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Abstract

Al-TiC insitu composites are gaining increasing importance because of good wettability of TiC with Al melt and its favourable properties.
However, incomplete reaction between the released Ti and C in Al melt leads to formation of undesirable phases like A13Ti which is detrimental
to the properties. In this investigation, Al-TiC composites are processed at different temperatures from 700 °C to 1200 °C and with different
Ti:C ratios to asses the effect of these two parameters on the formation of TiC particles. Microstructural features and X-ray diffraction results
show that at temperatures below 1000 °C blocky type Al Ti forms. As the temperature is increased the blocky nature of AL;Ti changes to
needle like indicating release of Ti to a greater extent and as a result more and more TiC particles form. At 1200 °C there is no evidence
of ALTi formation after a reaction time of 30 minutes. Increasing the carbon content (Ti:C ratio) to two fold of the stoichimetric amount
does not show any significant effect. Though a four fold increase in carbon content showed some promise, however, some amount of free

carbon was found to remain.

1. Introduction

Metal matrix composites (MMCs) have gained wide
acceptance because of their attractive properties such as
high specific strength, stiffness, better wear resistance and
improved elevated temperature properties compared to the
conventional metals and alloys. Amongst metal matrix
composites, discontinuously reinforced aluminium matrix
composites (DRAMCs) have gained wide acceptance in past
three decades due to their high specific strength and stiffness
and improved wear resistance [1-4]. A number of processing
routes have been developed for the manufacture of particle/
whisker/short fiber reinforced composites. Liquid metallurgy
route is one of the most commonly applied techniques to
manufacture particle reinforced composites. In this method
reinforcement particles are introduced to the liquid metal ex-
situ. The major difficulties in these processes are
inhomogeneous distribution (clustering) and improper wetting
of particles which lead to poor mechanical properties. This
can be avoided if the reinforcement is produced in situ during
processing. The in situ process involves synthesis of
composites such that the desirable reinforcement(s) and the
interfaces are formed during processing [5-7]. The resultant
composites generally exhibit the presence of uniform
distribution of reinforcement that tends to be fine and
associated with a clean interface with the metallic matrix. It
also gives rise to improved wettability and strong bonds
between the reinforcement and the metallic matrix [8-10]. TiC
is an attractive reinforcement for particulate composites
because of its high elastic modulus and hardness.
Furthermore, TiC particles also acts as nucleation sites during
solidification and thus refines the grain size. This led to the

development of Al-Ti-C master alloys for grain refinement of
Al alloys [11-14]

The reaction kinteics for formation of TiC particles insitu
in the Al melt depends on various factors like temperature,
reaction time, Ti:C ratio. However, systemic studies on the
effects of these parameters on formation TiC particles are
limited. The aim of the present investigation is to process
Al-TiC composites in situ and evaluate the effect of
processing temperature and Ti:C ratio on the reaction kinetics
of TiC formation. The processed composites are characterized
for their microstructure and mechanical properties.

2. Materials and methods

Commercially pure aluminium was chosen as the matrix
material. In order to form the TiC particles in-situ, K,TiFg salt
(CDH, India) and graphite powder (Lobachemie, India) of
average particle size 50 um was used. In the first set of
experiments, required amounts of K;TiFg salt and graphite
powders were mixed corresponding to 5 wt.% of TiC.
Commercially pure Al powder (SRL, India) of -325 mesh size
was added to this mixture and thoroughly mixed in a plastic
jar. Carbon content was kept at 1.3 times the stoichiometric
amount to supplement the losses due to oxidation of graphite.
Four samples of the powder blend was heated separately in
a resistance-heated furnace under argon atmosphere and
held at four different temperatures, 700, 800, 900 and 1000°C
for 30 minutes. In each case the molten sample was quenched
in water to freeze the microstructure. In the second set of
experiments, Ti:C ratio was varied from 1.3 times the
stoichiometric amount of carbon to four times the
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stoichiometric amount at 1000°C. Based on the out put of
these experiments, Al-TiC composite was processed at
1200°C. K, TiF¢ and graphite powders were mixed thoroughly
and compacted in to pellets. Commercially pure Al was melted
in a resistance-heated furnace and the K,TiFg and graphite
pellets were added with the help of a plunger. The reaction
time in this case was also 30 minutes. The spent salt was
decanted before pouring and the melt was cast in pre-heated
cast irons molds. Sliced samples of composites were polished
with emery paper up to 400 grit size, followed by polishing
with Al,O3 suspension on velvet cloth. Finally samples were
polished with 0.5 micron diamond paste. Kellers reagent was
used as the etchant. Microstructural characterization was
done using scanning electron microscope (SEM) and optical
microscope. X-ray diffraction was carried out using Cu K,
radiation for confirming the formation of TiC particles and
other phase analysis. The mechanical properties of the
Al-TiC composite were evaluated by hardness and
compressive tests. Microhardness of the composites was
measured using a Vickers micohardness tester (WILSON
WOLPERT). A load of 1 kgf and a dwell time of nine seconds
was used. Room temperature compressive tests were carried
out on an Instron machine at a strain rate of 1073 sec™! using
standard ASTM cylindrical samples with an aspect ratio of
1.2.

3. Results and discussions

3.1 Effect of temperature

Figure 1 shows the optical micrographs of the Al-TiC
composites processed at different temperatures. At the lowest
temperature used here (700°C), there is no sign of formation
of TiC and only blocky type Al3Ti particles are observed
(Fig. 1 a). Similar observation can be made at 800°C also
(Fig. 1 b). When the temperature was increased to 900°C, the
blocky Al3Ti particles are converted to needle shape and TiC
particles start appearing at the grain boundaries (Fig. 1 c).
This is also supported by the XRD results (Fig. 2) which
show TiC peaks for 900°C sample but not for 700 and 800°C.
These observations also provide some insights in to the
reaction mechanism of TiC formation. K,TiFg reacts with Al
to form Al3Ti according to the following reaction

3K,TiF, + 4Al — 3Ti + 3KAIF, + K,AIF, 1)
Ti + 3A1 — ALTi @)

K,TiFg is reduced by Al releasing Ti which dissolves in
the Al and precipitates out as Al3Ti as soon as its solubility
limit is exceeded. This is also supported by the presence of
peaks corresponding to KAIF4 and K3AlFg in the XRD
pattern of 700°C sample. When the reaction temperature was
increased to 800°C, the powder blend densified by liquid
phase sintering and KAIF, and K3AlFg salts generated by
reaction (1) play a key role in the sintering process by
cleaning the oxide layer from Al powders. Hence the XRD
pattern (Fig. 2b) of the sample processed at 800°C is mainly
dominated by Al;Ti peaks while peaks of KAIF, and K3AlFg
are absent. As the processing temperature is increased to
900°C, the blocky shaped Al3Ti turns in to needles and at the
same time fine TiC particles appear at the grain boundaries.
This indicates that at higher temperature Al3Ti becomes
unstable and Ti dissolves and wets the graphite particles to
form TiC. The XRD spectrum of the 900°C (Fig. 2¢) sample
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Fig. 1 : Optical micrographs of powder blends processed at
(a) 700°C (b) 800°C (c) 900°C (d) 1000°C.
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Fig. 2 : XRD plots of powder blends processed at (a) 700°C (b)

800°C (c) 900°C (d) 1000°C. (e) XRD plot of the
composite processed at 1200°C.

also shows presence of TiC peaks while the intensity of
Al3Ti peaks reduces. The following reaction seems to be
responsible for conversion of Al3Ti to TiC.

ALTi + C — TiC + 3Al 3)

However, in a recent study [15] it was shown that
reaction (3) is not viable in the temperature range where
Al;3Ti co-exist in the Al melt with graphite. TiC starts forming
only when Al3Ti dissolves in the melt with increasing
temperature [15]. Therefore, the formation mechanism of TiC
particles seems to be direct combination of Ti, which is
released by the dissolution of Al3Ti, to graphite.

Ti + C — TiC “4)

This is also supported by the optical micrograph of the
powder blend processed at 1000°C (Fig. 1 d). It shows that
TiC particles form at the Al-Al3Ti interface where the
dissolved Ti is available. At 1000°C more and more TiC
particles form and as a result TiC peaks increases and Al3Ti
peaks decreases in the XRD spectrum (Fig. 2d). Since few
Al;Ti particles still remains even at 1000 °C, it was imperative
to think of increasing the amount carbon at this temperature
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Fig. 3

: Optical micrographs of samples with different Ti:C ratio
(a) 1.3C (b) 2C (c) 4C.

to see if Ti entirely diffuse to carbon dissolving Al3Ti
completely. The effect of carbon content (Ti:C ratio) is
discussed in the next section.

3.2 Effect of Ti:C ratio

Three different carbon content in amounts of 1.3C (1.3
times the stoichiometry), 2C (double the stoichiometry) and
4C (four times the stoichiometry) were used to vary Ti:C ratio
in the powder blends. The effect of the varying Ti:C ratio is
analyzed in the light of microstructure (Fig. 3) and XRD
analysis (Fig. 4). Optical micrographs in Fig. 3 (a), (b) and (c)
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Fig. 4 : XRD plots of samples with different Ti:C ratio (a) 1.3C
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Fig. 5 : Optical micrograph of the Al-TiC composite processed
in Al melt at 1200°C.

show the microstructure of 1.3C, 2C and 4C samples
respectively. It can be seen that 1.3C sample produces the
best results in terms of formation and distribution of TiC
particles. On the other hand, although the intensities of
Al-TiC peaks were little higher in the 4C sample, however,
some amount of free carbon was observed (arrow in Fig. 3d)
along with TiC particles due to the excess carbon which did
not react. This is also supported by the XRD analysis (Fig. 4).
Based on these observations, an Al-TiC composite was
processed at 1200°C with 1.3C carbon and 30 minutes of
reaction time. This composite was used to investigate the
effect of TiC particulates on mechanical properties. Optical
micrograph of this composite in Fig. 5 shows no sign of
Al3Ti particles. The SEM micrograph in Fig. 6 (a) also shows
uniform distribution of TiC particles and the EDXA taken on
one such particle confirms these particles to be TiC (Fig. 6b).
This is also supported by the XRD plot of the composite
(Fig. 2e). It can be noted that the Al peaks of the samples
processed from Al powder (Fig. 2 b—d) are shifted from
corresponding peak in the melt-processed Al-TiC composite
(Fig. 2e). This can be attributed to the residual stresses
developed due to quenching of the powder samples to freeze
the microstructure. The surface of the sample cools with a
much higher cooling rate due to quenching compared to the
interior. As a result tensile stresses are developed at the
surface and interior is subjected to compressive stresses.
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In summary, it can be said that a Ti:C ratio close to 4:1
and a processing temperature of 1200°C are required to obtain
Al-TiC composites without Al3Ti intermettalics. This is in
agreement with previous studies which used liquid metallurgy
route to process Al-TiC master alloys and composites
[12,15,16,17)].

3.3 Mechanical properties
3.3.1 Microhardness

Table 1 shows the microhardness values of unreinforced
Al and Al-5wt%TiC composite. The composite shows higher
hardness than the base metal. The matrix of composites
contains higher dislocation density as a result of dislocations
generation due to large difference in thermal expansion
coefficient between the matrix and reinforcement [18-21]. This
leads to higher hardness in the composites. Presence TiC
particles refines the grain size and thus finer grain size in the
composite also leads to higher hardness.

Table 1 : Vickers hardness values (HV,) and 0.2% proof
stress (compressive) of pure Al and Al-5%TiC

composite.
Material Hardness 0.2% Proof stress
(HV}) (MPa)
Pure aluminum 24 42
Al-5%TiC 37 75
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Fig. 6 : (a) SEM micrograph of the Al-TiC composite processed
at 1200°C showing uniform distribution of TiC particles.

(b) EDAX taken on one such particle.
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3.3.2 Compressive strength

Results of compressive test are also summarized in
Table 1. It can be seen that the composite exhibits higher
0.2% proof stress compared to the unreinforced base metal.
Main strengthening in composites comes from effective
transfer of load from the matrix to the reinforcement via the
interface. Therefore the interfacial bonding between the
particle and matrix must be strong. As described above, the
insitu composites generally have good bonding between the
reinforcement and the matrix due to generation of interfaces
during the process itself. This gives rise to higher strength
in the Al-TiC composite. The higher dislocation density and
resistance to dislocation motion by the TiC particles are also
responsible for the higher strength in the composite.

4. Conclusions

The effect of processing temperature and Ti:C ratio on
the reaction kinetics of TiC formation in Al was investigated.
A processing temperature of 1200°C is required for complete
dissolution of AlI3Ti particles and completion of reaction
between released Ti and C. Ti:C ratio of 4:1.3 (1.3C carbon)
yields the best result in terms of formation and distribution
of TiC particles. The processed Al-5wt%TiC composite shows
higher hardness and 0.2% proof stress (compressive)
compared to the unreinforced pure Al

References

1.  Gupta M, Surappa M K, Key Engg Mater (Switzerland) 104-107
(1995) 259.

: Trans. IIM Vol. 62,

Issues 4-5, August-October 2009

15.
16.

17.
18.
19.
20.

21.

395

Lloyd D J, Int. Mater. Rev., 39 (1994) 1.

Arsenault R J, Wang L and Feng C R, Acta Metall. Mater, 39
(1991) 47.

Pramila Bai B N, Ramashesh B S and Surappa M K, Wear, 157
(1992) 295.

Shtessel V, Sampath S, Koczak M, in In situ composites: science
and technology, (eds) Singh M, Lewis D, The Minerals, Metals
and Materials Society, (1994) 37.

Chen Y and Ohung D D L, J. Mater. Sci., 31 (1996) 311.
Fishman S G, in In situ composites: science and technology, (eds)
Singh M, Lewis D, The Minerals, Metals and Materials Society,
(1994) 1.

Fan Z, Miodownik A P, Chandrasekaran L and Ward-Close M,
J. Mat. Sci., 29 (1994) 1127.

Koczak M J and Premkumar M K, J. Met., 1 (1993) 44.
Sahoo P and Koczak M J, Mater. Sci. Eng. A, 144 (1991) 37.
Mohanty P S and Gruzleski J E, Scrip. Metal Mater., 31 (1994)
179.

Vinod Kumar G S, Murty B S and Chakraborty M, J. Alloys
Comp., 396 (2005) 143.

Xiangf L, Zhenqing W, Zuogui Z and Xiufang B, Mater. Sci. Eng.
A, 332 (2002) 70.

Prasada Rao A K, Das K, Murty B S and Chakraborty M, J.
Alloys Comp., 480 (2009) L49.

Birol Y, J Alloys Comp., 454 (2008) 110.

Jiang W H, Song G H, Han X L, He C L and Ru H C, Mater.
Lett., 32 (1997) 63.

Lu L, Lai M O and Yeo J L, Compo. Struct., 47 (1999) 613.
Arsenault R J and Shi N, Mater. Sci. Eng., 81 (1986) 175.
Arsenault R J and Fisher R M, Scripta Metall., 17 (1983 ) 67.
Vogelsang M, Arsenault R J and Fisher R M, Metall. Trans. A,
17 (1986) 379.

Dunand D and Mortensen A, Mater. Sci. Eng. A. 135 (1991)
179.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 215
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.04651
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 215
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.04651
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


