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Abstract

Lightweight ceramic-metal (cermet) composites combine stiffness and hardness with fracture
toughness and ductility. TiC and Al are ideal pairs among lightweight cermet composites because
of their relatively high strength to weight ratios, but these materials are hard to process in solid
state or with Al melt infiltration without making an aluminum carbide phase, which is detrimental
to mechanical properties. In this research, Fe is added to a TiC powder preform to reduce the
activity of Al with TiC during Al melt infiltration and to aid in pressing TiC preforms, making a
lightweight TiC-(Fe-Al) composite while avoiding other, unwanted phases. The composites are
made by first pressing TiC powder mixed with Fe followed by Al melt infiltration; the result is a
composite with high TiC content in a two-phase matrix, both of which are Fe-Al-based. The
composite has low density, low porosity, high hardness, no detectable Al4C; phase with X-ray
diffraction, and retains shape well during infiltration.
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Introduction

Lightweight ceramic-metal (cermet) composites are of interest in many applications where a high
strength-to-weight ratio is needed [1]. A cermet is comprised of a reinforcement ceramic phase
higher than 50 vol.% and a metal phase, and typically the ceramic phase is continuous. TiC is an
ideal ceramic reinforcement for a lightweight cermet. Al is ideal as a matrix material for
lightweight cermets because it has low density, high strength-to-weight ratio, and high ductility.
TiC and Al are an ideal pair for cermets in engineering design because of their individual strength-
to-weight ratios [2], [3]. Combining the two materials would produce a lightweight cermet with
ductility, stiffness, strength, and hardness beyond other cermet’s [4], [5]. Unfortunately,
infiltrating TiC with aluminum via melt infiltration to form a cermet usually results in the
formation of an aluminum carbide phase at the interface of the two materials. Thus, developing a
cermet based on this system that avoids aluminum carbide formation is advantageous for many
applications.

TiC-Al composites can be made by capillary infiltration of TiC powder preforms with Al because
Al wets TiC when high enough temperatures and times are used [6], [7]. Capillary infiltration
makes cermets when a porous preform is in contact with a molten metal because the metal is drawn
into the preform via wetting and surface tension forces, which drive capillary infiltration. TiC-Al



composites have been made this way [8]-[12], but with the formation of the Al4C; phase at the
TiC and Al interface, and this composite is not useful in most applications since Al,C; degrades
when exposed to atmospheric temperature and pressure [12]—[14]. To explain the chemistry, Al is
known to form Al4C; by depleting the TiC of its carbon to a molar ratio of around 0.95, and the
remaining TiC is known to be stable even with sub-stoichiometry as denoted in Eq. 1 [15], [16].
Another impactful method to make TiC-Al composites is with combustion synthesis of carbon, Ti,
and Al, but there is some residual Al;Ti [17].

1—x
xTiC + Ale(T)Aucg + xAl + TiC,, where 0.9 < x < 0.95 1)

Additives in alloy and intermetallic form have been used to mitigate the Al4C; formation by
lowering the activity of molten Al with TiC. There have been large efforts to make intermetallic
matrix composites to mitigate unwanted phases formed and increase the hardness and mechanical
properties of cermets [18]—-[21], but it is more difficult to stabilize the phases of intermetallics
during processing [22], [23], especially when melting occurs. Studies showed that little to no Al,Cs
formed when infiltrating TiC with NiAl; intermetallic, which is due to the higher reaction potential
of Al and Ni over Al and carbon [24]-[26]. Also, adding Mg or Cu to Al has been known to aid in
infiltration by lowering the Al melting temperature and increasing wettability of Al into TiC. This
helps to decrease the infiltration temperature and time and, therefore, the Al/carbon reaction
potential [11], [27], but more strategic additives can improve processing to provide a lightweight,
strong matrix. Adding a material like Fe to the system can help process TiC-Al cermets because
Fe makes the Al less active with the TiC and can provide a matrix with Al that is hard, lightweight,
and strong. When Fe is present during processing, it can form with Al in the matrix phase to form
a lightweight intermetallic suitable for composites. Also, it was shown that Fe and Al are
compatible for processing together with Ti and carbon to form favorable products of TiC and Fe-
Al matrix phases in situ [28], [29]. For these reasons, it is thought that adding Fe to the processing
can mitigate Al,C; formation and produce favorable phases. Additionally, melt infiltration of the
intermetallic FeAl into TiC has been done but requires the green part shaping with wax or polymer
as well as very precise elemental control of the FeAl [30], [31]. However, a potentially faster,
cheaper, and more controlled method to make TiC composite with FeAl matrix and high TiC
content is to add Fe to the TiC preforms and subsequently melt Al into the structure to obtain an
Fe-Al matrix because raw materials are used and no extra steps are added to the pressing and
infiltration process.

In this research, Fe is added to TiC powder. This is different compared to other studies because
the Fe serves several purposes. The TiC/Fe powders are pressed together without wax or polymer
binder because the Fe helps bind the TiC. The pressing of mixed preforms has been done with
WC/Fe that were subsequently infiltrated with Ni [32]. Further, Fe helps draw the molten Al into
the preform because Al wets Fe better than it wets TiC [33], [34]. It is also likely that there is
improved wetting of Al onto TiC because of Fe coating the TiC from pressing or being in contact
with TiC providing a local superheated exotherm of (Al+Fe). The Fe also mitigates the Al,C;
formation and combines with Al in sifu to make a matrix consisting of the two elements. This
yields a TiC-(Fe-Al) composite system that can be used mechanically without degrading due to



Al4C; reaction when exposed to atmosphere and represents a cermet with low density and high
hardness.

Materials and Methods

Stoichiometric TiC powder (-100+325 mesh, Dsy~120 micron) and Fe powder (-325 mesh, Dsy~20
micron) from Atlantic Equipment Engineers were used for preforms. Pure Al shot (Alfa Aesar,
99.99% purity) was used for infiltration. TiC and Fe powders in a ratio of 5:1, respectively, were
roller milled with WC media in a plastic container placed on rollers for 1 hour to evenly mix the
Fe into the TiC and encourage Fe coating onto TiC powders. This ratio was chosen because it
allows Fe particles to pack around larger TiC particles and the Fe is a small enough amount
compared to the Al infiltration that the phases formed should be on the Al-rich side of the Fe-Al
phase diagram.

1 g of the mixed TiC/Fe powder was pressed with a steel die to 100 MPa. The iron serves as the
binder for the TiC by allowing the TiC/Fe sample to be pressed, consolidated, and easily extracted
from the die and transferred to a crucible without added polymer or wax binder, eliminating the
need for a debinding step. The good consolidation of preforms is most likely due to Fe deforming
and interlocking TiC particles. 0.18 g of Al is loaded on top of the TiC/Fe preform in an amount
corresponding to the void space porosity of the TiC/Fe preform. A schematic of the setup is shown
in Figure 1. The heating schedule was 1400°C at 10°C/min with 30 min. hold while flowing 300
ccm of Ar/4%H, in an alumina tube furnace.

Al Alumina
crucible
Shot /
TiC/Fe

Figure 1: Schematic of processing setup.

The specimen microstructures were analyzed with SEM using a Hitachi S4800 microscope in
secondary electron imaging mode. Geometric and Archimedes densities were measured when
appropriate by measuring the part dimensions, dry mass, and submerged mass. Areal density was
measured using ImageJ software on SEM cross-sections. Optical images were taken using a Leica
DM4000 M LED system where computational stitching of the images is used to display full cross-
sections.

Phase composition was determined by X-ray diffraction (XRD) using a PANalytical X’ pert
diffractometer with Mo K- radiation (A=0.709319 A). The operating parameters were 40 kV and
40 mA with a 20 step size of 0.02. The XRD patterns were analyzed using the whole pattern fitting
approach with MDI Jade 2010 software database. Vickers hardness measurements were performed
using a LECO LM 110AT apparatus under a 1.0 kgf load. The chemistry was predicted using



FactSage software and database. Simultaneous thermal analysis (STA) data, which consists of
differential thermal analysis (DTA) and thermogravimetric analysis (TGA), were performed on
TiC and Fe powders and Al shot packed in a crucible using a Netzsch STA 449 F3 Jupiter. The
STA analysis of the TiC powder, Fe powder, and Al shot mixture was gathered to understand the
thermodynamic stages of the materials during heating such as melting, reacting, and phases
formed. The sample setup in STA analysis was not entirely analogous to the infiltration process
because the TiC and Fe were not pressed together in a pellet as they are when they are pressed and
infiltrated. However, the results should still reveal the thermodynamic reactions that occur during
processing.

Results

Figure 2 shows an XRD pattern of the composite cross-section, which exhibited successful
infiltration because Al fully penetrated the TiC/Fe preform. TiC, FeAl, a-Fe, and y-Fe phases were
detected. a-Fe is the phase that can dissolve higher amounts of Al than y-Fe, but that dissolution
behavior is opposite for carbon solutions such as steel. According to the XRD data, there was an
absence of Al,Cs. Also, the XRD confirmed that Fe formed with the Al to make some intermetallic
in situ. It is also important to note that high density and consolidation occurred when processing
in Ar/4%H, gas and did not occur when processing in Ar nor vacuum of 10- Torr.
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Figure 2: XRD pattern of the TiC-Fe-Al composite.

Figure 3 shows the STA data. Three peaks are shown in the DTA plot, two at 649°C and one at
1126.5°C. At 649°C, the DTA plot shows one endothermic peak followed immediately by an
exothermic peak. The endothermic peak at 649°C is most likely the melting of Al and the
exothermic peak after this is most likely the formation of Fe-Al intermetallic since this is a
favorable reaction at this temperature when adding Fe into molten Al. The DTA plot also shows
one endothermic peak at 1126.5°C, which is most likely the melting of this intermetallic. The mass



gain in the TGA data must be from reaction with the atmosphere because Al is known to oxidize
even at significantly low partial pressures of O,.
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Figure 3: STA data of the TiC and Fe powders with Al shot showing the TGA and DTA during
the heating cycle.

Figure 4 shows a macro image and optical image of the processed composite pellet. The pellet
retains its puck-shaped geometry during processing as shown in Figure 4A. In Figure 4B, there is
some porosity, the dark spots, in the part due to Ar/4%H, getting trapped during infiltration and
dissolved H, gas coming out of solution during cooling. It should be noted that pure Ar and vacuum
are not adequate atmosphere for consolidating these materials, so the H, gas helps the processing.
The microstructure consists of a high content of TiC reinforcement as shown as the darker gray
area in Figure 4B.

Table 1 shows the density, porosity, hardness, and dimensional change. The density is measured
with areal and geometric techniques, but a theoretical density is not identified because amounts of
each phase are challenging to quantify since it is not as simple as calculating the density based on
a rule of mixtures for the amounts of TiC, Fe, and Al used in the current research. The porosity is
measured with areal techniques and the density is measured with Archimedes techniques to
indicate a quantity of residual pores from infiltration. The density is decreased compared to other
composites with similar reinforcement content, which is most likely due to lightweight matrix
material instead of heavier matrices of Fe and Ni. Also, the change in diameter and height are
noted from green to infiltrated. The change in dimension is very low with only 1-3% change,
which means there is limited shrinkage from solidification and volumetric changes during reaction
of new phases.



Figure 4: A) Macro image of composite pellet and B) optical image of the pellet cross-section.

Table 1: Properties of processed composite.

Property Result
Density (g/cm3) 4.7
Porosity (%) 4.3
Hardness (GPa) 12.2+0.4
Change in diameter (%) | 3.0%
Change in height (%) 1.0%

Figure 5 shows SEM images and EDS scans of the microstructure in secondary electron mode.
Figure 5A shows the microstructure in one magnification, and Figure 5B shows an area in Figure
5A with higher magnification to further analyze the matrix material. The dark gray particles are
TiC, but the matrix is comprised of multiple phases. The light gray material in the matrix is an Al-
rich phase and the white lathes in the matrix are Fe-rich phases. It is likely that the Fe-rich phase
is solid solution of Al in Fe and that the phase with more Al is FeAl. The lamellar microstructure
resembles a FeAl + FeAl, eutectoid found in the Fe-Al system [35]-[37], but none of the other
data gathered in this research provides evidence of the FeAl, phase.

With the EDS data and the XRD pattern, it is concluded that the darker Al-rich matrix phase, spot
1 in Figure 5, is FeAl. This is because this phase has higher Al content compared to the lathes and
the XRD detects a significant amount of FeAl intermetallic. The white, Fe-rich lathes, spot 2 in
Figure 5, are possibly both a-Fe or y-Fe.

Once the melt starts to solidify, the FeAl is stable and the rest of the matrix forms because there is
still excess Al and some Fe present. There could also be a small amount of carbon present from
TiC becoming sub-stoichiometric at 1400°C [38]. The Al dissolves in Fe in the a-Fe phase and the
carbon dissolves in the y-phase during the solidification, and these two structures precipitate out
into lathes much like a eutectoid microstructure. Smaller TiC particles seem to agglomerate
together into clusters of TiC and matrix. This is either from TiC fines redistributing during
infiltration in the molten infiltrant or from dissolution and reprecipitation of TiC particles.



Figure 5: SEM images and EDS scans of the composite cross-section in secondary electron mode
where B is a higher magnification image and EDS of an area in A. Spot 1 is FeAl, and spot 2 is Fe
with some dissolved Al.

The hardness is 12.2 GPa as noted in Table 2. During hardness testing, some of the indents land
on or close to the TiC particles as shown in Figure 6. Some indents from microhardness are shown
in Figure 6, and they show how the cracks are arrested in TiC particles and how cracks deflect and
arrest in the matrix, either at lamella of Fe-Al phases or up to TiC particles.




Figure 6: Optical images of microhardness indents on A) a cluster of smaller TiC particles and B)
a larger TiC particle.

Discussion
Pressing and Shaping

The addition of Fe to TiC preforms allows the TiC/Fe mixture to press and consolidate enough in
the green state to transfer from die to crucible without compromising the shape. Typically, a green
part of TiC is too brittle to handle unless mixed with wax or polymer binder, but it must be
transferred to a crucible for binder burn out, thereby adding another processing step. When
pressing TiC with Fe, the Fe acts as a binder allowing the preform to be transferred from die to
crucible without breaking the part. This was expected because the Fe is relatively soft compared
to TiC. Pressing Fe and TiC together acts similar to a cold weld resulting in excellent pressing of
the TiC/Fe green part [39]. Additionally, once the part is placed in the furnace and the Al melts
into the preform, the composite pellet is near net shape with shrinkage of only 1-3%. Limited
shrinkage occurs because the preform void space is completely filled with melt and, thus, there is
no need to liquid phase sinter. The only shrinkage is from solidification of the melt and volume
changes from phase formation, which are low. This means that this method should work with all
types of additive manufacturing techniques in which a TiC/Fe preform is achievable.

Protection of TiC Particles and Matrix Formation

TiC and FeAl phases identified in the XRD were expected based on the known reactivities, but the
a and y Fe phases were not expected because the phase diagram shows that the amounts of Fe and
Al used in this study should form FeAl, and Fe,Als. Based on the XRD data, the formation of
Al4C;5 is limited because it is not detected in the XRD pattern. Further, based on the SEM images,
there are no phases of Al4C; visible. Also, the only phases around the TiC are Fe- and Al-based
phases. It can be deduced from the XRD and SEM data that the TiC particles are protected from
Al forming Al,C; by means of Fe incorporation. To further understand the formation, reaction
thermodynamics were simulated. For the given molar amounts of material processed in this
research at 1400°C, the reaction was simulated using FactSage software in Eq. 2. From Eq. 2 and
the molar amounts used in the current study, the available thermodynamic data predicted a small
amount of Al,C; formation, sub-stoichiometric TiC, and liquid melt of Fe-Al [40]-[42]. When
comparing the molar amounts used in the current research but without Fe in Eq. 2, the Al4Cs
formation is about 0.27 mol, whereas with Fe addition, the molar amount of ALLC5 is 0.017 mol.
Based on this predicted chemistry, less Al4C; formation occurred compared to TiC-Al composites.
Also, during the infiltration process, the molten Al formed with Fe in situ to make a mostly two-
phase matrix; the XRD data shows one intermetallic and two Fe phases form in the composite and
the SEM image shows the two different matrix phases. One intermetallic is preferred, but when
processing in TiC, the matrix formation is more complicated.

The phase formation in the matrix most likely proceeds in the following fashion. From the STA
taken in the current research, Al melts at 649°C. The molten Al will start to infiltrate the TiC/Fe
preform at this time. Almost directly after melting the Al, the STA data shows formation of a new
material, which is most likely the formation of FeAl, and Fe,Als. After this occurs, the sample is



most likely a porous, solid composite of TiC, FeAl,, and Fe,Als. Then, at 1126.5°C, STA shows
another melting event, which is most likely these two intermetallics melting. Once the
intermetallics are completely melted at 1400°C, the molten material finishes infiltration,
surrounding the TiC particles even further. At 1400°C, the system is fully infiltrated and exists as
TiC,, carbon, and Fe-Al melt [38]. The whole system is cooled slowly to room temperature, where
the lamellar eutectoid structure starts to form. During the cool down, the FeAl is stable but has too
much Fe, so the formation of Fe lathes as Fe(C) and Fe(Al) occurs. The FeAl solidifies with Fe
lathes intertwined. The exact mechanism of the formation is unknown, but the extra Al and small
amount of carbon is most likely dissolved in the Fe lathes. The Al-rich, FeAl, and Fe,Als, phases
are also known to have high hardness, which makes them highly compatible with TiC composites
for wear and hardness applications [43], [44]. The hardness values of the current research are
comparable to FeAl intermetallic composites with TiC processed with melt infiltration methods
[30], [31]. While more compositions of varying Fe would help identify how the microstructure
develops or even stabilize the FeAl phase, they were not tested because the process is still being
developed. Also, a better way to cover and protect the TiC must be sought with Fe coatings.
Another improvement is the porosity, which might be improved if vacuum is used instead of
flowing gas. It would also be interesting to monitor the infiltration in situ with XRD or other
characterization to fully verify the processing steps.

TiC + 0.48Al 4+ 0.21Fe—0.017Al4C3 + TiCoos + (F60,21Alo_41)h-q (2)

Conclusions

A lightweight composite with high reinforcement content was fabricated with TiC, Fe, and Al. The
preforms of TiC and Fe were lightly pressed and subsequently melt infiltrated with molten Al to
form a mostly two-phase matrix. The matrix phases were identified as FeAl and Fe. The processing
thermodynamics with DTA were examined to help understand the matrix formation.
Microstructural characterization and hardness of the composite are presented. Properties including
density, hardness, and dimensional change were measured, which are 4.7 g/cm3, 12.2 GPa, and 1—
3%, respectively. This material is promising for composites with high hardness, low density, and
net shaping. This material could be used in lightweight aerospace applications as well as armor.
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