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Interparticle welding, mechanical properties and 
fracture behaviour of LaCrO3-Cr cermets 

YU. L. K R A S U L I N ,  S. M. B A R I N O V ,  V. S. IVANOV 
Academy of Science of the USSR, Baikov Institute of Metallurgy, Moscow, USSR 

The temperature dependence of strength, fracture toughness, work-of-fracture and creep rate 
of LaCrOa-Cr cermets has been studied. The influence of structure formation conditions on 
mechanical properties was also investigated. The best results have been obtained for cermets 
made under conditions of restricted volume interaction of constituent phases. The mechanical 
properties are discussed in terms of energy dissipation in the crack tip zone. 

1. Introduction 
The mechanical properties of refractory oxide-metal 
cermets are governed by the volume content, distri- 
bution and dispersity of components, the porosity of 
materials and the interparticle boundary state [1, 2]. It 
is important to realize the attractive properties of both 
metallic and ceramic phases in compact material. The 
sintering process leads to recrystallization, and to 
formation of  brittle intermediate grain-boundary 
phases. As a consequence, the mechanical properties 
of sintered cermets are far from the desired level. The 
fracture of materials is brittle and intergranular, the 
fracture toughness is low. For the reliable performance 
of brittle materials it is important to guarantee the 
possibilities of elastic strain energy relaxation prior to 
the onset of unstable fracture. The possible mechanisms 
of strain energy relaxation in cermets are subcritical 
crack growth, and plastic deformation of the metallic 
phase induced around the crack tip. It is possible to 
realize the latter process if the metallic phase is plastic 
and can be involved in the deformation process. The 
development of such processes generally increases the 
fracture toughness of the material. Plastic deformation 
is possible only if the bond between the metallic and 
oxide phases is strong and mass-transport processes 
are limited during consolidation of the particles as has 
been mentioned above. The high-speed method of 
compacting provides interaction of powder particles, 
as in the case of interparticle welding with strong 
bonding of particles [3-5]. This method was applied 
successfully to different materials including metals, 
alloys and ceramics [3-10]. In this paper the results of 
investigation of the mechanical properties of dynamic- 
ally compacted LaCrO3-Cr cermets are described and 
discussed with special attention to non-linear fracture 
behaviour. 

2. Experimental procedure 
The 60wt% LaCrO3-40wt% Cr cermets were 
obtained by sintering after quasistatic pressing (SC) 
and high-speed pressing (HPC). Details of such pro- 
cesses have been given earlier [3, 6, 11]. The porosities 
of HPC and SC were about 4 and 8%, respectively. 

The mechanical properties: modulus of rupture 

(bending strength) fib, deformation at fracture 8b, 
stress intensity factor K~c and work-of-fracture 7F, 
were estimated in the temperature range 20 to 1200 ~ C 
by three-point loading of rectangular 3 m m x  6 mm x 
40 mm bars in an argon-filled furnace type Ta 1028 at 
a transverse travel speed of 8 x 10-6msec -1. The 
testing machine was an Instron 1115. For correct o b 
and 8 b determinations the non-linearity of the defor- 
mation diagrams was taken into consideration by [12]: 

3 P L 2  + # 
~ b  - -  2bh 2 3 ' (1) 

4h6 2# + 1 
8b = L 2 # + 1 ' (2) 

where P and 6 are the load and deflection, b and h are 
the width and height of the bar, L is the span, # is the 
non-linearity coefficient of the stress-strain diagrams. 
The stress intensity factor Kic was determined using a 
common technique provided that the correction con- 
dition Pm,x/Po <~ 1.1 is satisfied [13]. The depth of the 
notch in the specimens was 0.5h, and the radius of 
curvature of the notch tip was about 50 #m. The work- 
of-fracture, ?v was determined as the ratio of total 
deformation work of the notched beam to the doubled 
fracture surface area. K~ and ?v were determined, on 
average, from three to five specimens. The relative 
error of the strength and fracture toughness measure- 
ments was estimated as 17% and 15%, respectively. 
The creep of HPC and SC specimens was investigated 
by four-point bending in the temperature range 1250 
to 1450~ and stress levels of 1, 2 and 4MPa.  

The thermal shock fracture resistance test was per- 
formed using cylindrical specimens 10mm diameter 
and 20 mm long. The ratio of compressive strength of 
specimens after thermal shock 20-1350-20~ to 
control (unshocked) specimens strength was deter- 
mined. The number of thermal cycles was up to 50. 

Scanning electron microscopy (SEM) was used to 
investigate the interparticle bonding during structure 
formation. 

3. Results 
Fig. 1 is an optical micrograph of HPC and SC 
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Figure 1 Structures of (a) HPC and (b) SC specimens. 

specimens. It is evident that the particle distribution in 
HPC is more uniform than in SC. Both metallic and 
oxide phases form interpenetrating continuous frame- 
works. Fig. 2 shows SEM fractographs of  the room- 
temperature ruptured HPC specimens before and 
after heat treatment at different temperatures. The 
fracture mode changes from fully intergranular to 
mixed trans- and intergranular with increasing heat- 
treatment temperature. The compressive strength of  
the green compact HPC is 110 MPa and increases with 
heat-treatment temperature. These results indicate 
that interparticle bonding forms on the compacting 
stage and develops during heat treatment. 

Fig. 3 shows the temperature dependencies of  a b 
and eb. The strength decreases and the strain increases 
with temperatures above 700~ Deformation of  
notched SC specimens is linear-elastic up to unstable 

fracture. Notched specimens of  HPC have a non- 
linear deformation stage even at room temperature 
(Fig. 4). To ascertain the nature of  the non-linearity, 
experiments were performed with repeated loading- 
unloading during the deformation process. It was 
concluded that residual deformation is caused by 
plastic deformation of  the metallic phase at slow crack 
extension. 

The dependencies of  K~c and YF upon temperature 
are shown in Fig. 5. The increase of  K~c and YF begins 
at 500 ~ C. Kic reaches a maximum at 500 ~ C and then 
decreases. All mechanical properties of HPC are higher 
than those of  SC. 

Thermal shock fracture resistance data are given in 
Table I. The relative retained strength of  HPC is much 
higher than that of  SC. 

Figs 6 and 7 are the dependencies of steady-state 
creep rate ~ on temperature and applied stress. It can 
be seen that the creep rate of  HPC exceeds that of  SC 
at the same temperatures, T, and stresses, tr. The mean 
slope angle tangent of  lg g-log tr is about  1. Then the 

= ~(T, tr) dependence can be written as 

= Air exp ( -  Q / k T )  (3) 

where A and k are constants, and Q is the apparent 
activation energy. From the slope of the lg ~ - I / T  

curves one can estimate Q. Its average value in the T 
and a range investigated is about 314 kJmol  -l. 

Figure 2 SEM fractographs of the room-temperature ruptured HPC 
specimens: (a) before heat treating; (b) heat treated at 1000 ~ C; (c) 
heat treated at 1400 ~ C. 
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Figure 3 Temperature dependence of c% (1, 2) and e b (3, 4) of HPC 
(1, 3) and SC (2, 4). 

4.  D i s c u s s i o n  
4.1. Structure format ion 
As has been shown in recent investigations, (see, for 
example, [3-5]), high-speed compacting results in a 
more effective consolidation of  powder particles 
because of interparticle welding with self-cleaning 
of the particle surfaces and high-temperature local 
heating. Local heating is caused by adiabatic com- 
pression, interparticle friction and plastic deformation. 
The heating of the particle surface regions reaches 
temperatures which are much higher than the mean 
body temperature, up to melting point [14, 15]. Surface 
regions then cool rapidly (>  105Ksec -1 [6, 14]). As a 
result, the particles are welded and zones of  particles 
with defect structure form [3-6, 14, 15]. 

The green strength value of  HPC indicates that 
interparticle interaction zones have formed during the 
pressing process. Some such zones can be seen on the 
fracture surfaces of HPC specimens in Fig. 2. With 
increasing heat-treatment temperatures, the density 
and area of  interparticle interaction zones will increase. 
The fracture mode changes from intercrystalline to 
mixed trans- and intercrystalline. Local X-ray analysis 
shows that in heat-treated HPC specimens extended 
interparticle zones with a graded profile of  chromium 
concentration may be found. This fact indicates a 
diffusion of  chromium into the LaCrO3 grains. In SC 
specimens the chromium concentration profile is 
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Figure 4 The deformation diagrams of notched HPC (1) and SC (2) 
specimens. 
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Figure 5 Temperature dependence of KIc (l, 2) and 7v (3, 4) of HPC 
(1, 3) and SC (2, 4). 

sharp at the intergrain zone. Apparently, the develop- 
ment of  the diffusion proceses in HPC is due to higher 
atomic and linear density, and structure instability 
near the interparticle contacts in HPC specimens. 

The microstructure of  HPC has some peculiarities. 
Fine substructure formation and particle cracking can 
occur. Correlation of  these processes depends upon 
the interatomic bond in the sustance. Electron micro- 
scopy investigations indicate that in the high-speed 
compacting process, cracking of the LaCrO3 grains 
occurs. X-ray diffraction measurements have shown 
that the diffraction lines of  both chromium and 
chromite phases are broadened. These facts indicate 
that the structure of  the material is stressed and 
fractionated. The increased dislocation density in 
shock-treated ion-covalent crystals was established by 
Skorochod et  al. [16]. The high dislocation density in 
the oxide phase of cermet can appear as a result of  
brit t le-ductile transition under conditions of  high 
pressure and temperature development during com- 
paction. Measurements of X-ray diffraction line 
broadening shows that the substructure formed is 
thermally stable up to 1500 ~ C. 

4.2. Mechanica l  propert ies and fracture 
The values of  strength, deformation at failure, critical 
stress intensity factor and work-of-fracture of HPC 
exceed those of  SC specimens. There are two effects 
that can be taken into account to explore this fact. The 
first is the porosity difference of  the cermets, and the 
second is the difference in interparticle bonding effec- 
tivity. 

According to Ryshkevitch's formula [17] 

o" b = 0"b0 exp (-- cO), (4) 

where o-b0 is the strength of  body without pores, c is an 

T A B L E I Relative retained compressive strength after thermal 
shock 

Cermets (a/ao) • 100%* 

after 20 cycles after 50 cycles 

HPC 70 65 
SC 30 16 

*a is the strength after cycling, a 0 is the strength of the control 
sample. 
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Figure 6 Steady-state creep rate (h- 1 ) dependence of HPC (dashed 
lines) and SC (solid lines) on temperature. 

empirical constant and 0 is the volume pore content. 
The estimates show that the porosity is not the only 
effect concerned, because the ratio between HPC and 
SC strength is higher than the Ryshkevitch formula 
predicts. 

The increased KIo value of  HPC is the result of  
higher strength and slow crack extension (see Fig. 4). 
The subcritical slow crack extension occurs at tem- 
peratures below 1100 ~ C only in HPC specimens. Slow 
crack growth is due to relaxation zone formation and 
extension near the crack tip. In cermets, two mechan- 
isms can be taken into consideration for stored elastic 
energy relaxation. The first is the metallic phase 
microplastic deformation, the second is microcracking 
ahead of  the crack tip. Nevertheless, the description of 
fracture development in both cases is formally similar. 

The model of slow crack growth under conditions 
of  continuous loading can be used as a basis for 
discussion [18]. The energy balance equation can be 
written as 

276l = 6Ae + 6Ar ,  (5) 

where 6l is the crack length increment, 6A~ is the value 
of  releasing elastic strain energy at the constant relax- 
~ation. zone parameter r, 6Ar is the value of energy 
relaxation in the relaxation zone while increasing r 
from r to r + 6r. 3Ae is [18]: 

6 A  e = 5 I ( K ~ / E ) 6 I ,  (6) 

where 51 is a constant, E is the elasticity modulus. 6Ar 
is proportional to the relative density Qr, of  relaxation 
sites, to r6r and to specific work ar of  relaxation. As 
has been shown [19, 20], the zone parameter r can be 
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Figure 7 Steady-state creep rate (h - i )  dependence of HPC (dashed 
lines) and SC (solid lines) on applied stress. 
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written as 

r = 52(K,/o-i) 2 (7) 
where o-i is the yield stress, o-y, of  the metallic particulate 
phase in the case of  microplastic deformation or the 
fracture stress, o- v, in the case of  microcracking. The 
value of 52 in Equation 7 also depends on the relax- 
ation mechanism. 

No evidence of  microcracking has been obtained by 
structural investigation of  cermet fracture surfaces. 

It it is assumed that microplastic deformation is 
responsible for the subcritical crack growth, then two 
conditions must be satisfied, namely, plasticity of  
chromium particles and a strong bonding of metal and 
ceramic phases [21]. It is known that the brittle-ductile 
transformation temperature decreases with diminishing 
of chromium grain size [22]. The high-speed com- 
paction of  cermets results in fragmentation of  the 
chromium particle structure, as has been shown by 
X-ray diffraction. High-speed compaction also leads 
to interparticle welding, reduced porosity and, hence, 
to reduced stress concentration. As a result, the 
material can be obtained with a metallic phase which 
can be deformed plastically. This condition is satisfied 
only in HPC. 

The value 6Ar in Equation 5 can be expressed as 

~6A~ = (Or/Oo)arrar, (8) 

where Q0 is a number of  potential relaxation sites in a 
relaxation zone ahead of the crack tip. In a stiff-plastic 
body approximation for the metallic phase, the a r 
value can be evaluated as 

a r = o-y ~3, (9) 

where e is the deformation. As a result of  combining 
Equations 6, 8, 9 and 5 we obtain 

7 = 5 1 K 2 / 2 E  + ~ (10)  

if condition Q0 --+ 1 is satisfied. 
Taking into account that 2 = 5x K2~o/2E, where KIo is 

the critical stress intensity factor, we can obtain from 
Equation 10 

dl -- 252~r~EK3/O-3y(K2 c -- K 2) (11)  
dK1 51 

Integration of Equation 11 results in 

+ l n  - (~-~) ] }  (12) 
1 KI 2 

where ro = 52(gic/o-y) 2 is the critical zone size par- 
ameter. The dependence of  K~/K~c on Al* is shown in 
Fig. 8, where AI* is Al/(52/51)(~r~Erc/o-y ). The insta- 
bility of the crack begins when Al* > 1. According to 
this the higher the value of (52/5~)(~r eErc/ay) the more 
extended is the slow crack growth. Therefore, a cermet 
able to store energy relaxation by slow crack growth 
must have a metallic phase with a low yield stress 
and high deformability. In HPC the metallic phase is 
fragmented and strongly bonded to the oxide phase. 
As a result the enhanced relaxability of the cermet is 
attained. 
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Figure 8 Independence of  KI/KIo and normalized crack extension 
AI*. 

Since slow crack extension is more pronounced in 
HPC, a rising crack growth resistance curve would 
cause the computed K~c to increase with respect to SC. 
This is in agreement with the results shown in Fig. 6. 
The increase of YF values in HPC with respect to those 
in SC is due to slow crack growth and more stable 
fracture after maximum load. The increase of 7v with 
temperature is a result of increasing plasticity. At the 
same time, the decrease of K~~ is due to diminishing 
yield stress of the cermets because deformation of 
cermets takes place without work-hardening. 

The thermal shock fracture resistance of cermets 
varies with respect to the difference of their strength 
and fracture toughness. Estimates of the thermal 
shock fracture resistance parameters are given in 
Table II, where R = ab/EC~, ~ is the thermal coefficient 
of expansion, PI and P2 are the fracture loads of 
notched and unnotched specimens, respectively, and l 
is the notch depth. The ratio (PI/P2)21 is proportional 
to the R ~v criterion of thermal shock fracture [23]. 

The results given in Table II agree with the strength 
deterioration measurement results after thermal shock 
as one can see in Table I. The HPC specimens have 
both higher crack initiation and crack propagation 
resistance at thermal shock. 

4.3. Creep 
The apparent creep activation energy in both HPC 
and SC is nearly equal to the chromium self-diffusion 
energy [24]. This value would be expected to correspond 
to the volume diffusion mechanism of creep in the 
chromium skeleton. But it is evident from the structure 
investigation, that the continuous skeleton is formed 
by oxide phase. Therefore, it would be anticipated that 
the creep rate of cermets is limited by the rate of 
surface diffusion in the oxide component. 

The major difference between creep of HPC and SC 
is that the creep rate of the former is much higher than 
the latter. This fact can be explained by the structure 
development of HPC. The grain-boundary diffusion 
creep rate of material with equilibrium structure is 

T A B L E  II  Thermal  shock fracture parameters of  cermets 

Cermets R (~ (PI/P2)2I (mm) 

at 20 ~ C at 700 ~ C at 20 ~ C at 700 ~ C 

HPC 648 670 0.54 1.03 
SC 246 314 0.18 0.24 

governed by the size of a structural unit, L, and the 
grain-boundary diffusion coefficient, Dgb: 

~ A a D g b / L 3 k T ,  (13) 

where A is a constant. The HCP structure is frag- 
mented as a consequence of substructure formation 
and particle cracking, as has been shown by X-ray 
diffraction measurements and TEM investigations. 
Hence, according to Equation 13, the creep rate of 
HPC must be enhanced. This conclusion is suggested 
by the creep-test results of HPC after heat treatment 
that increases the subgrain size [25]. As a result, the 
creep rate of HPC has been decreased. 

5. Conclusions 
The mechanical behaviour of the LaCrO3-Cr cermets 
investigated depends on structure peculiarities. The cer- 
mets obtained under interparticle welding conditions, 
with restricted volume interaction of components, 
have preferable properties. The main advantage of 
HPC is the rising crack resistance curve causing the 
enhanced fracture toughness and thermal shock frac- 
ture resistance. The structure fragmentation of such 
cermet leads to an increased creep rate and conse- 
quently to higher relaxability. 
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