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Ceramic composites: TiB2-TiC-SiC 
Part II Optimization of the composite 20% TiB2-55% (mo/%) 
TIC-25% SiC 

F. de MESTRAL* ,  F. THEVENOT 
*TURBOMECA, 64511 Bordes, France 
Ecole des Mines de Saint-Etienne, 158 Cours Fauriel, 42023 Saint-Etienne Cedex 2, France 

The composition 20% TiB2-55% TIC-25% SiC (mol%) was selected and the hot pressing 
parameters were optimized using optimal design. The optimized hot-pressed material had a 
bend strength > 1200 MPa, a thermal shock resistance of 300~ and a bend strength at 
1200 ~ of 456 MPa. The pressureless sintering of the selected composite was optimized, with 
and without additives. Powders sintered without additives (2200~ 2 h) had a low density 
(92.2%) and strength (480 MPa). Carbon and boron additives led to higher densities (97.5%) 
but did not improve the strength. 

1. I n t r o d u c t i o n  
In Part I [1], mechanical and electrical properties 
were determined over the complete ternary system 
TiB2-TiC-SiC. One particular composition was sub- 
sequently selected for a particular application, and its 
hot-pressing cycle optimized, its high temperature 
bend strength and thermal shock resistance deter- 
mined, and its pressureless sintering ability assessed. 
The results are reported here. 

A composition exhibiting high strength and high 
toughness was selected, and because one potential 
application could be as heating elements for inert gas 
furnaces, a third parameter was taken into account: 
the electrical resistivity. Therefore, the chosen com- 
position had to meet the three following conditions, 
of > 1000 MPa, Klc > 6 M P a m  1/2 and P > 50 gf2cm 
(Fig. 1): 20 mol% TiB2-55 tool% TIC-25 tool% SiC. 

2. Hot-pressed material 
2.1. Hot-pressing cycle optimization 
Our aim was to determine the hot pressing cycle which 
would achieve full densification at the lowest temper- 
ature, pressure and soaking stage. The cycle was 
composed of two temperature stages, T, with different 
lengths, t. In addition to these five parameters (T1, tl, 
T2, t2, P), six others were taken into account (Table I). 
The classical ways of studying the effects of eleven 
parameters require too many experiments: to keep to 
this we would have to omit the study of some factors, 
by assuming their influence is negligible. Therefore, 
we decided to use multifactorial experiment plans 
(Plackett and Burman matrix [2]) to minimize the 
number of experiments without neglecting to any 
parameter. This matrix is given in Table II with the 
density, open and closed porosity, and bend strength 
of the resulting materials. The influence of a particular 
factor (e.g. of the temperature of the first stage) on a 
response (e.g. on the density) is computed by taking 

the average of the summation of the studied response 
rounded-up by the mark given in the factor's column 
[3]. The constant (mean effect) is the average sum- 
mation of the studied response and represents the 
theoretical value of this response, every parameter 
being set to its middle value (average between low 
( - ) and high ( + )). Table III shows that the major 
parameters are the first stage temperature and the 
pressure, i.e. the mean density is increased by 2.1% 
when either the first stage temperature increases from 
1750-1800 ~ or the pressure rises from 30-40 MPa. 
On the other hand, the mean density decreases by 
0.9% when the increasing pressure rate rises from 
0.55-1 MPa s-1. The same trends are maintained for 
the other responses. Therefore, we conclude that to 
obtain the best properties, every factor should be set 
to its high level, except for the moment of applying 
pressure and the increasing pressure rate, which are 
set at their low level. 

The small influence of second stage temperature is 
unexpected. A fractional factorial matrix [3] (Table 
IV) with the four stage parameters is, therefore, carried 
out with the double objective of studying in more 
detail the influence of these parameters and to deter- 
mine if the temperature of maximum densification 
rate, T m, is an appropriate densification temperature. 
For  the selected composite, T m was equal to 1580 ~ 
this was thus the lowest temperature used in the 
planned experiments. The influence of the parameters 
and their interactions (Table V) were computed as for 
the Plackett matrix. Once again, the major parameter 
was the temperature of the first stage, T1, to be set at 
its high value (1680~ to achieve higher densities. 
This indicates that Tm, is not a crucial temperature as 
far as hot pressing is concerned. In fact, this den- 
sification rate peak is the conjunction of two opponent 
effects [-4]: the increase in the activation of the 
sintering processes with temperature is balanced by 
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TiB 2 o'f > 1000 MPcl 

NPcl m 1/2 
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P = 40 MPa, the moment of applying pressure, Mp, 
was the beginning of the hot pressing, the moment of 
releasing pressure, Rp, was the end of the second stage, 
increasing pressure rate, Rip = 0.1 M Pa s-1, decreas- 
ing pressure rate, Rdp = 1 MPas  -1 

SiC TiC 

Figure 1 Area  in the t e r n a r y  d i a g r a m  w h e r e  the  c o m p o s i t e s  meet  

the  three  cond i t ions :  c~ r > 1000 M P a ,  K l c >  6 M P a m  ~/2 a n d  p 

= 5 0 g f ~ c m .  ( Q )  T h e  selected compos i t i on :  2 0 %  TiB 2 5 5 %  

T I C - 2 5 %  SiC. (tool %) 

the decrease of the densification rate as the porosity 
tends to close. The influence of the parameters (Table 
V) and the graphic interpretation of the interactions 
[5], indicate that each factor should be set to its high 
value, except for the length of the second stage (the 
influence of this is nearly negligible so it can be set, 
indiscriminately, at either its high or low value). 

The values chosen for the hot-pressing parameters 
for the following materials were: first stage temper- 
ature, T 1 = 1750 ~ duration of first stage, t 1 = 30 min, 
second stage temperature, T 2 = 1900 ~ duration of 
stage length, t 2 = 15 min, increasing and decreasing 
temperature rates Rix = Rdx = 30 ~ min - 1, pressure, 

2.2. Thermal  s h o c k  r e s i s t ance  
The thermal shock resistance was determined on 
samples hot pressed under the latter conditions. The 
evolution of the bend strength after water quenching 
as a function of temperature drop, AT, is given in 
Fig. 2. The bend strength of the unquenched sample is 
higher than that of the non-optimized hot-pressed 
sample determined in Part I [1] (1230 and 1080 MPa, 
respectively). This good value is maintained up to a 
quench of 270 ~ For  AT = 300 ~ one-third of the 
samples were damaged thus explaining the very large 
standard deviation of the measurements. For AT 
= 315 ~ two-thirds of the samples were damaged, 

and subsequently all the samples deteriorated. There- 
fore, we conclude that the thermal shock resistance on 
water quenching the selected composition is 300~ 
This value is in good agreement with that obtained 
from thermoelastic analysis [6]. Assuming an ideal 
material where the stresses can be described by 
Hooke's taw, the temperature difference can be estim- 
ated by the coefficient R 

(YR(1 - -  V) 
R - (1) 

Ecz 

where ~R is the strength before thermal shock, i.e. 
1200 MPa, v is Poisson's coefficient, i.e. 0.25, E the 

T A B L E  I Eleven p a r a m e t e r s  s tud ied  for  the  o p t i m i z a t i o n  o f  the  selected c o m p o s i t e  ho t  p ress ing  cycle wi th  the i r  h igh  ( + ) a n d  low ( - ) 

va lues  

P a r a m e t e r  ( - ) ( + ) 

T 1 (~ C) first s t age  t e m p e r a t u r e  1700 1800 

t I (rain) first s t age  d u r a t i o n  15 45 

T 2 (~ s econd  s tage  t e m p e r a t u r e  T 1 + 50 T~ + 150 

t 2 (min) s econd  s tage  d u r a t i o n  5 15 

R~x (~ m i n  1) inc reas ing  t e m p e r a t u r e  r a t e  10 30 

R a t  (~ m i n -  1) dec r ea s ing  t e m p e r a t u r e  ra te  10 30 

P ( M P a )  p res su re  20 40  

Mp (Mpa)  m o m e n t  of  a p p l y i n g  p res su re  s t a r t  b e g i n n i n g  1st s tage  

Rp (Mpa)  m o m e n t  of  re leas ing  p ressure  end  2 n d  s tage  a t  1000 ~ 

Rip (M P a  s -  1) i nc reas ing  p res su re  r a t e  0.1 1 

Rdp (M P a  s -  1) dec r ea s ing  p res su re  ra te  0.1 1 

T A B  L E  I I P l a c k e t t  m a t r i x  for  eleven fac tors  a n d  dens i ty ,  D, open ,  O P ,  a n d  closed,  C P ,  poros i ty ,  a n d  b e n d  s t r eng th ,  a t ,  o f  the  resu l t ing  

ma te r i a l s  

Ta tl T2 t2 Riz RdT P Mp Rp Rip Rap Y D(%)  O P  (%) C P  (%) ~f ( M P a )  

+ + - + + + - - - + - Y1 98 0 2 888 + 54 

- + + - + + + - - - + Y2 99.7 0 0.3 1007 4- 92 

+ + + - + + + - - - Y3 100 0 0 1017 • 26 
- + - + + + + + - - 114 98.5 0 1.5 906 _+ 113 

- - + - + + + + + Y5 92.2 4.8 3 698 • 14 

- - - + - + + - + + + ]I6 97.9 0 2.1 904 _+ 72 

+ - - - + - + + - + + Y7 97.3 0 2.7 896 + 45 

+ + - - + - + + + Y8 98.9 0 1.1 885 + 68 

+ + + - - - + - + + - Y9 100 0 0 1003 + 114 

+ + + - - - + + + Yio 90.1 5.7 4.2 758 _ 57 
+ + + + - - - + - + Yl l  99.5 0.3 0.2 1040 + 26 

. . . . . . . . . . .  Y12 89.4 10.1 0.5 595 + 30 
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T A B L E  I I I  Influence of the different parameters of the hot press- 
ing cycle on the average value (cte) of the density, open and closed 

porosity,  and bend strength 

Density Open  Closed Bend 
(%) porosity porosity strength 

(%) (%) (%) 

cte 96.8 1.75 1.5 881 

T 1 2.1 - 1.7 - 0.5 70 
t 1 0.7 0.7 0 26 
T 2 0.1 0.1 - 0.2 36 
t 2 0.5 - 0.8 0.2 34 
RiT 0.7 - 0.9 0.2 21 
RdT 1 -- 1 0 18 
P 2.1 - 1 .7  0 . 4  7 4  

Mp -- 0.6 0 0.6 - 21 
Rp 0.1 -- 0.9 -- 0.1 21 
Rip 0.9 0 0.9 - 24 
Rdp 0.4 - 0.8 0.3 30 
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Figure 2 Bend strength of hot-pressed samples after water quen- 
ching as a function of the temperature  drop. 

elastic modulus, i.e. 425 GPa, and ~ the thermal ex- 
pansion coefficient, i.e. 7.4 x 10 - 6  K - 1 .  This leads to 
R = 286 ~ in our case. 

2.3. High-temperature bend strength 
The bend strength decreases linearly with increasing 
temperature (Fig. 3). This is due to the conjunction of 
two factors. First, the ductile-brittle transition tem- 
perature of the main component, TiC, is rather low, i.e. 

800 ~ [7]. Second, in the tests conducted under 
nitrogen, there is a surface degradation, e.g. by substi- 
tution of carbon by nitrogen in the TiC structure 
above 800~ [8]. This degradation, negligible at 
800~ reaches ~ 10 lam at 1200~ and ~ 25 lam at 
1400 ~ 

3. Pressureless sintered material  
3.1. Pressureless sintering optimization 
The pressureless sinterability of seven grades of the 
selected composite was studied. The starting powders 
were mixed either untreated, or after attrition milling, 
with or without sintering additives (Table VI). To 
reach a mean particle size of ~ 2 pm, TiB 2 was 
attrition milled for 8 h and TiC for 4 h. This attrition 
was followed by a careful wash with hydrochloric acid 
to remove the iron contamination. Fine SiC was left 
unmilled. Grade N7, attrition milled, was not washed, 
so its iron content was as high as 25%. Carbon was 

added either as black fume, C, or as organic precursor, 
NL; boron was added as amorphous boron, B, and 
silicon carbide as organic precursor, polycarbosilane, 
PC. 

In addition to the composition and the sintering 
additives, pressureless sintering was mainly controlled 
by the sintering stage temperature and length. A 
Doelhert matrix [3] was carried out, in order to plot 
the evolution of the density as a function of these two 
factors. Table VII lists this matrix and the density of 
the resulting materials. The first evidence is that grade 
N7 densities totally even at the lowest temperature 
and time. This is due to the liquid-phase formation 
between Fe and TiC above 1400 ~ [8]. The untreated 
powders (grade N10) only reach the moderate density 
of 93.3%, but their porosity is nearly totally closed for 
densities above 90% (open porosity < 0.7%). Poly- 
carbosilane and Novolaque additives are only slightly 
beneficial in unmilled powders (grade N5). Although 
native fine and reactive SiC is created, it acts rather as 
a sintering inhibitor (grade N6), each grain being 
coated with a thin SiC film, thus disturbing the cohe- 
sion between TiC and other components. The best 
densities are obtained with boron and carbon addi- 
tives (N3 and N4). However, a sintering temperature 
of 2100 ~ must be reached for boron and carbon to 
become active. In fact, up to 2100~ the milled 
powders without additives (grade N8) achieve better 
densification. For the lower temperatures, the milling 
of powders (grade N4) is beneficial; above 2150~ 
unmilled powders (grade N3) densify in the same way. 

T A B L E I V Fractional  factorial matr ix for four factors and density, open porosity, and bend strength, ~f, of the resulting materials 

T 1 t 1 T2 t2 Density Open ~f 
(~ (rain) (~ (rain) (%) porosity (MPa) 

(%) 

l 1580 
2 1680 
3 1580 
4 1680 
5 1580 
6 1680 
7 1580 
8 1680 

- )  15 
+) 15 
- -  ) 45 
+ )  45 

) 15 
+) 15 
- )  45 
+ )  45 

- )  158o 
) 1680 

+ ) 1580 
+ ) 1680 
- ) 1680 
- )  1780 
+ ) 1680 
+ ) 1780 

) 5 
- )  15 
- )  15 
- )  5 
+) 15 
+) 5 
+) 5 
+) 15 

-- ) Y1 83.3 16.1 464 + 26 
+ ) Y2 96.3 0.1 890 +_ 68 
+ ) Y3 90.4 8.1 736 + 26 
-- ) Y4 97.2 0.1 1002 _+ 20 
+ ) Ys 93.0 2.9 750 _+ 53 
-- ) Y6 97.6 0 1036 +_ 44 
-- ) II7 92.1 4.6 748 +_ 65 
+ ) Ys 98.5 0 1037 _+ 35 
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T A B L E  V Influence of the different parameters T1, tl, T2, t2, and 
of their interactions on the average value (cte) of the density, open 
porosity, and bend strength 

Density Open porosity ~f 

(%) (%) (MPa) 

cte 93.6 3.98 834 
T a 3.85 -- 3.92 158 
t I 1 - 0.79 48 
T 2 1.75 - 2.09 60 
[ '2 1 - 1.22 20 
T 1 t 1 + T2t 2 - 0.55 0.78 -- 20 
T 1 T z + t a t  2 - 1 . 1  2.01 --15 

TI [2 q- Tztl -- 1 1.23 - 48 
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Figure 3 Bend strength evolution of hot-pressed samples at high 

temperature. 

T A B L E  VI Treatment and sintering additives of the powders 

Powder treatment and sintering additives 

N3 
N4 
N5 
N6 
N7 
N8 
N10 

Untreated powder + B + C 
Attrition milled and cleaned powder + B + C 
Untreated powder + PC + NL 
Attrition milled and cleaned powder + PC + NL 
Attrition milled powder 
Attrition milled and cleaned powder 
Untreated powder 

B: 1% boron; C: 1% carbon; PC: 8% polycarbosilane; NL: 2% 
novolaque. 

A Doelhert matrix allows polynomial models to be 
developed up to the second order. Although such 
models are not satisfactory to describe the density 
evolution of grades N3 and N4, they are satisfactory 
for grades N5, N6, N8 and N10. However, as the 

[h) 

64% 85% 86% 87% ,8% 89%90%910/092%93%940/0 

Figure 4 Isodensity curves as a function of the temperature, T, and 
the duration, t, of the sintering stage, plotted with a second-order 
polynomial model arising from a Doelhert matrix. 

benefit of grades N5, N6 and N8 is very small, only 
the density evolution of the untreated powders (N10) 
(Fig. 4) is developed 

Y = 240.9 - 0.199 T + 4.987t + 5.99966 

x 10 .5 T 2 + 0.067t 2 - 2.30939 x 10 -3 Tt  (2) 

where Yis the density (%), T the  temperature (~ and 
t the stage duration (h). This model, strictly speaking 
only valid for T = 2100 4- 100 ~ and t = 2 4- 1 h, can 
be somewhat extrapolated. However, reasonable lim- 
its should not be exceeded, e.g. T =  2100 4- 200~ 
a n d t = 2 _ _  1.5h. 

3.2. Mechanical characterisations 
Mechanical characteristics of grades N10 and N3 were 
measured. The bend strength of grade N10 (untreated 
powder) was 484 _+ 15 MPa (density 92.2%, open por- 
osity 2.2%, Hv = 13.9 + 2.2 GPa). Compared with the 
fully densified hot-pressed material (i.e. 1200 MPa), 
the strength drop is very large. However, with mater- 
ials of equal densities, this drop is limited to 210 MPa. 
This difference is due to grain growth in the pre- 
ssureless sintered material (Fig. 5). For  grade N3, with 
a density of 97.5% (open porosity 0.1%) and a hard- 
ness H v = 20.2 ___ 1.8 GPa, the bend strength was not 
improved, i.e. 460 4- 46 MPa. This unexpected result 
is due to the formation of a slight porosity, probably 
located at the intergranular joints (Fig. 6). 

The fracture toughness of these pressureless sintered 
materials could not be measured. The load necessary 

T A B L E  V I I  Sintering temperature, T, and time, t, of the Doehlert matrix with the density of the resulting materials 

T t Density (%) 
(~ (min) 

N3 N4 N5 N6 N7 N8 N10 

1 2100 120 93 94.5 
2 2000 120 81.1 82.6 
3 2050 172 86.5 87.9 
4 2150 172 97.5 97.5 
5 2200 120 98.2 98.2 
6 2150 67 96.8 97.1 
7 2050 67 84.2 85.8 

92.4 85.4 102 91.8 88.1 
81.9 79 102.9 84.4 83.7 
87.9 83 102.6 90:7 86.5 
95.6 87.8 - 94.2 90.8 
96.7 89.8 - 96 93.3 
94.8 86.9 - 93.5 90.3 
85.7 81.4 102.9 89 85.6 
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Figure 5 Backscattered electron micrograph of the pressureless sin- 
tered material without additives, density 92.2% (grade N10). 

Figure 6 Backscattered electron micrograph of the pressureless sin- 
tered material with boron and carbon additives, density 97.5% 
(grade N3). 

to generate cracks was high enough to degrade the 
indentation itself. The energy applied was not totally 
used to develop cracks, which were, hence, shortened. 
The toughness measured under these conditions reach 
30 MPaml/2; this is obviously wrong. 

4. Conclusion 
Research methods using optimal design allowed op- 
timization of eleven parameters of the hot-pressing 
cycle of a selected composition. The materials produ- 
ced with .this optimized cycle exhibited enhanced bend 
strength, i.e. csf > 1200 MPa. This good property is 
maintained up to a thermal shock by water quench of 
300 ~ The high-temperature bend strength decreases 
linearly with increasing temperature because of sur- 
face degradation by nitrogen above 800 ~ 

The pressureless sintering ability of seven grades of 
the selected composition was assessed with a Doelhert 
matrix. A stage at 2200 ~ for 2 h, allowed a density of 
92.2% to be achieved for the untreated powders with- 
out additives (N10) and 97.5% with boron and carbon 
additives (N3). Although density is enhanced, the bend 
strength is not improved, probably due to a fine 
intergranular porosity. 
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