness in 

present work as it cannot describe the ISE absolutely in the elevated temperature indentation. 

Therefore, the modified PSR model was applied in calculation of the load-independent 

hardness. Fig.6 (b) shows well-fitting of the experimental data with the modified PSR model, 

and their coefficients are summarized in Table 2. The load-independent hardness, namely the 

true hardness, were also calculated according to the coefficient a2 at different elevated 

temperatures. It is clearly evident that the load-independent hardness decreases with increase 

of the temperature, and the hardness even decreases by 46.1% at 1200℃ compared with that 

at room temperature. The decrease of the true hardness can be attributed to the plastic 

deformation at elevated temperature because the modified PSR model takes material 

permanent deformation into consideration, which agrees well with the phenomenon of 

material pile-up and decreasing cracks detected in residual indent micromorphology of RB-

SiC sample. As for covalent crystals, the motion of dislocation with directed interatomic 

bonds is obstructed by bending and turning of the bonds in the crystal lattice, the stress 

required for the motion of dislocation with thermal oscillation will be lower [38]. The 

facilitated dislocation results in the material pile-up and the decrease of hardness. 

Table 2 Results of the P0, a1 and a2 terms fitted by modified PSR model and load-

independent hardness. 

Temperature (℃) P0 (N) a1 (N/mm) a2 (N/mm2) True hardness (GPa) 

RT 0.0709  9.2 12500 23.18±1.85 

200℃ 0.0601  8.8   11400 21.14±0.56 

600℃ 0.1090  7.3 9300 17.25±1.11 

900℃ 0.1233  5.6 7800 14.46±0.75 

1200℃ 0.0978  6.8 6800 12.61±0.74 



3.3 Elastic modulus at elevated temperature 

Elastic modulus is another important property related to the material removal in machining of 

hard and brittle materials. It can be estimated from the load-displacement curve using Oliver 

and Pharr methods [39]. A reduce modulus Er was defined to take into account for the effects 

of non-rigid indenters on the load-displacement behaviour which can be described as: 
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Where Es and vs are elastic modulus and Poisson’s ratio of the specimen. Ei and vi are elastic 

modulus and Poisson’s ratio of indenter, which are 1141GPa and 0.07 for diamond indenter, 

respectively. Besides, the reduced modulus can also be determined by analysing the load-

displacement curve according to the following equation: 
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Where Ac is the projected area of contact at maximum load, S is the experimental measured 

stiffness of the upper portion of the elastic unloading. S can be determined through 

calculating the slop of the load-displacement curve at the beginning of unloading process, 

namely dhdPS   as shown in Fig.7. 

P

h
hf

hc，ϵ=1 
hmax

Load

Unload

S=dP/dh

P
m

ax

O

 

Fig.7 A schematic representation of load versus indenter displacement 



For Vickers indenter, the projected area can be calculated by the contact depth according to 

the given geometry: 

 22 5.24
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In the relationship of load and displacement for indenter, the contact depth hc is determined 

by 

 
dhdP

P
hh max

maxc   (8) 

Where maxh  is the maximum depth determined experimentally,   is a constant that depends 

only on indenter geometry, and 75.0  for a Vickers indenter [39-41]. 

In this paper, a maximum load 1N was applied to determine the elastic modulus at elevated 

temperature. The load-displacement curves and the variations of indentation depths at 

different temperatures are shown in Fig.8. Different from curve at room temperature shown 

as Fig.8 (a), load-displacement curves at elevated temperatures creep during the holding 

duration of the maximum load. It is clearly that the load keeps constant while the depth of 

indenter increases during the holding duration. This is mainly attributed to plastic 

deformation of the RB-SiC specimen at elevated temperature. The occurrence of indentation 

creep under constant load was also reported in Kim and Heuer’s work [40], where less elastic 

recovery was suggested at high temperature than that occurred at room temperature.  In 

addition, the plastic behaviour of indentation presents an increasing tendency with increase of 

the temperatures, seeing the increment of the contact depth Δhc (the deviation from the 

contact depth at room temperature) at elevated temperature and indentation creep depth  

shown in Fig.8(b). The identical trends of Δhc and hT imply softening and plastic deformation 

with the increase of temperatures, which may cause the decrease of the elastic modulus at 

elevated temperatures. 
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Fig.8 Load-displacement curves and the variations of indentation depths at different 

temperatures. (a) the load-displacement curves and (b) the variations of indentation depths  
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Fig.9 Elastic modulus and contact depths at different temperatures 

Fig.9 presents the elastic modulus and contact depths at different temperatures. With increase 

of temperatures, the contact depth hc calculated by equation (8) increases due to indentation 

creep results in a larger hmax. Consequently, the elastic modulus decreases with the increase of 

temperatures. Compared with the average elastic modulus of 406.6GPa±19.0GPa for the 

RB-SiC specimen at room temperature, the average elastic modulus of 236.6GPa±13.1GPa 

at 1200℃ has decrease by 41.8%. The deteriorated elastic modulus at elevated temperature is 

almost the same magnitude to the deteriorated load-independent hardness, which is in accord 

with the results reported by Liu et al [42]. The material thermal softening and amorphization 

are responsible for deteriorated hardness and elastic modulus owing to the unrecovered 

deformation or displacement at elevated temperature.  



3.4 Fracture toughness 

 In Vickers indentation method, the fracture toughness measurement is mainly based on the 

cracks generated at the corner of the indentation impression. Fig.10 shows the typical crack 

systems in Vickers indentation fracture (VIF) test. The cracks remained connection to the 

corner of the indentation marks were suggested as the redial-median cracks while the cracks 

detached from the corner of indentation were treated as the Palmqvist cracks [25,36,43]. And 

there are different equations to calculate the fracture toughness for different crack systems in 

VIF test, which are given by [12,25]: 

For radial-median crack:   
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For Palmqvist crack:    
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Where a is the diagonal half length, c and l are the crack lengths initiated at the centre and the 

tip of indentation impression, respectively. Thus, the types of cracks at the indent corner 

should firstly be determined. 
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Fig.10 Typical crack systems in Vickers indentation fracture test. (a) Radial-median crack 

and (b) Palmqvist crack 



In present work, the cracks generated around the residual indentation impression at different 

temperatures and same load are presented in Fig.11. A crack system, including cracks 

initiated at the corner of the indent and the cracks apparently separated from the corner of the 

indent, is observed on all surfaces of the RB-SiC specimens at different ambient temperatures. 

Differing from that a continue crack propagation is detected on the surface of RB-SiC 

specimen in room temperature VIF test, the cracks initiated at the indent corner seem to have 

an interrupting propagation in elevated temperature VIF test, shown in the magnified 

morphology at the upper-right corner of Fig.11. The distance, from where the crack 

propagation was interrupted to the indent corner, decreases with the increase of temperatures. 

This may be attributed to a change in fracture mode of RB-SiC material at elevated 

temperatures, which is from a dominant transgranular fracture at room temperature to a 

dominant intergranular fracture at elevated temperature. Due to the excessive softening of 

amorphous film, the Si/SiC interface bonding energy trends to decrease with increase of 

temperatures, resulting in a deterioration of interface bonding strength between Si and SiC 

grains [34], which easies the intergranular fracture. As a result, the location of the fracture 

mode changed from transgranular to intergranular movies towards the indent corner with the 

increase of temperatures. However, the types of cracks at the indent corner can still not be 

determined accurately just by the observations because it need to polish the surface layer 

away to make sure where the crack is actually generated [43].  
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Fig.11 Cracks at the indent corner at different temperature. (a) RT, (b)200℃, (c)600℃, (d) 

900℃ and (e) 1200℃ 

In order to obtain a unique fracture toughness value, the VIF test of RB-SiC specimens 

should be conducted at a suitable applied load to satisfy the ratio of crack length c to diagonal 

half-length a, that is, it is usually c/a≫2 [44]. The relationship between the crack length and 

diagonal half-length at the range of the applied loads from 1.96N to 19.62N are plotted in 

Fig.12 (a). Except for 1200℃, the crack length decreases with the increase of temperatures 

although the diagonals keep increase because of material softening and plastic deformation at 

all applied loads. That the melting and vaporization of the free Si phase because of local 

temperature over the melting point of the free Si leading to defects in RB-SiC specimen may 

be responsible for the crack length increase again at average temperature of 1200℃. 

Nevertheless, the ratio of crack length to diagonal half-length at all applied load is a constant 

for a particular temperature. It indicates that a unique fracture toughness can be obtained at 

different temperatures. However, Chicot et al. [25] suggested that a suitable application of 

equations (9) and (10) should require another condition on the different load to crack length 

criterion ratios. In addition, they held the view that the parameters P/c3/2 and P/al1/2 should be 

obviously constant in order to obtain a unique toughness value. Taking the ISE into 

consideration, the two crack lengths, c and l, were represented as a function of the applied 

load in bi-logarithmic coordinates to determine the types of crack systems at different 

temperatures. The theoretical slop of Pln  versus cln  is 2/3 for radial-medial crack while the 



theoretical slop of Pln  versus lln  is 2(1-1/n) for Palmqvist crack. Fig.12 (b) shows the 

fitting curves of Pln  versus cln / lln  in room temperature VIF test. By comparison, the 

crack system can be determined as the radial-median crack. Similarly, the slops of Pln   

versus cln / lln  at elevated temperature were summarized in Table 3. It is clear that all cracks 

at different temperatures are the radial-median cracks. Thus, the equation (9) should be 

selected to calculate the facture toughness of RB-SiC specimens in all temperature 

indentation tests.  

5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

C
ra

ck
 l

en
g
th

, 
c 

(μ
m

)

Diagonal half length, a (μm)

 RT

 200C

 600C

 900C

 1200C

(a)

             
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

2.0

2.5

3.0

3.5

4.0

4.5
 Radial-median crack, c

Palmqvist crack, l

ln
 c

, 
ln

 l
 (

c,
 l

 i
n

 μ
m

)

ln P (P in N)

Sa=0.67

Sl=0.74

(b)

 

Fig.12 Relationships between the applied load P and the diagonal half-length a or the crack 

length c. (a) relationship between a and c (b) relationship between Pln  and cln / lln  and 

their fitting curves in room temperature VIF test. 

Table 3 Theoretical and experimental slopes of the crack length c or l versus the applied load 

P in bi-logarithmic coordinates to determine the types of cracks 

Crack type Si RT 200℃ 600℃ 900℃ 1200℃ 

Radial-

median 

32Pc  2/3 2/3 2/3 2/3 2/3 

 Pfc   0.67±0.01 0.68±0.01 0.67±0.01 0.66±0.02 0.65±0.02 

Palmqvist 

 nPl 112   0.94 0.94 0.91 0.90 0.90 

 Pfl   0.74±0.02 0.77±0.01 0.76±0.02 0.75±0.04 0.76±0.03 



According to the analysis above, the fracture toughness values variated with the applied load 

were calculated by equation (9) and plotted in Fig.13 (a) at all temperatures. Considering the 

possible effect of applied load on fracture toughness induced by elevated temperature, a range 

of loads from 1.96N to 19.62N was taken to test the fracture toughness at each temperature. 

Obviously, the fracture toughness basically holds a stable value for a given temperature. In 

other word, the fracture toughness does not vary with the applied load, which indicates the 

validity of the results for the fracture toughness as it is exclusive for a given material at a 

particular temperature. The averages of fracture toughness under different applied loads are 

treated as the final fracture toughness at a particular temperature, plotted with its error bar in 

Fig.13 (b). The fracture toughness presents an increasing trend with the increase of 

temperatures except for 1200℃. This is attributed to the material softening below 1200℃, 

resulting in shorter crack generated because of the increase of plastic deformation. The 

variation trend of fracture toughness with temperature matches well with the reported results 

[33] although the maximum temperature for fracture toughness turning to decline because of 

the different free Si-content and the average of the temperature actually obtained in the tests. 

Moreover, the variation trend of fracture toughness with temperature also agrees with the 

variation of the coefficient a1 obtained in Section 3.2, which indicates proportional greater 

contact damage through cracking with larger a1 [18]. 
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Fig.13 Variations of fracture toughness with different loads at different temperatures and 

their averages varied with temperatures. (a) fracture toughness at different temperatures (b) 

averages of the fracture toughness with error bars varied with temperatures.  

For intergranular fracture, larger fracture energy than transgranular fracture is consumed [28]. 

This intergranular fracture contributes to toughening in brittle material [33, 45]. Meanwhile, 

the cracks in RB-SiC ceramics can be healed by filling  amorphous silica produced by the 

oxidation of silicon and silicon carbide [46]. Thus, only short crack length will be generated 

at elevated temperature as  majority of fracture energy has been  consumed in the crack filling 

process and t it is not enough to generate a long crack during the propagation. As a result, an 

increasing fracture toughness value was obtained for RB-SiC ceramics at elevated 

temperature. However, extremely high temperature makes it difficult to resist crack 

propagation due to the softening of free Si [33], resulting in the decrease of fracture 

toughness at 1200℃.  

4. Conclusions 

In the present work, the indentation tests were conducted to explore the influence of elevated 

temperatures on the mechanical properties of RB-SiC ceramics, such as hardness, elastic 

modulus and fracture toughness. A comparative test was also conducted at room temperature. 

Based on the results and discussion, the main conclusion could be summarized as follows:  

(1) The Vickers hardness decreases with the increase of applied load at a particular 

temperature, showing a remarkable load-dependence, namely the indentation size effect. 

Thus, the Meyer’s index was used to assess the degree of the ISE at different load ranges 

and temperatures. The results show more significant ISE at low range of loads and high 

temperature. The elastic recovery is responsible for the ISE at lower range of loads while 

the dislocation-based obstacles are responsible for the ISE at high temperatures. It 



indicates plastic deformation caused by dislocation is the main reason of the ISE at high 

temperatures.   

(2) The true hardness fitted by the modified PSR decreases with the increase of temperatures. 

Because the PSR model failed to obtain the unique true hardness, the modified PSR 

model was then taken to calculate the load-independent hardness at different 

temperatures by taking the plastic deformation into consideration. The true hardness 

decreases by 46.1% at 1200℃ compared with that at room temperature. Besides, the 

variation of the first-coefficient of the modified PSR model with temperatures indicates a 

contact damage induced by cracks with initiated increasing and then decreasing tendency.   

(3) In contrast to the load-displacement curve at room temperature, the load-displacement 

curves at elevated temperatures occur indentation creep at the maximum load because of 

the increase of plastic deformation. The contact depth between indenter and RB-SiC 

specimen and indentation creep both increase with the increase of temperatures, resulting 

in the decrease of the calculating elastic modulus using Oliver and Pharr methods. 

Moreover, the variation of elastic modulus with temperature is similar to Vickers 

hardness, which decreases by 41.8% with the same declining magnitude of the Vickers 

hardness at 1200℃. 

(4) A crack system changed from transgranular at room temperature to intergranular at 

elevated temperature was firstly discovered at the corner of the indent. The crack system 

was then identified as the radial-median crack according to the relationship between the 

crack length and the applied load. Thus, the equation for radial-median crack was 

selected to calculate the fracture toughness. The calculating fracture toughness initially 

increases and then decreases with the increase of temperatures, which are attributed to 

different fracture energy consumption and free Si softening. 
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