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FeAl-TiC and FeAl-WC Composites - Melt Infiltration Processing,
Microstructure and Mechanical Properties
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ABSTRACT: - DISTRISUTION CF THIS DOCUMEST 18 Uf\i!.f?%i‘"fgﬁ

TiC-based and WC-based cermets were processed with iron aluminide, an intermetallic,
as a binder by pressureless melt infiltration to near full density (> 97 % theoretical density).
Phase equilibria calculations in the quaternary Fe-Al-Ti-C and Fe-Al-W-C systems at 1450 °C
were performed to determine the solubility of the carbide phases in liquid iron aluminide. This
was done by using Thermocalc™ and the results show that molten Fe-40 at. % Al in equilibrium
with Ti, 5,,C,.455 and graphite. dissolves 4.9 at. % carbon and 64 atomic ppm titanium. In the
Fe-Al-W-C system, liquid Fe-40 at. % Al in equilibrium with graphite dissolves about 5 at. %
carbon and | at. % tungsten. Due to the low values for the solubility of the carbide phases in
liquid iron aluminide, liquid phase sintering of mixed powders does not yield a dense.
homogenous microstructure for carbide volume fractions greater than 0.70. Melt infiltration of
molten FeAl into TiC and WC preforms serves as a successful approach to process cermets with
carbide contents ranging from 70 to 90 vol. %, to greater than 97 % of theoretical density. Also.
the microstructures of cermets prepared by melt infiltration were very homogenous. Typical
properties such as hardness. bend strength and fracture toughness are reported. SEM
observations of fracture surfaces suggest the improved fracture toughness to resuit from the
ductility .of the intermetallic phase. Preliminary experiments for the evaluation of the oxidation
resistance of iron aluminide bonded cermets indicate that they are more resistant than WC-Co
cermets.

1. INTRODUCTION: o g f ﬁ“ S‘ﬁ’”‘;@

TiC-Ni cermets and WC-Co cemented carbides or the so-called “hard metals” are both
composites with more than 60 volume % of the carbide phase bound by a metallic phase (Co or
Ni), which exhibit attractive mechanical properties making them indispensable in a variety of
industrial applications [1]. However, over the last few decades. significant research effort has
gone into identifying alternate binders for the cermets in order to improve their mechanical
properties and also to overcome some shortcomings, namely, poor corrosion resistance, high
cost and environmental toxicity [2-6]. Iron, cobalt and nickel-based alloys were found to be
suitable binders for WC-based cermets by various investigators [2-5] due to their excellent
wetting of the carbide phases and also, solubility of the carbide phases in the molten binder.
Viswanadham et al. [4,5] processed (Fe.Ni,C)-WC cermets and studied the effect of martensitic
transformations in the (Fe,Ni,C) binder alloys on the fracture toughness of the cermets..
Research by Almond and Roebuck [2,3] demonstrated the feasibility of processing WC-Ni
cermets. However, their fracture toughness and strength were evaluated to be lower than those
of WC-Co cermets. Modification of the binder properties by addition of aluminum to form 7’
precipitates raised the strength but decreased the fracture toughness [S]. Optimization of the
binder composition in TiC-Ni cermets was also performed to obtain superior mechanical

properties [6].

Recently, intermetallics, such as iron aluminides and nickel aluminides, have shown to
be successfully used as a binder in the TiC and WC-based cermets [7-9]. Aluminides, especially
iron-based, are known to be extremely resistant to corrosion under sulfidizing atmospheres,
oxidizing atmospheres and in molten salts [10-12]. Aluminides can form an impervious
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aluminum oxide layer easily and this can provide excellent corrosion resistance in a wide range
of corrosive environments [10,12]. Thus intermetallic-carbide and intermetallic-boride
composites are expected to possess a good combination of high wear resistance and corrosion
resistance. Some of the composites that have been processed by liquid phase sintering of mixed
powders to nearly full density include ceramics such as TiC, WC, TiB and ZrB; bonded by
iron aluminide [7,8] and Ni3Al-bonded TiC and WC [9].

Although the formation of an impervious alumina layer is beneficial for the final
composite, it becomes an obstacle during the processing of these cermets by traditional liquid
phase sintering techniques. As shown in this study, liquid phase sintering of a mixture of fine
iron aluminide powders (with an oxide layer) and carbide particles to process cermets, with
greater than 70 vol. % carbide phase, leads to composites with an inhomogenous microstructure
and low density. Melt infiltration of carbide preforms has been shown to successfully overcome
these issues and allows processing of intermetallic aluminide bonded WC and TiC-based
cermets [13-15].

Processing of materials by melt infiltration has been demonstrated for many systems.
beginning with the manufacturing of cupric steel parts obtained by infiltrating porous iron
bodies by molten Cu [16]. Spontaneous infiltration of the preform occurs mainly due to
excellent wetting of the molten metal and a capillary force due to the pores in the preform. An
additional feature of this process is a minimum chemical reaction without the formation of new
reaction products. Spontaneous infiltration has been used for the processing of many metal
matrix composites [17-19]. In the absence of good wetting, external pressure delivered by a gas
or a mechanical device is used to obtain full density of the composite. This principle is used in

the processing of composites by squeeze casting, such as A/SIiC composites [20] and also.

ceramic matrix composites, such as. Al,O,/Ni.Al [21]. But. application of external pressure
increases the ‘complexity and consequently, the cost of the process. Another infiltration
technique utilizes the reaction between the melt and the preform. thus eliminating the need for an
external pressure. This approach. known as reactive infiltration, has been very well
demonstrated in the processing of siliconised SiC [22,23] and also, recently for many other
systems such as, reaction between Al and AIN [24], Al and Mullite [25] and formation of “C4
composites” by reaction between aluminum and quartz [26]. Of the three possible methods of
processing of composites by melt infiltration - non-reactive spontaneous, pressure assisted and
reactive infiltration. the simplest is the processing approach by non-reactive spontaneous
infiltration. Material combinations. with useful applications. which satisfy the requirements for
spontaneous infiltration are few, but the processing of intermetallic bonded carbide and boride
based cermets fall in this category.

In this paper, the ease of processing of cermets by melt infiltration to nearly full density
is demonstrated. These results are supported by SEM observations of the microstructures and
density measurements. Also, with FeAl bonded TiC as an example, important issues related to
the melt infiltration technique, such as the wetting behavior, preform density and solubility
limits of TiC in liquid iron aluminide are discussed. Typical mechanical properties such as
fracture toughness, hardness and bend strength are presented. Reasons for the high fracture
toughness are suggested based on the fracture surface observations of the cermets.

2. EXPERIMENTAL DETAILS

The starting materials used for processing of the composites were TiC powder (2-3 pm,
Kennametal, Inc.), WC (Teledyne, 2.8 um) und pre-alloyed Fe-40 at. % Al (-325 mesh,
Homogenous Metals Inc.). The TiC powder had a combined carbon content of 19.45 wt %
and a free carbon content of 0.1 wt %. The carbide powder was uniaxially cold pressed at 34
MPa. The green pellet was placed in an alumina dish with an appropriate amount of the iron
aluminide powder, corresponding to the desired volume fraction, on the top surface of the
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pellet. The furnace was maintained under a dynamic vacuum of about 10-4 Pa and the
infiltration was carried out at a temperature of 1450 °C. The sample was held at this temperature
for an hour allowing sufficient time for sintering after the initial infiltration. After cooling,
specimens were cut, polished and examined with an optical microscope and a Hitachi-S4100
scanning electron microscope (SEM). Densities of the specimens were measured by the
Archimedes immersion technique. Specimens for bend tests and fracture toughness
measurements were electro-discharge machined and ground into bars with dimensions of 3 x 4
x 21 mm and finally polished with 3 um diamond paste. Bend tests were performed at room
temperature using a 3-point bend testing set-up with a span of 20 mm. The testing was
performed in an Instron 4501 testing machine with a crosshead speed of 10 um/sec. Chevron-
notched specimens were also tested in the same set-up and the fractured surfaces were observed
using a SEM. Rockwell hardness (Rp) of the composites was determined using a Wilson
hardness tester and the Vickers hardness was measured with a load of 500 g and a dwell time of
15 seconds. The oxidation resistance of the cermets were determined by weight gain of the
composites after exposure to air at 900 °C for 24 hours.

To determine the effect of the preform density on the final density of TiC-FeAl cermets,
TiC preforms with 60 %, 70 % and 80 % theoretical density were prepared before infiltration.
The differences in the densities were obtained by compacting the powders to various green
densities and subjecting them to a simple sintering cycle. For the preforms with 60 % and 70 %
of the theoretical density, the sintering cycle involved a degassing step at 1200 °C for 0.5 hour
and raising the temperature to 1450 °C for approximately 1 minute. Starting with a bed of loose
TiC powder, the above sintering cycle results in a 60 % dense preform whereas uniaxial
compaction to 14 MPa, prior to sintering, results in a 70 % dense preform.. Uniaxial compaction
to 34 MPa (prior to sintering) and with a sintering sequence of 1200 °C for 0.5 hour and 0.5
hour at 1500 °C, results in a preform of about 80 % of the theoretical density. Appropriate
amounts of the iron aluminide powder were weighed out and placed on top of the pretorms.
which were heated above the melting point of the iron aluminide, to 1450 °C. for infiltration.
The samples were held at that temperature for 15 minutes. After a furnace cool. the densities of
the cermets were determined and correlated to the volume fraction of the binder and the initial
preform density.

3. RESULTS AND DISCUSSION
3.1. Fe-Al-Ti-C and Fe-Al-W-C Phase Equilibria At 1450 “C:

For an understanding of the processing of iron aluminide bonded TiC-based cermets by
liquid phase sintering, an idea about the solubility of TiC in liquid iron aluminide is essential.
This information can be obtained by performing calculations using Thermocalc™, a program
which allows a determination of the composition of the phases in equilibrium (tie-lines) by
minimizing the free energy of a system containing liquid iron aluminide (Fe-40 at. % Al, in our
case) and TiC (or WC) at 1450 °C. The accuracy of the calculated phase stability limits depends
on the extent of information available in the thermodynamic database regarding properties of the
binary, ternary and quaternary compounds and solid solutions.

For the Fe-Al-Ti-C system, prediction of the binary phase diagrams Ti-C, Fe-Al, Al-Ti

and Al-C accurately reproduced the experimentally known stability limits. For carbon containing

ternary phase diagrams - Fe-Al-C, Ti-Al-C and Fe-Ti-C - isothermal sections at 1450 °C were .

not available and a comparison could be done only for selected isothermal sections, such as,
1300 °C for Ti-Al-C, 1300 °C for Fe-Al-C and 1500  °C for Fe-Ti-C. Results from the
Thermocalc™ program agreed exactly with those published in the literature [27-30]. Prediction
of phase stability limits in quaternary systems, such as Fe-Al-Ti-C, require an accurate
extrapolation of the excess parameters (describing the non-ideality of the solid solutions) from
the binary and ternary phase diagrams. This is achieved by a Redlich-Kister-Muggianu model in
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Thermocalc™ [31]. No parameters were changed to obtain the final isothermal section at
1450 °C. At present, no phase diagrams or isothermal sections for the Fe-Al-Ti-C system at
1450 °C are available for comparison. The results from the calculation are shown in Fig. 1. It is
evident that the solubility of TiC in liquid Fe40Al depends on the concentration of titanium and
carbon in the liquid. The concentrations of Ti and C are inversely proportional to each other. In
other words, with increasing Ti in the liquid, the carbon concentration decreases. This is due to
a strong interaction between carbon and titanium in the liquid intermetallic, also observed in Fe-
Ti-C systein [32]. The thermodynamics of the variation in the solubility limit has been discussed
in detail in the literature [32]. From Fig. 1, it is clear that the composition of TiC in equilibrium
with the titanium and carbon in the liquid intermetallic varies over a large range. At the three-
phase equilibrium, graphite and iron aluminide with 4.9 at. % carbon and 64 atomic ppm Ti are
in equilibrium with Ti, 5;,C, 4gs- With an increase in titanium in liquid iron aluminide to 9.3 at.
%, the carbon content drops to 57 atomic ppm and this composition is in equilibrium with
Tiy 57sCo425» From the supplier’s specifications, the stoichiometry of the TiC powder was
Tiy 511Co 450 almost equal to the stoichiometry of TiC at the three-phase equilibrium. The
solubility values are very low compared to the solubility of TiC in nickel, which is a commonly
used binder in commercially available TiC-based cermets. Molten Ni, at 1460 °C, can dissolve
12 at. % of titanium and carbon [33]. This high solubility aids in the processing of the cermets
by traditional liquid phase sintering of mixed powders and as presented in the following
sections, iron aluminide bonded TiC-based cermets cannot be processed by such a process due
to the lower solubility of TiC in iron aluminide.

The results from the calculations in the Fe-Al-W-C system are shown in Fig. 1b. The
solubility of carbon is 5 at. % and that of tungsten is 1 at. % at the three phase equilibrium of
WC. graphite and liquid iron aluminide. The carbon concentration decreases with an increase in
the W content, although not as significantly as in Fe-Al-Ti-C system. WC is in equilibrium with
W.C at a concentration of 4 at. % W and 1 at. % carbon in molten iron aluminide. These values
are significantly lower than those observed for the WC-Co system. Above the melting point of
Co, at 1500 °C, almost 15 at. % W and 12 at. % C can be dissolved [34]. In addition. the
presence of an eutectic at a lower temperature (1280 °C) aids in the early dissolution of the
carbide phase. consequently leading to successful liquid phase sintering of mixed powders of
WC and Co [1]. :

3.2, Wetting of TiC by liquid Fe40Al:

Figiire 2 illustrates a low “contact” angle, an indication of good wetting of TiC (97 %
dense) by liquid Fe40Al, after holding it for 15 minutes at 1450 °C. A complicating factor is the
changing volume of the droplet, due to an infiltration of a part of the melt into the polycrystalline
substrate along the grain boundaries. A single crystal substrate would have to be used to prevent
the infiltration. In addition, the value of the contact angle is expected to change with time as
shown by Aksay et. al. [35]. Change in the contact angle is possible depending upon the extent
of chemical equilibration attained between the liquid and the substrate. A reaction between
aluminum in the iron aluminide and oxygen present as a contaminant on TiC could also affect.
the contact angle. This effect has been discussed in detail by Muscat and Drew [36] during their
systematic study of the infiltration of TiC by molten aluminum.

From the simple experiment described above, it was found that the composition of the
alloy significantly affects the infiltration depth of iron aluminide into the dense polycrystalline
substrate. Changes in the alloy composition by additions of 5 and 10 at. % Ti have shown that
the depth of infiltration increases with the increase in Ti content. It is reasonable to assume that
the capillary pressure is negligible due to the high density of the substrate (97 % dense).
Therefore, the differences in the depth are very likely due to a reaction between Ti in the alloy
and TiC. EDS analysis of the intermetallic phase along the grain boundaries shows that the Ti
content in the infiltrated intermetallic is about 2 at. %, after infiltration of liquid
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Fe, 5,Aly 351y o The following reaction could have resulted in the final composition and also
aided in the larger infiltration depth:

Tip.511Coase + Feps7Aly 35Tig 05 = 1.029Tiy 5,5Co 475 + 0.969 Fey 555Al5 37, Thy o, (With 220 at.
ppm C in solution)

The above reaction is intended only to illustrate a reaction due to change in stoichiometry
of TiC. When 2 at. % Ti is present in the binder phase, only 220 at. ppm carbon is predicted
(from Thermocalc™) to be dissolved in the intermetallic phase. The change in stoichiometry of
the TiC grains could not be determined using the SEM. TEM analysis of the composition of the
grains would be necessary to determine the stoichiometry and also to precisely determine the
composition of the intermetallic. Similar experiments. with other alloying additions. such as W,
Mo and C also show an effect on the infiltration depth and they are reported in Table 1.

Table 1: Effect of alloying additions on the infiltration depth of Fe40Al into a
TiC substrate (97 % dense) ’

Alloying Additions Infiltration Depths (um)
None 100
35wt. % C 100
Sat. % Ti 230
10 at. % Ti 650
5 at. % Mo 600
Sat. o W 450

*  Additions of Mo and W also aid the infiltration of the melt due to a reaction between the
alloying additions and TiC to form a mixed carbide. These mixed carbides generally exhibit a
core-rim effect as reported by Moskowitz and Humenik [37]. Addition of carbon does not show
a similar effect which is possibly due to a lack of reaction between the alloy and substrate. To
identify the effect of the alloying additions on the wetting of TiC, systematic wetting
experiments on single crystal substrates would be required.

3.3. Effect of Preform density on the final densitv of the cermet:

From the simple relation suggested by Washburn [38], the rate of infiltration of liquids
into a porous body is proportional to the pore radius, contact angle and surface tension and
inversely proportional to the viscosity. Many modifications to the Washburn relation have
emphasized the importance of the tortuosity of the pores and also an unstable contact angle due
to a dynamic mass transfer between the preform and the infiltrating liquid [17,39]. The degree
of sintering of the preform changes the capillary radius and the extent of the carbide-to-carbide
contact and, therefore, the preform density is expected to affect the final density of the cermet.

Many infiltration processes use a pre-sintered preform with about 30 % porosity which
is dipped in molten metal to fill up the pores by spontaneous infiltration. In the process
described in this paper, a calculated amount of the infiltrant is placed on top of the substrate,
which upon infiltration then results in densification, due to a rearrangement of the particles in the
preform, similar to the step in a traditional liquid phase sintering process. A simple test of the
effect of the preform density on the final density of the cermet suggests that an optimum preform
density prior to infiltration leads to a maximum final density. Fig. 3 shows the different final
densities that are obtained by infiltrating preforms with various initial densities, 60 % dense, 70
% dense and 80 % dense. The straight lines in the plot indicate the final density obtainable by
filling of the pores by the melt without rearrangement of the particles. From comparison of the
final densities achieved, it is clear that the densification due to rearrangement is significant for
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the preform with 70 % density. The rearrangement process is significant because of the excellent
wetting of the carbide particles by the molten metal and spontaneous infiltration along the grain
boundaries of carbide agglomerates, similar to that seen in Fig. 2. With molten metal
presumably present around each carbide grain, rearrangement and densification can take place
easily. Clearly, there are quite a few factors that affect the rate of melt infiltration and also the
extent of rearrangement, such as, effective capillary radius, the tortuosity of the pore channels
and rigidity of the carbide skeleton from pre-sintering. A clear idea of the effect of these factors
is discussed in the detailed analysis of the infiltration of molten aluminum in porous TiC
[36,39].

The lower density of the cermet obtained by infiltration of the 80 % dense preform, as
compared to infiltration of the 70 % dense preform, could also be due to some closed porosity
that is not easily eliminated. In addition. the higher sintering temperature used for the processing
of the preform could slow the kinetics of rearrangement due to a larger amount of carbide-
carbide contacts. The 60 % dense preform, presumably, has a larger number of pores to be
eliminated within the sintering duration thus, resulting in a low density cermet.

3.4.  Comparison of Microstructures Obtained by Melt Infiltration versus Liquid Phase‘

Sintering of Mixed Powders: )

TiC-Fed40Al cermets can be processed by liquid phase sintering of pellets containing a
mixture of Fed40Al and TiC powders. This was successful in the processing of the composites
with carbide contents lower than 60 vol. % [7,8]. With an increase in the carbide volume
fraction, higher density of the cermets can be obtained only upon a rearrangement of the
particles aided by a solution-reprecipitation reaction. However, as shown in section 3.2. the
solubility of TiC in liquid Fed40Al is very limited and thus significant rearrangement is not
expected. The resulting low density is shown in Fig. 4. where cermets obtained by liquid phase
sintering of mixed powders have a density equal to 90 to 97 % of the theoretical value for binder
volume fractions varying from 0.1 to 0.3. On the other hand. melt infiltration allows processing
of cermets to very high densities (> 97 % theoretical). The difference between the
microstructures obtained by liquid phase sintering of mixed powders and melt infiltration of TiC
preforms is clearly illustrated in Fig. 5. The Fe40Al powders (~ 40 um) are large compared to
the TiC (2-3 pm) powders and upon melting (aided by good wetting), the molten metal is
wicked into the grains surrounding the original aluminide particle, leaving behind large pores.
These pores cannot be eliminated due to the slow kinetics of a solution-reprecipitation reaction.
This results in a porous and inhomogenous microstructure as shown in Figs. 5(d-f). During
infiltration, no large pores need to be eliminated and rearrangement of particles is sufficient to
densify the cermet. Comparison of Figs. 5(a-c) and 5(d-f) clearly show an improvement in the
homogeneity of the microstructure obtained by melt infiltration. Figs. 6a and b show the typical
microstructures, at a higher magnification, obtained for the melt infiltrated WC- and TiC-based
cermets, with a binder volume fraction of 0.3. A continuous intermetallic phase is observed in
these micrographs. The presence of a thin film of the intermetallic phase around all particles
leads to a low TiC contiguity, a measure of the carbide-carbide contact in the composite. This
has been observed to be a beneficial feature in the microstructure which can lead to higher
strengths and improved fracture toughness [40].

Compositional analysis. using an energy dispersive spectrometer, showed that the ratio
of the Fe content (58 at. %) to the Al content (38 at. %) in the.binder phase was 1.52, almost
equal to the initial composition. This indicates that during processing, the loss of Al due to

. evaporation is almost negligible. In the FeAl-TiC cermet, small amounts of Ti in the alloy binder
(~1-2 at. %) and almost no Fe or Al in TiC were detected. No secondary phases were observed
during examination in the SEM. In the Fe40Al-WC composite, tungsten concentrations in the
binder were determined to be 5 at. % and this amount could be both from W dissolved in the
iron aluminide and from very fine WC not observed by the SEM. Detailed TEM work would be

e e s = tme awr 4 = [ et emn tm e N tmae e ¢ aae g e e e

Ao IS DA L CLEISTOTINLL - SRS LU, A0 D il

O G I e I e e i

A e e s o e e ot o sy o doet ot




necessary to clarify the contributions. Concentrations of Fe and Al in WC were below the
detectability limit and examination in the SEM did not reveal any secondary phases in the FeAl
binder. ,

3.5. Mechanical Property :

Flexural strengths and chevron-notch fracture toughnesses of the composites were

determined using a 3-point bend testing set-up. For the chevron-notched specimens, since

fracture occurred in a stable manner, the energy dissipated during the fracture of the sample. per
unit crack area (denoted as G) was obtained by integrating the area under the load-displacement
curve. The fracture toughness was then obtained using the following equation:

= [E*G/ (1-v)]"2

‘where E is the elastic modulus of the composite and v is Poisson's ratio (taken to be 0.2 in our
case). The plane strain elastic modulus. E’, was calculated from the tollowmo equation for a
two-phase composite given in Ref [41].

= [(cE,E, + E,)(1 +¢) - E+ E,E, J(CE, + E,)(1 + )]
where ¢ = (1/V,)"? - 1 with V, + V=1

with V_ and V_ are the volume fractions of carbide particles and the intermetallic phase.
respectively. E Ts the elastic modulus of the carbide phases (TiC - 430 GPa [1], WC - 696 GPa
[42]) and E | denotes the elastic modulus of iron aluminide (180 GPa [43)).

Table 2a reports the typical values for the fracture toughness. flexure strength and
hardness for the iron aluminide bonded TiC cermets. The values for a commercial Ni-bonded
TiC cermet are also shown for comparison. Table 2b summarizes the values for the fracture
toughness obtained for the Fe4d0Al-WC cermets. Results of the hardness and the bend strength
values are reported in detail elsewhere [14].

TABLE 2

(A) Selected mechanical ﬁroperties of Fe40AI-TiC cermet and
a commercially available cermet.

Carbide compo

Binder Binder Hardness | Bend Fracture
compositiony vol. % -sition & wt. % Strengths | Toughness
(at. %) (in MPa) (MPa: ml/2)
Fe-40Al 40vol. % |TiC-55wt.% |83.5R, |1058MPa |21.4 (2 tests)
Fe-40Al 30vol. % | TiC - 65 wi. % 84 R, 1034 MPa 18 (3 tests)
Fe-40Al 20vol. % |TiC-76.5wt. % | 87T R, 750 MPa 12.7 (3 tests)
aNj-16Mo |21 vol. % | TiC- 358 wt % 89R, 1700 MPa | 10.6

(=33 wt. %X NbC - 6 wt %

WC-3wt%

a-Ref. 1
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(B) Fracture toughness of Fe40Al-WC cermets

Binder Composition| Binder | Fracture Toughness
(at, %) (vol. %) | (MPasm'?)
Fe-40Al 30 10.7 (3 tests)
Fe-40Al 20 10.6 (2 tests)
Fe-40Al 15 7.9 (2 tests)

For the iron aluminide bonded TiC cermets, the hardness of the cermet with 20 vol. %
binder is comparable to the commercially available cermet. however 3-point bend strengths are
much lower. Significant improvements in the bend strengths values are needed for heavy duty
cutting applications. However, the strengths are sufficiently high for static wear applications in
corrosive atmospheres.

Although iron aluminides are considered to be brittle, relatively high values for the
fracture toughness of Fe40AI-TiC cermets are obtained. The fracture toughness of the TiC
cermet with 20 vol. % iron aluminide is higher than that of Ni-bonded TiC cermets for a similar
volume fraction, although the Ni binder is expected to fracture in a ductile manner. Relative to
toughnesses of FeAl-TiC cermets, the values for Fe40Al-WC cermets are modest and the
reasons are not quite clear. However, the high fracture toughness value obtained in FeAl-TiC
cermets suggest that the behavior of iron aluminide as thin ligaments could be different. A
possible explanation for the mechanical behavior of iron aluminide in the cermets is suggested
below.

The fractured surface of a chevron-notched Fe40QAI-TiC test specimen. with 30 vol. %
Fed40Al, is shown in Fig. 7. From the micrograph. it is very clear that there is significant
debonding at the carbide/intermetallic interface and deformation of the iron aluminide phase
suggests ductile behavior of the intermetallic. Observations of fracture surfaces in intermetallic-
ceramic composites in previous investigations [7.13.14] have also indicated that intermetallics
when used as a binder phase in cermets could show some ductility.

The predominant contribution to increased toughness of composites of brittle materials
and ductile reinforcements is the plastic work expended upon elongation of the ductile ligaments
to failure between the crack surfaces, within the crack tip bridging zone [44,45]. Previous
studies, particularly in WC-Co composites, have suggested that the in-situ flow stress of Co is
likely to be several times higher than its bulk flow stress value [44,45]. The increase in the flow
stress depends upon the work hardening coefficient, the reinforcement ductility and the extent of
interfacial debonding [45]. As shown in Fig. 7, debonding at the carbide/Fe40Al interface is
evident. From Ashby and Banister's model experiments, it is clear that weak interfacial bonding
may result in much higher energy absorption, and therefore higher toughening, than strong
interfacial bonding. In addition, although cleavage fracture is a predominant fracture mode for
bulk Fe40Al single crystals [46], it is not the case for the fracture of the Fe40Al ligaments in
these composites, as seen in Fig. 7. This suggests that for small ligament sizes, the distances
available for dislocation pile-up are not large enough to result in a cleavage fracture. Further
systematic studies are underway to better understand the role of the intermetallic phase in
improving the toughness of these composites, especially towards identifying the correlation -
between the scale of the iron aluminide ligaments and their mode of fracture.

In addition, observations of the microstructure in liquid phase sintered WC-Co cermets
have shown that the grain size of the Co in the composite is on the order of about 1 mm [47,438].
Assuming that this is the case in these cermets too, each deforming ligament (less.than 10 pm
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wide) essentially acts as a single crystal during the fracture process. Thus, contribution {rom
intergranular failure, resulting due to weakness in grain boundaries, is absent.

3.6.  Oxidation resistance:

Since bulk iron aluminides have superior oxidation resistance. a simple comparison
study was conducted to determine its effectiveness when present as a binder in the composites.
The most commonly used cemented carbide, WC/Co, was used as a basis for the comparison.
Fig. 8 shows the results {from exposure to air at 900 °C for a day. It is evident that iron
aluminides provide significant resistance to oxidation of the cermets.

4.0. SUMMARY

In this investigation, fully dense WC- and TiC-based cermets, with iron aluminide (Fe-
40 at. % Al) as a binder, was processed by pressureless melt infiltration. For carbide contents
greater than 70 vol. %, it was demonstrated that this technique allows fabrication of cermels (o
hlgher densities than through liquid phase sintering of mixed powders. The later approach was
not successful due to a low solubility of the carbides in liquid Fe40Al at 1450 °C. The solubility
limits were determmed by phase equmbna calculations in the multicomponent system using the
Thermocalc™ program. Liquid Fe-40 at. % Al in equilibrium with graphite dissolves about 5 at.
% carbon and 1 at. % tungsten. In the Fe-Al-Ti-C system, molten Fe-40 at. % Al in equlibrium
with Ti,) 5,,Cp 445 and graphite, dissolves 4.9 at. % carbon and 64 atomic ppm titanium. The
carbide contents in these composites varied from 70 to 90 vol. %. Specimens with 30 vol. %
intermetallic exhibited bend strengths of 1034 MPa. fracture toughness of 18 MPa:m! 2 and a
Rockwell (Ra) hardness of 83.5. The FedOAI-WC speumens with 30 vol. % Fed0Al had a
bend strength of 1.4 GPa. fracture toughness of 10.6 MPa-m! 2 and a Rockwell (Ry) hardness
of 88. The haraness values are compamble to those obtained for the commercially available WC-
Co cermets. SEM observations of the fracture surface suggest that the high values for fracture
toughness could be due to a ductile behavior of the intermetallics when present as thin, bridging
ligaments in the composites. ImprO\ ements in bend strengths may be possible by Lonlrollmo the
grain size and by modifications of the Fe4OAl/carbide interface strengths. In conclusion, the
properties evaluated in this study indicate that these cermets could be beneficial in a variety of
wear applications.
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Fig. 1: Plot of the Fe-Al-Ti-C and Fe-Al-W-C sections at 1450 °C showing the solubility
of W, Ti and C in liquid iron aluminide (Fe-40 at. % Al).
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Fig. 2: Liquid Fed0Al wets dense TiC (97 % theoretical density) and penetrates
along the carbide grain boundaries.
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Fig. 3: Effect of the TiC preform density on the final density of the Fe40AVTiC cermet
processed by melt infiltration.
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Fig. 4: Comparison of the final densities of Fe4d0AI/TiC cermets processed by melt
infiltration (MI) and liquid phase sintering of mixed powders (LPS).
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Fig. 5: Comparison of microstructures obtained by melt infiltration as shown in A to C
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for different volume fractions of TiC in the Fe40Al/TiC cermet.
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Fig. 6: Typical microstructures of the FeAl bonded (a)WC and (b) TiC cermets with
30 vol. % iron aluminide.
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Fig. 8: Comparison of oxidation resistances of aluminide bonded cermets with

WC-Co cermets.
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