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In order to seek a better understanding of the mechanisms leading to the disappearance of
Mo,C during the sintering of Ti(C,N)-based cermets at or below 1200 °C, the sintering
reactions occurring in ternary phase mixtures Ti(C,N)-Mo,C-Ni and their associated binary
counterparts Ni-Mo,C, Ti(C,N)-Mo,C and Ni-Ti(C,N) at 1200 °C were investigated by X-ray
diffraction analysis. It was shown that the decrease and disappearance of Mo,C during the
sintering of Ti(C,N)-Mo,C-Ni cermet composites at or below 1200 °C are dictated by the
relative amount of Mo,C to Ni, through enhanced dissolution of Mo,C in Ni by the presence
of Ti(C,N). The reprecipitation of (Ti,Mo)(C,N) onto Ti(C,N) grains does not occur to a large
extent under these conditions. On average, when the ratio of Mo,C to Ni is below or around
0.3, all of the Mo,C phases present in the Ti(C,N)-Mo,C-Ni alloys can be dissolved in Ni after
1 h at 1200°C. However, when the ratio is well over 0.3, only partial dissolution of Mo,C can
be observed even when the alloys are sintered at 1200 °C for 10 h. Both Mo,C and Ti(C,N)
can be dissolved in Ni in the solid state, but the dissolution of Mo,C in Ni in the
Ti(C,N)-Mo,C-Ni alloys is enhanced by the presence of Ti(C,N), hence N, compared to the
dissolution of Mo,C in the Ni-Mo,C alloys. Negligible phase interactions are detected
between Ti(C,N) and Mo,C when sintered at 1200 °C for up to 5 h, either with or without Ni
presence. © 1999 Kluwer Academic Publishers

1. Introduction bring about refinement of the TiC or Ti(C,N) grain size
TiC- and Ti(C,N)-based cermets belong to a class 0{3-6], and significantly improve the deformation resis-
hard, wear-resistant materials produced by sinteringance of TiC-based cermets [6]. To this end, the ratio
pressed powder mixtures at a temperature where thef Mo/(Mo+Ni) is generally controlled in the range
metal binder phase is present as a liquid. They aref 0.1-0.2 [7]. So in various commercial TiC- and
widely used in the metal industry as cutting tools. With Ti(C,N)-based cermets, a certain amount ot @pusu-
the growing use of parts cast or forged to near-net shapelly in the range of 10 to 25% (wt%), is added to
which has been shifting the machining tasks from heavyhe powder mixtures. After sintering, MG disappears
roughing to semifinishing/finishing in a single set-up, with Mo existing in the binder Niand as a mixed carbide
it is expected that the use of cermets will further be(Ti,Mo)C or carbonitride (Ti,Mo)(C,N) rim around the
increased [1]. This is because TiC- and Ti(C,N)-basedriC or Ti(C,N) particles. The disappearance of Mo
cermets possess superior wear resistance and chemieald the related sintering reactions are thus crucial to
stability at high cutting speeds, hence the ability to pro-understanding the sintering of these materials. Previ-
duce finishes fine enough to eliminate final grinding. ously it was believed that the disappearance ot®lo
The sintering of Ti(C,N)-MeC-Ni and TiC-M@C-  occurred during the liquid phase sintering stage. Suzuki
Ni cermet composites generally involves two differentet al. [6] proposed that MgC and TiC dissolved in
stages, namely the solid-state and liquid-phase sintetiquid Ni followed by reprecipitation of (Ti,M0)C or
ing. In most cases, the latter stage has been the foc%i,Mo)(C,N) onto large remnant TiC or Ti(C,N) par-
of concern, because major sintering reactions and denicles. On the other hand, Moskowitz and Plummer [8]
sification primarily develop in this stage. As is known, reported that diffusion of Mo from the liquid Ni into
Mo,C or Mo was introduced into TiC-based cermetsTiC occurred during sintering to form the characteris-
initially from the finding that M@C or Mo enhances tic core-rim structure.
the wetting of TiC to Ni by forming a (Ti,Mo)C shell Recently, it has been shown that during the sintering
outside the TiC particles [2]. Later, it was further no- of TiC- and Ti(C,N)-based cermets, the Md phase
ticed that the addition of MgC or Mo could also disappeared completely at or below 12@0[9-12],
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well before any liquid Ni was formed. Several different in a vacuum of 16% mbar or better. Unless otherwise
mechanisms have been proposed accordingly. Nishitated, the sintering temperature adopted was 1200
gaki and Doi [9, 13] proposed that MG merged into  with a heating rate of 10C/min. After sintering, the
the lattice of TiC to form TiC-M@C solid solutions at  priquettes were cooled in the furnace to room tempera-
temperatures above 1000. Hachisuka [10] pointed ture with an average cooling rate of@/min from 1200
out that MaC dissolved in TiC at temperatures below to 600°C and 2°C/min thereafter. In order to eliminate
1200°C in the form of¢-MoC, which then led to the the surface contamination effect possibly encountered
formation of (Ti,M0)C. Andreret al. [11] concluded  during sintering, a layer 0.3-0.4 mm in thickness was
that Mo,C dissolved in Ni below 1200C and then re-  polished off the surfaces of all sintered briquettes.
precipitated onto TiC particles inthe form of (Ti,M0)C, = The X-ray diffraction was conducted on a Japan
forming a TiC-(Ti,M0)C core-rim structure. After lig- Shimadzu XRD-6000 X-Ray Diffractometer. The
uid phase sintering, they reported that this (Ti,M0)C rimquantitative analysis of the phase concentration of inter-

phase was still presentin the microstructure, which theygt Co) in each phase mixture was based on the spiking
referred to as an “inner rim” structure in order to distin- method [14], wher&, is given by

guish it from the rim phase formed during liquid phase
sintering. More recently, Yang and Lee [12] reported Co= 11Cy (1)
that the disappearance of MD below 1200C was a l2— 11

result of Ti diffusing from Ti(C,N) into the neighbour- i, which 1, is the intensity of a diffraction line from the
ing hexagonal MeC phases, which then transformed sgmple |, the intensity of the same line after the sample
into Mo-rich cubic (Mo, Ti)(C,N). _has been spiked, an@; the difference in the phase
This work reports our experimental results on various,gpcentration before and after the sample is spiked.
phenomena occurring during low temperature Si”te””@Equation 1 assumes a linear change in intensity with

of Ti(C,N)-Mo,C-Ni cermet composites and their as- concentration, namely the absorption coefficient of the
sociated binary counterparts Ni-M0, Ti(C,N)-Mo,C  gpiked material is the same as that of the sample.
and Ni-Ti(C,N). The emphasis is placed on the mecha-

nisms leading to the disappearance of the@lphase.

3. Results
2. Experimental details 3.1. Ternary Ti(C,N)-Mo,C-Ni alloys
As-received pure Ti(g5,No5) (particle size, 1-um),  Three compositions of Ti(C,N)-M&-Ni phase mix-
Mo,C (1.5-2.5um) and Ni (2.2-3um) powders tureswere designed to study the reported disappearance
supplied by H. C. Starck GmbH & Co. KG, Germany, phenomena of MgC at or below 1200C during the sin-
were used in this work. All of the phase mixtures, tering of these alloys: (a) Ti(§,Nos)-15M0,C-10Ni,
i.e. Ni-MozC, Ti(C,N)-M0o,C, Ni-Ti(C,N) and TiCN-  (b) Ti(Co.5,No5)-15M0a,C-30Ni, and (c) Ti(G5,No.s)-
Mo,C-Ni, of desired compositions were first blended 10Mo,C-30Ni (wt %). Figs 1-3 demonstrate the XRD
in a rotating blender at 60 rpm for 24 h. Then, eachpatterns of the three alloys after different lengths of
mixture was pressed into rectangular briquettes (ditime at 1200C, respectively. The change in the Mb
mensions, 50.& 6.25x 4.0 mm) in a steel mold un- content in each alloy is plotted in Fig. 4. From Figs 1
der a pressure of 154 MPa. Sintering was carried ouand 2 it can be found that, for alloys containing 15%
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Figure 1 XRD patterns for the Ti(gs,No5)-15M0,C-10Ni (wt %) or Ti(Gy5,No.5)-9.5M0,C-6.5Ni alloy (vol %) sintered at 120@ for different
lengths of time.
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Figure 2 XRD patterns for the Ti(gs,No.5)-15M0o,C-30Ni (wt %) or Ti(G.5,No.5)-10.5MgC-21.5Ni alloy (vol %) sintered at 120 for different

lengths of time.
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Figure 3 XRD patterns for the Ti(gs,No5)-10M0o,C-30Ni (wt %) or Ti(Gys5,No5)-7MoC-21Ni alloy (vol %) sintered at 120G for different
lengths of time.

of Mo,C and 30% or less of Ni, MiC does not disap- after 1 h at1200°C (see curve 2 in Fig. 4). By con-
pear as a phase component at or below TZQG&ven trast, the Mg@C content in the Ti(g@s,No5)-15Mo,C-
when the alloys are sintered at 1Z@for up to 10 h.  10Ni alloy declined only from 15 to 11.94% in the first
However, on the other hand, for the alloy with only hour at 1200C and stayed at about 9.16% even after
10% of Ma,C and 30% of Ni, a substantial amount 10 h at temperature (see curve 1 in Fig. 4). It can be
of the Mg,C phase disappeared afte h at1200°C, deduced that if the MgC content in the Ti(@s,Nos)-

and complete disappearance of the dgphase was 15Mo,C-30Ni and Ti(G5,Ng5)-15M0,C-10Ni alloys
observed after 10 h at temperature (see Fig. 3). Thes less than 9.46%, i.e. (15-5.54)% and 3.06%, i.e.
above results suggest that the relative amount of@®1o (15-11.94)% respectively, or the Ni phase is more than
to Niin the Ti(C,N)-MaC-Ni alloy plays a significant  30%, most or even all of the M& phases will disap-
role in the stability of the Mg@C phase during the sin- pear in both alloys aftel h at1200°C as observed in
tering of these materials. For example, with 30% ofthe Ti(CGy.5,Np5)-10M0,C-30Ni alloy (see Figs 3 and
Ni present in the Ti(€5,No.5)-15M0,C-30Ni mixture,  4). The relative amount of M& to Ni is therefore an
the Mg,C content dropped abruptly from 15 to 5.54% important parameter for the decrease and disappearance
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of Mo, C during the sintering of Ti(C,N)-based cermetsfor Mo,C) exhibited little variation in this mixture when
and will be discussed later in detail. sintered at 1200C forup to 5 h. Itimplies that no appre-
To understand the possible effect of the various comeiable reduction has occurred in the amount of,Ro

ponents on the disappearance ofJ@auring the sin-  during the sintering process. The position of the XRD
tering of Ti(C,N)-Ma,C-Ni alloys, the sintering reac- peak for Ti(G 5,No5) also remained almost unchanged.
tions occurring in relevant binary phase mixtures areFor instance, the@value for the Ti(G 5,Ng 5)?°) peak
studied. The results can be summarised below. (the strongest XRD peak for Ti(C,N)) was 42.0228

the green briquette; afté h atL200°C, it was diffracted

to be 42.0223 Therefore, one may conclude that in
3.2. Component binary alloys the absence of Ni, no appreciable change occurs in the
3.2.1. Ti(Cys,Nos)-15Mo, C phase mixture phase composition of the TifG,No.5)-15Mo,C alloy
AT|(C05,N05)'15M02C phase mixture was prepared in du”ng Slnterlng at 1200C. Nevertheless, it should be
this study. As shown in Fig. 5, the relative intensity of Pointed out that the above result should not be inter-

the XRD peak for MeC(10D) (the strongest XRD peak Preted as the two phases being in thermodynamic equi-
librium at 1200°C. It is possible that there is a driving

force to form (Ti,M0)(C,N) but the kinetics is much too

16 slow at 1200C if Ni is not present as a diffusion path.
14
3.2.2. Ni-24Mo,C phase mixture
12 In this experiment, a Ni-24Md&C phase mixture was
< 10 prepared. This mixture is equivalent to a Ni-22.5Mo
3 alloy with the Mo content just below the room-tempera-
3 8 ture solubility of Mo in Ni, i.e. about 23 wt % as judged
Q from the Ni-Mo phase diagram [15]. Fig. 6 shows the
§ 6 XRD patterns of the mixture after different lengths of
time at 1200C. Note that the relative intensity of the
4 XRD peak for MeC119 decreased sharply after 1 h
at 1200°C but changed only little on further sintering.
2 The position of the XRD peak for Ni showed a similar
trend of change. In the as-compacted state, thealie
0 for the N1 peak (the strongest XRD peak for Ni)

0 2 4 8 8 10 was diffracted to be 44.4608After 1 h at1200°C, it
o . dropped to 44.0052 Then, it changed only slightly,
holding time at 1200°C (hr) being equal to 43.975%fter 5 h at1200°C.
. . . . Fig. 7 depicts the change in the M® content in
Figure 4 Change in the amount of M€ in different Ti(G,Nos)- . . . . .
Mo,C-Ni alloys with sintering time at 120TC: curve 1, Ti(@5,Nos)- the N|_24M02C a”Oy with sintering _tlme at 1200C.
15Mo,C-10Ni; curve 2, Ti(Gs,Nos)-15Mo,C-30Ni; curve 3, TiGs, 1€ amount of MeC decreased fairly abruptly from

No.5)-10M0o,C-30Ni (wt %). 24 to 13.46% aftel h at1200°C, but much slowly
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Figure 5 XRD patterns for the Ti(gs,No.5)-15M0o,C (wt %) or Ti(Co5,Np 5)-10M0o,C alloy (vol %) sintered at 120CC for different lengths of time.
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Figure 6 XRD patterns for the Ni-24MgC (wt %) or Ni-15MaC alloy (vol %) sintered at 120CC for different lengths of time.

25 ing to note that the amount of M@ dissolved in Ni at
—e—900°C 900°C and 1200C are comparable. This indicates that
—a—1200°C the dissolution of MeC in Ni reached about saturation

20 after 1 h at 900°C. This is consistent with earlier ob-

servations that the disappearance of;auring the
sintering of the TiC- and Ti(C,N)-based cermets began
15 to develop even at 800 or 90Q [9-12].

MozC (wt. %)

10 | 3.2.3. Ni-8.4Ti(Cy5,No5) phase mixture

A Ni-8.4Ti(Cp5,No5) phase mixture was prepared in
this study. The Ti content in this mixture, i.e. 6.58 wt %,
5 r equals the solubility of Ti in Ni at 600C by the Ti-Ni
phase diagram [15]. Fig. 8 shows the XRD patterns of
the mixture sintered at 120C for different lengths

0 ' . ' . : . . of time, and Fig. 9 the variation in the amount of

0 2 4 6 8 10 12 14 16 Ti(Co.5,Ng5) with sintering time. Clearly, Ti(gs,Nos)
can also be dissolved in Ni at or below 12@ Af-

holding time (hr) ter 1 h at 1200C, the Ti(Gs,Nos) content in the
Figure 7 Change inthe amount of M€ in the Ni-24MaC (wt %) alloy N|'8-4T|(CO.5,NO._5) alloy qulllnEd from 8.4 to 4.58%
with sintering time. (see Fig. 9). This reduction is however much less than

the amount of MeC dissolved in Ni aftel h at1200°C
(see Fig. 7). Similar to the case of MD, increasing the
thereafter and registered a value of 12.88% after 5 Igintering time from 1d 5 h does notenhance further dis-
at temperature. Since no other phases were detecté@lution of Ti(G s,No.s) significantly. Note also that no
by the XRD except for Ni and MgC (see Fig. 6), other phases (e.g. Tif)iwere found in the specimens
the decline in the MgC content in this mixture can Sintered except for the original Ni and T{&Nos) (see
be completely attributed to the dissolution of Mbin  Fig. 8). The reduction in the Ti(§,No5) contentin the
Ni. Corresponding to the reduction in the amount ofNi-8.4Ti(Co5,Nos) phase mixture was thus entirely a
Mo,C shown in Fig. 7, there is only about 10.35 wt % result of dissolution.
of Mo present in Ni afte5 h at1200°C. This figure
is much lower than the room-temperature solubility
of Mo in Ni (i.e. 23 wt%), let alone the solubility at 4. Discussion
1200°C (i.e. 37 wt%). One possible explanation for Comparing Fig. 7 with Fig. 4 one can find that with 76%
the above is that the solubility of Mo in Ni in the Ni- of Ni present in the Ni-24MgC alloy, the MaC con-
Mo,C system is determined by the equilibrium reactiontent showed a decline by 10.54% affeh at1200°C
2[Mo]N' + [C]N' = Mo,C in the presence of Ni. (see Fig. 7), equivalent to an average reduction of
Also shown in Fig. 7 is the change in the amount1.38% of M@C per 10% of Ni present. However, in
of Mo,C with sintering time at 900C. It is interest- the ternary phase systems studied, the decline in the
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Figure 8 XRD patterns for the Ni-8.4Ti(g5,No.5) (Wt %) or Ni-13.5Ti(G 5,No.5) alloy (vol %) sintered at 1200C for different lengths of time.

10 or enhanced dissolution of M@ in Ni. In the former
mechanism, MgC and Ti(C,N) are partially dissolved
in Ni, and then reprecipitate onto existing Ti(C,N) par-
8 ticles in the form of (Ti,M0)(C,N). In the latter, it is

3 possible that the dissolution reaction of M®in Ni is

i’; significantly promoted by the presence of Ti(C,N) [9],
= 6 r namely

%’ Ti(C,N) Ni Ni

S 4 r Mo,C ——— 2[Mo]™ + [C] 2
" > | Firstly, let us assume that the reduction in the

Mo,C content in the Ti(gsNos5)-M02C-Ni alloys is
controlled by the dissolution and reprecipitation mech-
0 : . . . anism. Then, along with the precipitation of (Ti,Mo)
(C,N) from Ni onto the Ti(C,N) particles, the Mo con-
0 1 2 3 4 5 tent in Ni will continue to decrease. This, in turn,
holding time at 1200°C (hr) will lead to a continuous but steady dissolution of
Mo, C in Ni, hence the eventual disappearance of the
Figure 9 Change in the amount of Ti¢g3,Nos) in the Ni-8.4Ti(Gs, Mo,C phase. This, however, is not the case observed
No.s) (Wt %) alloy with sintering time at 1200C. for the Ti(Co.5No‘5)-15|V|02C-10Ni and Ti(cé.sNo‘S)'
15M0,C-30Ni alloys studied (see curves 1 and 2 in
Fig. 4). Fig. 10a presents a view of the microstruc-
Mo, C content was 3.06% in the TigGNg5)-15M0o,C-  ture of the Ti(G5,No5)-15Ma,C-30Ni alloy after 10 h
10Ni alloy, and 9.46 and 8.33% in the Ti{€Ngs)- at 1200°C, where there still remain 2.31% of MO
15M0,C-30Ni and Ti(GsNg5)-10Mo,C-30Ni alloys, phases in this alloy. Note the absence of the charac-
respectively (see Fig. 4). Therefore, on average, for theeristic Ti(C,N)-(Ti,Mo0)(C,N) core-rim structure. Also,
three Ti(G5No5)-Mo2C-Ni alloys studied, every 10% no characteristic core-rim structures were detected for
of Ni causes about a 3% decline in the Mbcon- the Ti(C,N)-10M@C-30Ni alloy after 10 h at 1200C
tent. In other words, all the M& phases presentin the (Fig. 10b), although in this case all the M phases
Ti(Co5No5)-M0,C-Ni alloys can disappear aftd hat  were dissolved after the heat treatment. The above ob-
1200°C when the ratio of MgC to Ni is less than 0.3 servation is consistent with the XRD results shown in
in these alloys. This is much higher than the 1.38%kFigs 1-3, which show no obvious broadening of the
decline for every 10% of Ni in the binary Ni-24MG  XRD peaks for Ti(C,N) under all the sintering condi-
alloy studied. As there is negligible phase interactiontions used (the presence of a (Ti,M0)(C,N) rim would
occurring between Ti(C,N) and M@ at 1200C (see probably broaden the Ti(C,N) peaks due to the effects
Fig. 5), the two most possible mechanisms underlyingf its smaller crystallite sizes, inhomogeneous solid so-
the difference in the reduction of M@ contentthencan lutions of Mo in Ti(C,N), and dislocations caused at the
be attributed to either dissolution and reprecipitationcore-rim interface [14]. Such broadening effect may be
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parameter of Ni. According to the reduction of Mb
shown in Fig. 4, it can be calculated that the Mo content
in Ni will be in the range of 20-22.5 wt % aftd h at
1200°C. Thisis almostlevel with the room-temperature
solubility of Mo in Ni (i.e. 23 wt %), but stillmuch lower
than the solubility of Mo in Niat 1200C (i.e. 37 wt %).

As shown by a number of investigators, the solubility
of Mo in Niincreases rapidly with increasing total N or
TiN/Ti(C,N) content in the TiC-MgC-Ni alloys [9, 11,

13, 16]. In particular, Nishigaki and Doi [9] reported
that the addition of 5% of TiN to the TiC-M&-Ni al-

loy increased the binder Mo content by a factor of 4.
The present results are thus consistent with enhanced
dissolution of M@C in Ni being the predominant mech-
anism responsible for the decrease and disappearance
of Mo, C during the sintering of the Ti(C,N)-M&-Ni
alloys at or below 1200C.

5. Conclusions

1. Both M@C and Ti(C,N) can dissolve in Ni in the
solid state. The dissolution of M@ and/or Ti(C,N)

in Ni occurs largely in the first hour during sintering
at 1200°C. The rate of dissolution decreases abruptly
thereatfter for both MgC and Ti(C,N).

2. Negligible phase interactions were detected be-
tween Ti(C,N) and MgC when sintered at 120 for
up to 5 h, either with or without Ni presence.

3. The dissolution of MgC in Ni is enhanced by the
presence of Ti(C,N), hence N in the Ti(C,N)-Mo-Ni
alloys, compared to dissolution of MG in the Ni-
Mo-,C alloys, when sintering is carried out at 12@
or below.

Figure 10 Back-scattered electron micrographs showing the micro- 4 The d_lsappearance _Of WO durlng solid state sin-
structures of (a) the Ti(§s,Nos)-15Mo,C-30Ni alloy and (b) the tering of Ti(C,N)-MaC-Ni phase mixtures at 120C
Ti(Co:5,No.5)-10M0,C-30Ni alloy. Both were sintered at 1200 for  Or below is mainly through solid solution in Ni and that
10 h. In (a) there still remains 2.31% of M0 while in (b) all the MeC reprecipitation of (Ti,M0)(C,N) onto Ti(C,N) grains
phases have been dissolved. does not occur to a large extent under these conditions.

5. On average, when the ratio of M@to Ni is below
or around 0.3, most or even all of the Md phases
presentinthe Ti(C,N)-MgC-Ni alloys can be dissolved

detected when the volume fraction of rim is up to a

certain extent in the microstructure). in Ni after 1 h at 1200C. However, when the ratio is

Now let us assume that the reduction in the 2o o .
; it ; well over 0.3, only partial dissolution of M@ can be
content in each alloy shown in Fig. 4 is a result of
observed even 10 h at 1200.

enhanced dissolution. Note the rate of decline in the
amountof MgC at 1200 Cin allthe three Ti(@sNg.s)-
Mo,C-Ni alloys studied. It dropped fairly abruptly in
the first hour of the sintering but only gradually there- Acknowledgement
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