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Abstract: The influence of different sintering processes, including vacuum sintering, vacuum sintering followed by HIP

and sintering HIP, on the microstructure and properties of sub-micron Ti( C, N) cermets with various binder contents was

studied. Image analysis based on back-scattered electrons image observations was used to determine the morphologic and

structural characteristics. Transverse rupture strength( TRS), hardness, fracture toughness were measured and TRS data

were treated by Weibull statistics further. It is shown that a very significant improvement in TRS can be obtained by HIP

or sintering-HIP treatment for the alloys with lower and middle binder content at the controlled cooling rate, but the effect

is not obvious for the alloys with higher binder content. HIP is also helpful for improving the hardness of sub-micron Ti

(C,N) cermets, however, but can lower the fracture toughness. The variation of these properties was interpreted in

terms of the difference in morphologic and structural characteristics.
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1 INTRODUCTION

Compared with WC-Co hardmetals, Ti( C, N)
based cermets have many advantages: lower density,
higher oxidation resistance, higher thermal expansion
coefficient, higher high-temperature hardness, rea
sonable strength at elevated temperature and higher
wear resistance. Therefore, Ti(C, N) based cermets
can be used as indexable inserts and wear resistance
parts. A lot work has been done on Ti(C, N) based
cermets in recent years, and the applications in some
fields are quite successful. At present, at least 20%
of all indexable inserts used in Japan are Ti( C, N)

based cermets' .

However, the transverse rupture
strength( TRS) and fracture toughness( Kic) of Ti
(C, N) based cermets are comparably lower than
those of WC-Co hardmetals.

Several methods have been used to improve the
properties of Ti(C,N) based cermets. Appropriate
chemical compositions, in which Ni was partially re-

[2.3]

placed by Co'“™", and carbides and carbornitrides of

W, Ta, Nb or V were added, can ameliorate the
properties of Ti(C,N) based cermets!*”!. The car
bon and nitrogen contents are also important for
achieving higher performance!® . Sub-micron Ti(C,
N) based cermets possess superior transverse rupture
strength, hardness, fracture toughness!®'?.

Hot isostatic pressing (HIP) was applied in the
production of cemented carbides in 1960s. It was re-
ported that the properties of cemented carbides could
be improved a lot because of the elimination of the

(31 In 1980s, a simultaneous sin-

flaws in the parts
tering and HIP treating equipment, called sintering-
HIP(SH) was developed in the production of cement-
ed carbides. The advantage for SH is that the binder
“lakes” typically resulted from HIP can be avoided,
and at the meanw hile energy can be saved to some ex-

', The manufacturing procedure of Ti(C, N)

ten
based cermets is similar to that of cemented carbides.
It is assumed that the HIP and SH treatment on Ti
(C, N) based cermets have similar effects on cement-

ed carbides. A few papers'” lon HIP treated Ti( C,
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N) based cermets have been published, but only the
final mechanical properties were reported, without
highlighting the process and microstructural charac
teristics of different grades of Ti( C, N) based cer
mets. Furthermore, few work has been reported on
SH treated Ti(C, N) based cermets. The aim of this
paper is to investigate the effect of sintering process,
including VS(vacuum sintering), VS+ HIP and SH,
on the microstructure and properties of sub-micron Ti
(C,N) based cermets with different binder contents.

2 EXPERIMENTAL

The compositions of the cermets in the present
study are given in Table 1. Test specimens were pre-
pared by the conventional powder metallurgy proce
dure, i.e. attritor ball milling followed by compaction
and sintering. The details was reported elsew here,
and these Ti( C, N) based cermets was characterized

by sub-micron structure! ',

Table 1 Nominal compositions of alloys
(volume fraction, %)

Alloy TiC TiN wC Mo Ni
A 68. 4 11.4 2.6 10.6 7.0
B 59.3 12.2 2.7 11.0 14.8
c 45.8 13.1 2.9 10. 4 27.8

M aterials were sintered by three kinds of sinter
ing procedures, VS, VS+ HIP and SH. VS was car
ried out in vacuum furnace at 1 450 C for alloy A,
1 420 C for alloy B and 1 390 C for alloy C for 1.5
h at the pressure of 10 Pa. These VS test specimens
were then subjected to HIP in QIH-6 HIP furnace at
1320 C and a pressure of 103 MPa, with a cooling
rate of 10 'C/min. In order to investigate the effect
of HIP temperatures on the microstructures and prop-
erties of the samples, the HIP treatment of alloy B
was also carried out at 1 290 C and 1350 C, respec
tively. In order to investigate the effect of the cooling
rate on the microstructure and properties, the conse-
quently cooling rate of alloy B after HIP at 1 320 Cis
also controlled at 25 C/min. The SH treatment of
alloys A, B and C was carried out in UT-500 sinter
ing furnace at 1 420 C, and the sintering pressure is
controlled at 1. 8 M Pa.

The TRS( 0,) values were measured according to
the Standard 1SO3327. In order to provide a better
statistical indication of the TRS distribution, TRS
data were treated by the Weibull method . For
each group of specimens, TRS values were arranged
in increasing order and the factor P was calculated

from the rank order using the equation as

P=j/(N+ 1) (1)
where P represents probability factor, j rank order
(for O i, j= 1), and N total number of values in
group.

Data were then plotted as In(In( 1/ (1- P))) vs
In( 6,/ MPa). The slope of the plot, m, is called
Weibull modulus. Such plot has the following charac
teristics: sets of data with higher consistency have
higher m value, and the materials with higher
strength have Weibull curves lying farther to the right
on the plot.

The polished specimens were used to evaluate the
indentation fracture

porosity, Vickers hardness,

toughness, and microstructural parameters. The
porosity of alloy was determined by optical microscope
(OM) according to ASTM B276-91.

Hardness of the sintered compacts was measured
by a HVS50 Vickers hardness testing machine ac
cording to ISO3878. Vickers hardness was calculated
by the equation as

HV30= 55.63/ d* (2)

where d is the mean diagonal of indentation, mm.
Indentation fracture toughness was measured ac-

cording to the method suggested by Shetty et al''':

Kic= 0.15 ’E—i"%l (3)

where 22/ is the sum of crack lengths, mm.

The polished specimens w ere observed by a JSM-
5600LV scanning electron microscope in back-scat-
tered electron imaging mode. For each specimen,
about 10 back-scattered electron images ( BEI) were
taken arbitrarily from various locations and were used
subsequently for quantitative metallographic study.

The softw are of quantitative metallographic anal-
ysis was developed by Nanjing Transcend New-Tech
Co. Ltd, China. The various microstructural param-
eters, namely, carbide mean linear intercept grain
size, contiguity, and binder mean linear intercept dis-
tance, were calculated using the following equations.

The carbide mean liner intercept grain size can

be expressed as

L 25 4
L 2(Ny/y)+ Ny/B ( )
where ®, is the volume fraction of the carbide

phase, Ny gand N y/ v are the average numbers of in-
tercepts per unit length of test lines with traces of the
carbide/ binder interface and carbide/ carbide grain
boundaries respectively.

The contiguity of the carbide phase can be ex-
pressed as

Cy= —#VYY (5)
vyt Nys
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and the binder mean linear intercept distance, i. e.

the mean free path, can be expressed as

2%
LB_NY/B (6)

where % is the volume fraction of the binder phase.

3 RESULTS AND DISCUSSION

3.1 Effect of sintering procedures on microstruc-
tures

The back-scattered electron images of alloy A
sintered with different procedures are presented in
Fig. 1. Similar microstructures can be observed from
Fig. 1. The dark phases called Y phase with the
composition of Ti( C;- ,, N,) are the cores of the car
bonitride grains. The grey phases called Y with the
composition of (Tii- y- ., Moy, W;) (Ci- x, N,) are
the rim phase nucleated and grown during sintering in
coherence with the ¥ core. The rim phases have two
kinds of forms. One is brighter inner rim enriched
with higher W or Mo content, which surrounds the
core and is formed during solid state sintering. The
other is grey outer rim precipitated from the binder
phase after the eutectic temperature is reached .
The symbol Y is used to designate the phases ¥ and
Y, when no distinction between the two phase is
needed. The metallic binder phase is called B phase.
It generally appears brighter than the rim.

However, the quantitative metallographic study
shows there are some differences in the structural pa
rameters. The main results determined by the image
analysis are given in T able 2.

Compared with VS alloy, the Y core of HIP al-
loy is smaller in size, and the volume fraction of ¥
core is slightly decreased; as a whole of rim and core,
the size of hard phase VY is slightly larger. The varia-
tion of volume fraction of B binder phase is not con-
spicuous, but the binder mean linear intercept dis-
tance increases apparently, resulting in the increase of
the contiguity. The microstructural parameter varia-
tions of HIP alloys are due to the reaction of diffu-
sion, dissolution and reprecipitation during reheating.
When alloy is subjected to HIP treatment, a part of

Fig. 1 Back-scattered electron images of

alloy A after different sintering procedures
(a) —VS; (b) —VS+ HIP; (¢) —SH

Y core are dissolved in the binder transported by dif-
fusion and reprecipitated to the larger hard grains
with a composition given by the equilibrium condi
tions(outer rim) . After the liquid forms, further dis-
solution and reprecipitation occur. The dissolution of
the smaller Y phase grain continues forming the Y

rim around the bigger grain''®l.

Table 2 M icrostructural parameters of alloy A after different sintering procedures

Volume fraction calculated

Mean diameter/ Pm N Em

Sintering from image analysis/ % Contiguity
process ; B of Y grain
Core Y Rim Vv Binder B Core Rim+ Core Binder B

VS 19. 40 70. 22 10. 38 0.52 0.71 0.22 57.04
VS+ HIP 17. 89 71.98 10.13 0.45 0.78 0.25 62.71
SH 18. 39 69. 80 11.81 0.48 0.70 0.20 53.04
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The volume fraction of B binder phase of the cer-
mets sintered by VS is lower than that of the cermets
sintered by SH, accompanied by an increase in the
contiguity. This is resulted from the higher vapor
pressure of nickel at the sintering temperature, and
consequently considerable loss of the nickel binder un-
der vacumm sintering condition. The loss of nickel in

practice has been reported up to 10% or morel "

But the UI ~ 500 sintering-H2P furnace has binder
loss protect system, and the vapor of nickel has been
depressed in SH procedure.

No matter what kind of sintering procedures are
applied, the Y rim are the predominant phase, occu-
pying a volume fraction nearly up to four times bigger
than that of the ¥ cores.

Alloys B and C have similar microstructures as
alloy A, but there are higher B binder phase volume
fraction and lower Y cores volume fraction than alloy
A. Quantitative metallographic study reveals that, after
VS procedure, the volume fraction of B binder phase is
about 17% and that of ¥ cores is also about 17% in alloy
B. The volume fraction of B binder phase is about 28%
and that of ¥ cores is 14% in alloy C. The effect of sin-
tering procedures on the microstructural parameters is
similar to that of alloy A.

3.2 Effect of sintering process on TRS
Weibull plots of TRS for alloys A, B and C pro-
duced by different sintering procedures are shown in

Figs.27 4.

55| 4~ SH,&r=1189MPa, m=3.28
' o — VS+HIP, 5,=1 242 MPa, m=4.49
= — VS, ,=743 MPa, m=4.36
1.5+
o
- 05
L
_—2: -0.5
-1.5}4
250 j .

7.0 7.5 8.0
In(cy/MPa)
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Fig. 2 Weibull plot of TRS of alloy A treated

by different sintering procedures

Figs. 2 and 3 provide excellent confirmation of
the benefit of SH and HIP for lower and middle
binder content alloys. Compared with Weibull curves
of VS specimen, specimens subjected to SH and HIP
show a strong improvement ( about 60% ~ 90% ) in
TRS. Both the average TRS values and the reliability
(Weibull modulus) are increased if the cooling rate is
under control. This is mainly due to the elimination

+—SH,5,-193 1 MPa, m=10.35
v— VS+HIP/1290 C, =181 1 MPa, m=10.60)
2.5+ — VS+HIP/1320 'C, &=1 872 MPa, m=10.03
e — VS+HIP/1350 C, 6,=1 851 MPa, m=7.98
1.5 I* — VS+HIP(higher colling rate),

7=1748 MPa, m=3.33
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g
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Fig. 3 Weibull plot of TRS of alloy B treated

by different sintering procedures
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Fig. 4 Weibull plot of TRS of alloy C treated

by different sintering procedures

of porosity in specimens subjected to SH and HIP sin-
tering procedure. The porosity distributions of alloys
A and B under vacuum sintering are similar, i.e. Agg
Bos, but the porosity distribution of alloys subjected

to SH and HIP decreased to Ag2Bo>.

Fig. 2 also shows that the VS+ HIP procedure is
more effective to improve the TRS of alloy A than SH
procedure, but Fig. 3 shows the opposite result for
the alloy B. It seems that the sintering pressure at SH
procedure, 1.8 MPa, is not enough to minimize the
porosity of the lower binder content alloy A to some
extent. But it is enough for the middle binder content
alloy B, and the binder “lakes” can also be avoid-
ed?%,

Compared with alloys A and B, the effect of HIP
and SH on alloy C is much less pronounced. This is
due to its higher fracture toughness of alloy C. In ad-
dition, alloys with higher nickel content can be man-
ufactured more easily with lower defect levels.

TRS data for alloys A, B and C show that the
maximum TRS and the Weibull modulus of each
grade increase with increasing nickel content.
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Fig. 3 also shows that there is no definite distinc 10
. . VS
tion among the effects of the HIP temperatures on - VS HIP

TRS within the statistical limitation. Substantial im-
provement in TRS is obtained under different HIP
temperatures. However, the value of Weibull modu-
lus( m) is much lower when the cooling rate is high-
er, e.g. at 25 C/min. It is shown that the cooling
rate is critical to obtain higher mechanical properties.
There may be two ways by which the cooling rate af-
fects the mechanical properties of alloys. One is that
higher cooling rate results in higher stress in the spec
imens due to the difference of thermal conductivity
and thermal expansion coefficient betw een hard phase
and nickel binder. The other is that the cooling rate
affects the structure of grain boundaries. When the
cooling rate is too higher, the micro-crystal layer in
the interface of the rim and the metallic phase is not

completed, and the TRS is relatively lower >

3.3 Effect of sintering process on Vickers hardness
and indentation fracture toughness

The Vickers hardness and indentation fracture
toughness are observed to be related to the variation
of the microstructure and compositions.

The values of the hardness of alloys A, B and C
under different sintering procedures are shown in
Fig.5. Higher hardness of the HIP alloy can be ob-
served compared with that of the VS alloy, and this is
due to the increasing of Y phase contiguity. The VS
alloy has higher hardness than SH alloy because of the

remarked evaporation of nickel during the vacuum

sintering.
2000
- vs
mm VS+HIP
I 600 - S H
= 1200t
"E s
£

400 |

0

Alloy A

Alloy B

Alloy C

Fig. 5 Vickers hardness values of alloys A, B

and C treated by different sintering procedures

The indentation fracture toughness values of al-
loys A and B under different sintering conditions are
shown in Fig. 6. Because the alloy C has higher con-
tent of binder phase and the crack lengths is too short
to determine the indentation fracture toughness,

. S H

Alloy A

Alloy B
Fig. 6 Indentation fracture toughness values of

alloys A and B treated by different
sintering procedures

there is not indentation fracture toughness value for
alloy C. The indentation fracture toughness of the al-
loy by SH is slightly higher than that of the VS alloy be-
cause of its higher nickel binder content. HIP alloy has
lower indentation fracture toughness because of its larger

¥ phase size and contiguity! "%

4 CONCLUSIONS

1) Relationship between the microstructural pa-
rameters and the properties of sub-micron Ti(C, N)
based cermets prepared by different sintering proce-
dures show that HIP alloys can be characterized by
smaller size of Y core, but larger size of ¥ phase,
higher mean linear intercept distance of binder accom-
panied by higher contiguity and thus the higher hard-
ness values.

2) The transverse rupture strength values of the
sub-micron Ti(C, N) cermets with lower and middle
binder content can be improved remarkably with HIP
and SH treatment, because of the resulted lower
porosity level.

3) It is shown that the properties of the alloys
with higher nickel content are not sensitive to the
treatment of HIP and SH. This can be attributed to a
substantially larger transverse rupture strength value
and lower assintered defect level of the alloys.

4) The effect of HIP temperatures on the mi
crostructure and properties of sub-micron Ti( C, N)
based cermets is not conspicuous, but the cooling rate
is proved vitally important in improving the trans-
verse rupture strength of sub-micron Ti(C, N) based
cermets.
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