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The intermetallic alloy FeAI, which exhibits extraordinary oxidation and sulfidation resistance, was 
shown to be thermodynamicalIy compatible with WC. Thermodynamic calculations showed that 
the solubility of WC in liquid Fe-40 at. % AI at 1450°C is approximately 2 at. 5%. Since, in 
addition, liquid iron aluminide wets WC very well, the WCEeAI system lends itself to liquid- 
phase sintering resulting in close-to-theoretical densities. Using simple processing techniques, 
almost fully dense cermets containing nominally 20.6 wt% FeA binder were produced. With a 
novel one-step infiltration technique, 98% dense cermets with only 7 wt% FeAl binder were 
fabricated. Room temperature bend strengths and fracture toughnesses for WC-20.6 wt% FeAl 
reached values of 1680 1Wa and 22 MPa-mln, respectively. Consistent with the high fracture 
toughnesses, ductile binder fracture was observed on the fracture surfaces. However, even in the 
specimens with the best mechanical properties, pores containing oxide inclusions were found. 
This suggests that future improvements in processing are likely to further improve the mechanical 
properties of these materials. Insufficient process control may also be the reason why WC/FeAlNi 
cermets did not show improved mechanical properties, although Ni strengthens FeAl considerably. 
For WC bonded with binary iron aluminide, mechanical properties were not only measured at 
room temperature, but also at 800°C. As expected, the bend strengths of WC/FeAl at 800°C in air 
increased with increasing WC volume fraction, and the fracture toughnesses were significantly 
higher than at room temperature. 

INTRODUCTTON 

Iron aluminide intermetallics such as Fe3Al and FeAl have certain unique properties such as 
outstanding resistance to oxidation, sulfidation, and molten salts, all of which are due to their 
ability to form adherent alumina scales [ 11. As discussed by Sikka [2], these features make iron 
aluminides of interest in a wide variety of applications such as porous metal filters in coal- 
gasification, heating elements, furnace fixtures, and components for molten salt applications. 
Recent thermodynamic calculations by Misra [3] suggest the thermodynamic stability of iron 
aluminides with a wide range of ceramics. It was subsequently found that composites or cermets 
of iron aluminides and TiB2,ZrB2, Tic, and WC may be fabricated by liquid-phase sintering [4- 
61. Such composites are of interest since they may combine the unique properties of iron 
aluminides with certain properties of ceramics (such as hardness and wear resistance, compatibility 
with liquid aluminum in the case of TiB2, etc.). Also, as compared to other binders such as Ni-Mo 
or  Co, iron aluminides offer environmental friendliness (Co and Ni powders are carcinogenic), 
absence of ferromagnetism (for AI concentrations above 30 at. %), and of course low cost. In 
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radioactive environments, the abscnce of Co is also an advantase. In this paper we focus on the 
system W W e A l  and explore (a) the thermodynamic compatibility of WC with liquid FeAl, (b) 
processing considerations for alumina-forming binder materials such as FeAI, (c) the relationship 
between the fracture stress and the microstructure of these materials, (d) reasons for the 
unexpectedly high fracture toughnesses, (e) the influence of alloying the F e d  binder with Ni, and 
(f) the high temperature strength as a function of the WC weight fraction. Preliminary results of a 
new infiltration technique capable of producing cermets with extremely high WC contents are also 
presented. For completeness we should mention that other intermetallic bonded materials such as 
TiC/FeAl (R. Subramanian et al.) and WC/Ni3,U (T. N. Tiegs et al.) are also the subject of this 
conference. 

EXPERIMENTAL RESULTS AVD DISCUSSION 

Thermodvnamic Calculations 

Liquid-phase sintering of WC/FeAl requires that solid WC is thermodynamically stable in contact 
with liquid FeAI. In addition, some degree of dissolution of WC in the FeAl will assist 
densification, in particular at low Felu binder volume fractions. hfisra [3], who assessed the 
thermodynamic stability of many FeMceramic combinations at 1000°C, did not treat the case of 
WC/FeAl. Recent work based on x-ray measurements and microstructural observations [4,6] 
indicated that WC is stable in contact with liquid Fe-40 at. 5% Al at 1450°C, but did not provide 
information on the solubility of WC in liquid Fe;U. This information was obtained by a program 
for the calculation of multi-component phase equilibria, ThermoCalcml. The result of this 
calculation, which is shown in Fig. 1, indicates that approximately 2 at. % WC is dissolved in Fe- 
40 at. % Al at 1450°C. This solubility is substantially lower than that of WC in liquid Co (24 mol. 
% at 1500°C [7]), but much higher than that of TIC in FeN (approximately 0.5 at. 5% at 1450°C 
[SI). The thermodynamic data indicates therefore that WWeAl  is well suited for liquid-phase 
sintering. 

Figure 1. FeAl comer of the calculated Fe-40 at. 9% ru/wIC phase diagram at 1450°C. 
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Processhe of WC/FeAI Cermets 

The WC/FeAI cermets were processed in a very simple manner. Prealloyed Fe-40 at. 3b Al (which 
will, for brevity, be referred to as Fe40A1 or FeA) and WC powders were mixed, and pressed by 
hand into alumina boats typically 80 mm long. 15 mm wide, and 10 mm deep. Liquid-phase 
sintering was carried out in a vacuum of approximately Pa. The sintering cycle consisted 
usually of several hours at 500°C, 0.5 h at 12oO"C, and 900 s at 145OoC, followed by furnace 
cooling. The characteristics of the powders employed are summarized in Table 1. In one case 
elemental Ni and A1 powders were added to change the binder composition. 

Table I. Description of Powders 

Composition Supplier Particle Size I 

Fe-40 at. % A(= Fe-24.4 wt% Al) Homogeneous Metals 
WC Teledyne 2-3 pm 
we Teledvne 5-10 pm 
WC Teled y ne 29 wrn 
Ni Novamet 3-7 pm 
Al Valimet 10 urn 

Fig. 2 shows two scanning electron microscope (SEM) micrographs of a cross-section of WC- 
20.6 wt% FeAl illustrating (a) porosity and inhomogeneity, and (b) locally homogeneous regions. 
More sophisticated processing will be needed to reduce the porosity and inhomogeneity. Table II 
lists measurements of the binder volume fraction which were obtained via digital image analysis of 
SEM micrographs. As would be expected from Fig. 2, there is some scatter depending on the 
location and magnification of the analyzed micrographs. The measured binder volume fraction was 
in all cases below the nominal volume fraction of 40% calculated from the densities of WC and 
Fe40AI. One important reason for this discrepancy is the loss of aluminum due to evaporation 
during sintering. Energy dispersive x-ray spectroscopy (EDS) analyses using an Fe-40 at. % Al 
standard verified that the Al concentration of the FeAl binder was generally below 40 at. %. Spot 
measurements in 5 different binder regions of a WC/FeAl specimen indicated an Al concentration 
of 37+2 at. 9%. 

-325 mesh (<45 pm) 

Figure 2. SEM micrographs of metallographic sections through WC-20.6 wt% Fe40xI. 
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Table n. Measured Volume Fractions of the FeAl Binder Phase in WCEeAl 
with a Nominal Weight Fraction of 20.6 !vt% Fe40AI 

I I I I 11 5000x 26 I I 

In Table lll we list, in addition to various mechanical properties, the percentage of the theoretical 
density (%TD) obtained by liquid phase sintering. There is some uncertainty in determining the 
theoretical density since the density of the FeAl binder depends on its AI concentration which is not 
exactly known. However, since the sintering conditions were always kept the same, the loss of AI 
is likely to be similar for the different runs. Therefore, a comparison between the different 
sintering runs is justified. This comparison will be useful later on in the discussion of the 
mechmcal properties. 

Table III. Mechanical Properties of WC-20.6 wt% Fe40xI at Room Temperature*, 

*The Rockwell A hardness of WC-7 wt% FeAl was 88. 

Room TemDerature Strength and Fracture Surfaces 

Inspection of Table III shows that for densities below approximately 98 %TD, the room 
temperature bend strengths are only on the order of 1100 m a .  In particular, the material 
fabricated with 2-3 pm WC exhibited a high variability in its bend strength. This finding is 
consistent with the low density of this material and its porous fracture surface shown in Fig. 3a. 
One material exhibited an unusually high strength approaching 1700 MPa. Its density was close to 
100 %TD. Consistent with this value its fracture surface in Fig. 3b showed much less porosity 
than that in Fig. 3a. However, pores still existed and closer inspection in Fig. 4 showed them to 
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contain small oxide particles which appeared very bright, presumably due to charging. Fig. 4 
illustrates that it is difficult to avoid oxide formation during the processing of alumina-forming 
binders such as FeAI. If the processing can be improved to avoid pores and oxide inclusion, 
strengths higher than the maximum value of 1680 MPa found here may probably be achieved. 

Figure 3. SEM micrographs of room temperature fracture surfaces of WC-20.6 wt% Fe40Al 
containing (a) 2-3 pm WC and (b) 5-10 pm WC. 

Figure 4. Oxide inclusions in a pore in WC-20.6 wt% Fe40Al 
with a WC particle size of 5- 10 pm. 

Iron aluminides are often thought to be brittle materials. Their elongation to fracture at room 
temperature seldom exceeds 2096, and they suffer from water vapor-induced embrittlement, which 
often degrades the elongation to fracture to 5% or less [9-113. Surprisingfy, detailed inspection of 
fracture surfaces showed the FeAl binder to be highly ductile. This is illustrated by the SEM 
micrograph in Fig. 5 ,  which shows that the iron aluminide binder pulls out into chisel edges. This 
high degree of ductility is undoubtedly an important factor responsible for the high fracture 
toughness values to be discussed below. Why the binder ligaments are as ductile as suggested by 
Fig. 5 is still open to debate. Since the iron aluminide grain size is expected to be significantly 
larger than the thicknesses of the binder ligaments (which are on the order of pn), the ligaments 
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are presumed to be single crystals. Room temperature deformation of iron aluminide single 
crystals is known to be highly inhomogeneous, Le., deformation is concentrated into a few 
isolated slip bands [ 121, and the macroscopically measured ductility in such single crystals is 
therefore 10% at most. The slip bands are coarse and produce offsets at the specimen surfaces as 
large as 10 pm. From Fig. 5 it appears that the ligaments in the WC/FeAI cermets undergo 
substantial deformation similar to that occurring in the slip bands in large single crystals. 
However, as compared to large single crystals, the fracture surfaces of the WCFeAl cermets 
exhibit a high areal density of ligaments undergoing substantial deformation. In this way, the fine- 
scale microstructure of the cermets homogenizes the deformation of the iron aluminide matrix. 

Figure 5. Plastic deformation of the FeAl binder in \s”eAl. 

Room TemDerature Fracture Toughness 

Fracture toughnesses KQ were determined from the energy absorbed during the controlled fracture 
of chevron-notched specimens [4]. The room temperature fracture toughness of WC-20.6 wt% 
FeAl reached values up to 22 MPaml/* (see Table III). Ravichandran’s comprehensive evaluation 
of literature data [ 131 shows that these values are comparable to those obtained for Co-bonded WC 
with similar binder volume fraction. The reason for this surprising finding is the high ductility of 
the iron aluminide ligaments in the composites. For small WC particles (2-3 pm) the fracture 
toughness was smaller. This is qualitatively consistent with existing theories for ductile phase 
toughening [ 141. For small particle sizes, the ductile ligaments between the particles are extremely 
thin. As a consequence, the binder volume involved in shielding the cnck tips is relatively small, 
and the crack growth resistance is low. Alternatively, a high fracture toughness was found for a 
WC particle size of 29 pm. 

FeAl Binder with Nickel Additions 

When FeAl is alloyed with Ni, substantial solid solution strengthening results [ 1 11. Using 
powders of prealloyed Fe-40 at. 941 Al, AI, Ni, and WC, a cermet with the nominal composition 
WC/20 wt% Fe-45Al-5Ni was fabricated. EDS analysis of the matrix using a Fe-45Al-5Ni 
standard showed the matrix composition to be Fe-44Al-5Ni (at. %). This suggests that the F e d ,  
Al, and Ni powders did alloy as intended to produce the desired matrix composition. The Ni 
addition did however not result in improvements in the mechanical properties ( 0 ~ 1 1 2 0 ,  -14.8 
MPa.ml’2). Two reasons may be responsible for this result. First, the benefit of the higher binder 
strength may have been offset by the residual porosity, which degraded the bend strength. 
Second, the relatively low value of the fracture toughness may be a consequence of the lower 
ductility of Fe-45Al-5Ni, as compared to binary Fe-45M[ 1 13. In order to verify these reasons, 
experiments with fully dense materials will be needed. 
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WUFeAl Cermets at 800°C 

The strength of iron aluminides decreases rapidly as the temperature exceeds 600°C [ 151. On the 
other hand, the strength of WCFeAI cermets is expected to increase as more and more WC is 
added. This is borne out in Fig. 6. Whereas the bend strcrlgth of FeA-52.5 wt% WC at 800°C is 
quite low, that of FeA1-85.7 wt% WC exceeds 700 MPa. The high ductility of iron aluminides at 
elevated temperatures translates also into an improved fracture toughness, namely, 32 MPamll2 
for FeAl-85.7 wt% WC at 800°C as compared to 18 MPa.m112 at room temperature. 
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Figure 6. Bend strength of WC/FeAl at 800°C in air. 

High WC Contents bv Melt Infiltration 

In many applications it is of interest to maximize the WC volume fraction. Owing to the low 
solubility of WC in FeAl, the fabrication technique employed in this \vork is limited to WC carbide 
weight fractions below 8596, or else substantial porosity results [6]. Work in progress at our 
laboratory suggests that appropriate processing techniques may overcome this limitation. In 
particular, Subramanian et al. [ 5 ]  developed recently a one-step infiltration technique for TiCEeAl. 
A modification of this technique allows the fabrication of WC/FeAl cermets with WC weight 
fractions up to 93%. Figure 7 illustrates the microstructure of WCIFeiU produced in this manner. 
This type of processing has not yet advanced to the stage where mechanical properties can be 
evaluated reliably, but it dearly has significant potential in producing iron duminide-cemented 
tungsten carbide with extremely high WC contents. 

SUMMARY AND CONCLUSIONS 

We have shown that WC is thermodynamically compatible with liquid FeAl and that WWeAl 
composites with various volume fractions may be processed by liquid-phase sintering of mixed 
prealloyed powders or by melt infiltration. The melt infiltration technique allows the fabrication of 
cermets containing up to 92.5 wt% WC. Although bend strengths approaching 1700 MPa were 
achieved, the processing of these materials needs to be improved, since the binder is an alumina 
former. In particular, small oxide particles were found in voids left over from the liquid-phase 
sintering. It is likely that processing with lower oxygen partial pressures and powders containing 
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Figure 7. SEM micrograph of metallographic section through WC-7 wt% Fe40Al 
produced by one-step melt-infiltration. 

less oxygen will result in improved mechanical properties. The fracture toughnesses of the 
WCFeAl composites are comparable to those of WUCo composites with similar volume fractions. 
This surprising finding is due to the substantial ductility of the FeAl ligaments in the WCEeAI 
composites. Unexpectedly, alloying of the binder with Ni did nor improve the fracture strength. 
This may be due to residual porosity. The iron aluminide binder becomes very weak at elevated 
temperatures. However, as the WC content is increased, the strength of the composites increases 
substantially. 
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