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WC-(Fe,Ni,C) hardmetals with improved toughness 
through isothermal heat treatments 

R. GONZfi, LEZ, J. ECHEBERR[A, J. M. SANCHEZ, F. CASTRO 
Centro de Estudios e Investigaciones Tecnicas de GuipOzcoa (CELT), P. Manuel de Lardizabal 
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The influence of carbon additions on densification during liquid phase sintering of 
WC-(Fe,Ni,C) hardmetals, and of subsequent heat treatments on some mechanical 
properties, like hardness and fracture toughness, have been investigated. The relation 
between total carbon content in the mixtures and final density of the specimens has been 
determined, together with its effect on the structure of the resulting metallic binder phase. In 
addition, the relationship between hardness and toughness and WC grain size in these 
hardmetals has shown to be similar to that in the traditional WCCo system. Nevertheless, 
the effect of isothermal heat treatments which bring about a modification of the 
microstructure of the metallic binder has proved to be beneficial for increasing toughness 
without an appreciable influence on hardness. 

1. Introduction 
Because of their unique combination of hardness and 
fracture toughness, materials within the tungsten car- 
bide-cobalt (WC-Co) system are indispensable at 
present in a variety of industrial applications [1, 2]. 
However, other systems have been reported to have 
superior transverse rupture strength as well as resist- 
ance to abrasive wear [3, 4]. The substitution of Co by 
Fe-based alloys has been widely studied [3-10] due to 
the high cost of Co and its scarcity of supply. 

The study of the relationship between microstruc- 
tural parameters and mechanical properties such as 
hardness, and particularly, fracture toughness in the 
WC-Co system, indicates that the resistance to frac- 
ture manifests primarily from the constrained defor- 
mation behaviour of the ductile Co phase between the 
rigid WC grains [10-12]. This means that the substi- 
tutes of Co have not only to wet the carbide during 
liquid phase sintering, have limited solubility for tung- 
sten (W) and carbon (C), form a liquid with W and 
C at not too high a temperature and present ductile 
behaviour, but also have a composition adjusted so 
that neither free C nor mixed eta carbides (M6C) are 
formed [4]. 

In the case of Fe-Ni alloys, C additions are indis- 
pensable for achieving full density at low sintering 
temperatures [4, 5, 9]. This results in WC + (Fe, Ni, 
C) cermets, in which the microstructure of the metallic 
binder phase may be modified by heat treatments in 
order to increase its toughness. 

Though stress-induced martensitic transformations 
have been reported in similar cermets [9], this paper 
shows that heat-induced phase transformations may 
also alter the microstructure of the binder phase with 
little or no effect on the carbide grains, resulting in 
improved toughness without a significant decrease in 
hardness. 

2. Experimental procedure 
The materials examined in this study are WC hard- 
metals whose metallic binder consists of an Fe alloy 
containing 10wt% of Ni and C amounts up to  
3.5 wt %. The metallic binder represents 10 wt % of the 
cermet itself, which results in a 19% volume ratio. To 
obtain the experimental materials, conventional pow- 
der metallurgy routes were used. Fully carburized WC 
and high purity Fe, Ni and C powders were weighed to 
achieve desired compositions for each cermet. The 
powders were mixed in a planetary ball mill with 
isopropyl alcohol and 1.5 wt % of solid paraffin wax for 
20 h. The powders were subsequently dried at 100 ~ 
granulated in a mortar and sieved through 0.2 mm 
mesh. The sieved powders were uniaxially pressed in 
the form of cylinders or bars at 150 MPa pressure and 
dewaxed in an argon atmosphere at 450~ for i h. The 
green compacts were then densified by liquid phase 
sintering at 1250 ~ in vacuum. 

Density was measured by immersion in mercury 
and compared to the theoretical density calculated by 
the rule of mixtures. Specimens were polished up to 
a 1 ~tm finish for optical and scanning electron micros- 
copy (SEM), phase identification by X-ray diffraction 
(XRD) and measurements of Vickers hardness (Hv) 
with a 30kg load. Polished sections were etched 
with a 2% nitric acid solution for 45 s in order to 
distinguish the constituents of the metallic binder 
phase under the optical microscope. The 
microstruetural parameters such as average grain size 
13, contiguity Ct and carbide phase volume fraction 
Vwc were measured by point counting and the binder 
mean free path was estimated using the following 
equation: 

L - /~ (1  - Vwc) (1) 
Vwc (1 - C,) 
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Figure 1 Density versus total C and corresponding structure of 
WC + 10% (Fe, Ni, C) alloy after sintering at 1250~ for 1 h. 
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Figure 2 XRD pattern of the binder of WC + 10% (Fe, Ni, C) alloy 
(O austenite, �9 ferrite) after sintering. 

To analyse the metallic binder phase in detail, the WC 
phase was completely removed from the polished sur- 
faces by etching in a solution of 10% sodium carbon- 
ate at a current density of 1 A cm- 2 [13]. This allowed 
XRD and energy dispersive X-ray spectrometry (EDS) 
measurements of the binder itself, without any inter- 
ference by the WC grains. Also, thin foils for transmis- 
sion electron microscopy (TEM) were prepared by 
standard ion beam milling. 

Fracture toughness values from several specimens 
were calculated measuring the length of the cracks 
produced by Vickers indentations [14] or by four 
point bend tests on beams pre-cracked by the bridge 
indentation method [15, 16]. 

Heat treatments carried out on sintered specimens 
consisted in austenitizing at 800 ~ followed by oil 
quenching and ageing at temperatures ranging from 
500 to 600 ~ C. 

3. Results and discussion 
Sintering experiments carried out with these 
hardmetals were performed up to a temperature of 
1500 ~ varying C additions and sintering time. How- 
ever, at temperatures above 1250~ an excessive 
weight loss was noticed due to the evaporation of the 
constituents in the binder phase. Thus, sintering was 
usually carried out at 1250 ~ The effects of the total 
amount of C contained in the specimens on the final 
density of these hardmetals is illustrated in Fig. 1, 
showing that C additions are beneficial to obtain fully 
dense materials. Fig. 1 also shows that the amount of 
carbon contained in these materials not only has an 

effect on their density but also, as could be expected, 
on the phases present after sintering. It is noteworthy 
that fully dense materials can be produced with bind- 
ers consisting of a combination of Fe-Ni ferrite and 
austenite. Nonetheless, it has also to be noted that 
iron carbide (F%C) can be formed when the total 
C content in the specimens exceeds a critical value of 
about 5.867wt%. Additionally, it must also be 
pointed out that although densities higher than 98% 
can be reached at extremely short times after reaching 
the sintering temperature (for specimens with a total 
C content of 5.842 wt %) full density can only be 
achieved after a 1 h holding period. 

Optical microscopy and SEM were carried out as 
part of the microstructural characterization of the 
specimens along with phase content determination by 
XRD. Table I presents a summary of the measured 
microstructural parameters such as average WC grain 
size D, contiguity Ct binder phase volume fraction 
1 - Vwc and mean free path L, as a function of the 
initial WC particle size used. From this table it can 
be appreciated that both /) and /7, systematically 
increased as the initial WC particle size was also 
increased. Additionally, Fig. 2 is presented as a verifi- 
cation of the b.c.c.-f.c.c, mixed character of the binder 
phase after sintering, which is constituted in quantitat- 
ive terms by 75% b.c.c. + 25% f.c.c. The microstruc- 
ture of the specimen after etching with nitric acid is 
shown in Fig. 3. The binder phase, which corresponds 
to the dark and white areas in the optical micrograph 
are clearly distinguishable after etching and corres- 
pond to ferrite and austenite respectively. As may also 
be expected, both the morphology and appearance of 

TABLE I Measured microstructural parameters, hardness and toughness of WC + 10% (Fe, Ni, C) alloy for different WC mean particle 
sizes 

WC /5 Ct Vwc /5 Hv Klc 
Particle (lain) (%) (%) (gin) (kg mm 2) (MPa m ~) 
size (gm) 

~1 0.5 _+0.05 40 80.5 • 0.5 0.2 -t- 0.02 1603 • 58 10 
1572 + 72" 15" 

~4  1 +_ 011 40 80.5 • 0.5 0.4 • 0.04 1380 • 42 12 
~6  1.5 • 0.15 40 80.5 • 0.5 0.6 • 0.06 1200 _+ 30 16 

aHeat-treated. 
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Figure 3 Optical micrograph of as-sintered sample etched with 
nitric acid. 

Figure 5 (a) TEM micrograph of an austenite grain (7 phase) and (b) 
corresponding diffraction pattern. 

Figure 4 (a) TEM micrograph of ferrite grains (~ phase) and (b) 
corresponding diffraction pattern in an as-sintered specimen. 

~-Fe and 7-Fe under the TEM are quite distinct. This 
is shown, along with their corresponding electron dif- 
fraction patterns in Figs 4 and 5. 

The morphology of the ferritic phase in Fig. 4 indi- 
cates that it corresponds to acicular ferrite or bainite; 
the possibility of being martensite was ruled out since, 
as will be seen further ahead, the amount of the phase 
was increased by isothermal heat treatments. 

As shown in Table I, the hardness/fracture tough- 
ness combination of the as-sintered specimens is sim- 
ilar to values reported in the literature for hardmetals 
in the W C - C o  system [10]. Considering the equations 
proposed by Gurland et al. [17] for hardness of WC 
cemented carbides 

H c  = H w c V w c C t  + H~(1 -- VwcCt) (2) 

where Hc, Hwc,  H ~  are the composite, WC and binder 
hardness respectively. Hwc is represented by 

Hwc = 1382 + 23.1/~- 1/2 (kgmm-2) (3) 

and the results obtained (Table I) yield the following 
expression for HM 

HM = 366.3 + 12.3/7-1/2(kgmm-2) (4) 

which is very similar to that of a Co binder 
(HM = 304 + 12.7/2-1/2). 

In a search for an improvement in mechanical prop- 
erties, heat treatments after sintering were carried out 
as described in the previous section. These heat treat- 
ments induced the 7 ~ ~ transformation which leads 
to the formation of a fully ferritic binder phase con- 
taining precipitation of F%C. This is illustrated in Fig. 
6 by the XRD trace. The appearance of the micro- 
structure under the optical microscope is included in 
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Figure 6 XRD pattern corresponding to the binder phase of an 
as-heat-treated sample ( � 9  ferrite, �9 cementite). 

Figure 7 Optical micrograph of an as-heat-treated sample etched 
with nitric acid. The dark component corresponds to bainite. 

Fig. 7, which after etching did not show any remnants 
of the previous austenite. 

The influence of these heat treatments on the frac- 
ture toughness of the materials (Table I) can be app- 
reciated in Fig. 8 (a) and (b) by the length of the cracks 
produced after indentation under a load of 30 kg. It is 
apparent in these figures that heat treatments have 
a beneficial effect on the fracture toughness of this 
material as shown by the shorter cracks generated 
(Fig. 8(b)). 

Based on the results obtained after sintering of WC 
hardmetals, it may be seen, in agreement with pre- 
vious reports [-4, 5, 9], that the use of binders within 
the Fe-Ni-C system leads to fully dense materials 
under the sintering conditions reported in this work. 
From Fig. 1 it is apparent that the optimum temper- 
ature for sintering of the experimental materials is 
about 1250 ~ which results in a microstructure (e. g. 
Fig. 3) with the typical appearance of WC-based hard 
metals, in which the liquid binder phas e at the sinter- 
ing temperature exhibits good characteristics for ma- 
terial transport and a relatively good wettability. With 
this experimental composition it may be noticed from 
Fig. 1 that a certain degree of control can be exerted 
on the phase content of the binder, depending on 
C content, from being 100% ferritic to a combination 
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Figure 8 Cracks produced by a 30 kg load Vickers indentation on 
an (a) as-sintered and a (b) as-heat-treated sample. 

of ferrite and austenite after sintering. Nevertheless, 
Fig. 1 also shows that for the Ni content used in this 
work, the addition of C aids densification due to its 
effect in decreasing the liquids temperature of the 
binder, which renders, at the optimum C content 
(5.842wt%), a mixed ferritic-ausenitic binder. It 
should also be pointed out that the numbers reported 
for the amount of C in the specimens correspond to 
total C, that is, C contained in the WC powder plus 
C added to the binder (from 0 to 3.5 wt %). Thus, the 
C content in the binder itself after sintering is much 
lower than that added, since C is lost during sintering. 
This may be understood with reference to the 
Fe-Ni-C phase diagrams [18, 19], since at the sinter- 
ing temperature (1250~ and binder C content 
(3.25 wt %) the binder is in the liquid state, but the 
reduction of oxides lowers the C content until the 
austenite is stabilized. Although it is difficult to esti- 
mate the final C content in the austenite, judging by 
the results obtained by XRD after sintering, which 
indicate that binder is constituted of 75% 
ferrite + 25% ausenite (Fig. 2) without any detectable 
F%C, it is considered that this steel should be of the 
hypoeutectoid type. According to previously reported 
data [18] and conidering the amount of Ni used in 
this work, the maximum C content-in this steel could 
not be higher than 0.2 wt %, since it would lead to the 
presence of a + 7 + F%C after sintering, which is 



contrary to the aforementioned experimental observa- 
tions. This arguement is also supported by the fact 
that after heating to 800 ~ followed by quenching, 
during the subsequent heat treatment, the binder 
phase is completely austenitic. 

As seen in Table I, both hardness and fracture 
toughness were measured for the aforementioned hard- 
metals (initial binder composition 87% Fe-9.7% 
Ni-3.25%C) in the as-sintered and as-heat-treated 
condition. The results show the beneficial effect of the 
heat treatment on fracture toughness without an ap- 
preciable decrease in hardness. For higher Ni contents 
than that used in this work, it has been argued [4, 5, 9] 
that the stress-induced martensitic transformation of 
the austenite may be responsible for that behaviour. 
However, in the present work, the increase in fracture 
toughness is only observed after an isothermal heat 
treatment (500 ~ for 1 h) which must produce, in this 
hypoeutectoid steel, a transformation to bainite 
(~ + F%C) as shown in Fig. 6. Hong et al. [20] pro- 
posed that crack growth in WC-Co hardmetals pro- 
ceeds by microcracking of the carbide grains and/or 
carbide-carbide boundaries ahead of the primary 
crack, followed by ligament formation and failure in 
the intervening binder areas which link the micro- 
cracks to the primary crack. From this point of view, 
the failure stress for the individual binder ligaments 
may be quite high due to the constraint imposed by 
the carbide grains. For the as-heat-treated condition 
the bainitic binder could therefore be expected to be 
stronger than the corresponding ferritic-austenitic 
binder obtained after sintering. In addition, the forma- 
tion of bainite as a transformation product of 
austenite also explains why hardness does not 
decrease in these materials. 

4. Conclusions 
It is apparent that Fe-Ni C binders for WC hard- 
metals allow full densification at reasonable temper- 
atures and times. In this system it is important to exert 
stringent control on the amount of C added to the 
powder mixture, not only because of its influence on 
the final density, but also because of its effect on the 
phases formed and to prevent the formation of eta 
carbides. The relation between hardness and WC 
grain size obtained with Fe Ni-C based binders is 
very similar to the ,corresponding hardmetals using 

Co-binders. The fracture toughnesses of these mater- 
ials are also comparable, which consequently indicates 
the suitability of Fe-Ni C alloys as valid alternatives 
forCo. By producing a mixed ferrite-austenitic binder 
after sintering of WC + (Fe,Ni,C) hardmetals, a sub- 
sequent heat treatment to induce y--+bainite trans- 
formation, results in an increase in K~c of about 50%. 
Additionally, it is important to point out that this 
increase in toughness takes place without an appreci- 
able decrease in hardness. 

Acknowledgements 
The authors wish to acknowledge the Comisi6n Inter- 
ministerial de Ciencia y Technologia (CICYT) for the 
financial support provided to undertake this work. 

References 
1. V .K.  SARIN, Adv. Powder Technol. (GTE Laboratories Inc., 

1977) p. 253. 
2. B. ARONSSON,  Powder Metall. 30-3 (1987) 175. 
3. D. MOSKOWITZ,  Mod. Dev. Powder Metall. 10 (1977) 543. 
4. R. K. VISWANADHAM and P. G. L INDQUIST,  Metall. 

Trans. 18A (1987) 2163. 
5. Idem., ibid. 18A (1987) 2175. 
6. T. FAROOQ and T. J. DAVIES, Int. J. Powder Metall. 27-4 

(1991) 347. 
7. A .P .  M I O D O W N I K ,  Powder Metall. 32-4 (1989) 269. 
8. B. UHRENIUS,  ibid. 35-3 (1992) 203. 
9. T. KAKESHITA and C. M. WAYMAN, Mat. Sci. Eng. A141 

(1991) 209. 
10. K. S. RAVICHANDRAN,  Acta Metall. Maser. 42-1 (1994) 

143. 
1l. P .A.  MATAGA, Acta Metall. 37-12 (1989) 3349. 
12. G. BAO and F. ZOK,  Acta Metall. Maser. 41-12 (1993) 3515. 
13. H. JONSSON,  Powder Metall. 15 (1972) 1. 
14. R. SP1EGLER, S. SCHMAUDER and L. S. SIGL, J. Hard 

Mat. 1-3 (1990) 147. 
15. R. WARREN and B. JOHANNESSON,  Powder Metall. 27-1 

(1984) 25. 
16. R. GODSE,  J. G U R L A N D  and S. SURESH, Mat. Sci. Eng. 

A105/106 (1988) 383. 
17. H .C .  LEE and J. GURLAND,  ibid. 33 (1978) 125. 
18. A.D.  ROMIG,  Jr and J. I. GOLDSTEIN,  MetalI. Trans. 9A 

(1978) 1599. 
19. Idem., ibid. l l A  (1980) 1151. 
20. J. H O N G  and J. GURLAND,  in "Science of hard materials", 

edited by R. K. Viswanadham, D. J. Rowcliffe and J. Gurland 
(Plenum Press, New York, 1983) p. 649. 

Received 11 April 1994 
and accepted 20 January 1995 

3439 


