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ABSTRACT

Aluminum reinforced in-situ TiC particulate composites were successfully
synthesized using mechanically milled Al-Ti-C powder by self-propagating
high temperature synthesis (SHS) process. The reaction for the formation of
TiCfromtheelemental Al, Ti & Cwasstudied. Theresultsshow the compact
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density of the preform has a significant effect on the SHS reaction. No
reaction was observed when the compact density falls below 68% of the
theoretical density. However, with an increase in density from 68 to 80%,
thermal explosion reaction was observed in the Al-melt. Field emission
scanning el ectron microscopy (FESEM) and energy dispersivex-ray analysis
(EDX) confirmed the evolution and finedistribution of TiC inthe matrix.
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INTRODUCTION

High spedificstrength, stiffnessand modulus, aswell
ashighwear resistance, makesAl based metal matrix
composites(MMCs) apotential materia for advanced
structura applicationg®S. In particul ar, the particul ate-
reinforced MMCs are of interest due to the ease of
fabrication, lower manufacturing cost with isotropic
properties. The particulatereinforced compositesare
conventiondly prepared, either by powder technology
or by liquid metalurgy, wheretheceramic particlesare
directly incorporatedinto solid or liquid matricesre-
gpectively. However, metad matricesreinforced within-
stuformed ceramic particlesareemerging group of dis-
continuoudly reinforced compositesthat have distinct
advantagesover theconventional composites®2., Both

liguid and solid state processes are being studied to
produce in-situ particle composites based on metal
matrices. Inliquid state processes, solid/ liquid/ gas-
eous phasesareintroduced into aliquid metal/aloy to
react with thebase metd or itsaloying e ementsto pro-
ducethereinforcement. In asolid-state process,; ele-
ments/compounds are blended, compacted and heated
at asd ected temperatureto formthedesired reinforce-
ment. Both techniquesproduce very finereinforcements
in the matrices. Mechanical propertiesof thein-situ
compositesare comparablewith or better thanthe con-
ventiona composites?. Al-based MM Cswith ceram-
ics(SIC,AlLQ,, TiCand TiB,)!*¢'4 asreinforcement
have beenwiddy studied. TiCisparticularly attractive
duetoitshigh hardness, e astic modulus, low density,
good wettability with molten aluminum and itslow
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chemica reactivity.

Therearevariousin-situ production methodsfor
TiCreinforced duminum bassd composites. Oneaof them
issalf-propagating high-temperature synthesis (SHS),
which provides anumber of advantages for making
composites; such aslow energy requirement, cost-ef-
fectivenessand high productivity. It produces high pu-
rity productsand hasthe possibility to control their struc-
ture and propertied**4, Considerable work has been
donetoinvestigate SHSin aluminum meltsfor Al-Ti
andAl-Ti-B grain refiner fabrication*>%. [t wasshown
that microstructure and properties of the synthesized
product could be controlled through SHS parameters,
suchasinitid melt temperaure, particlesizeof thepow-
ders, stoichiometric ratio, compact density and flux
addition. Al-TiC composites are particularly adaptable
to SHSprocess dueto the highly exothermic reaction
between Ti and C. Dong et a1 studied the effect of
green compact density on SHSreactionin NiAl and
reported that reaction mechanism dependson charac-
teristicsof Al particleszeand iscompletely different in
nano and micron size particles. He found the T,8s
320°'C for acompact density of 90%in 40 nmAl nano-
powder, produced by wiredectrical explosions. This
work aimsto in producing Al-TiC composites using
SHStechniqueinliquid duminum.

EXPERIMENTAL DETAILS

Materials

In present study, al uminium ingot of commercial
purity (99.5%) fromHinda co (india) chemica compo-
sition of (0.40%Fe, 0.25%Si, 0.05%Mg, 0.05%Mn,
0.05%Cu, 0.05%Cu, 0.03%Ti, and balanceAl) was
used asamatrix material. Mechanically blended Al—
Ti—C powder in the form of compact pellet was taken
asreinforcement. The pellet was madefromAl powder
of averagesize A40 um (Himedia, India), Ti powder of
averagesize A20 um (Alfa Aesar, UK), and graphite
powder of averagesize 8-10 um (Himedia, India).
Compositeprepar ation

The preformswere made from commercial pow-
dersasmentioned above. Thereectants(powders) were

mechanically blended usingaball mill. Theresultant
mixturewas pressed into cylindrical compactsof 20
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mm diameter and 15 mmlength, usng astainless-stedl
diewith two plungers and was pressed between 110
140 MPa About 1 kg of a uminum (commercia ingot
with ~99.6% purity) was melted inan electricresis-
tance bottom-pouring furnace at 800°C under argon
atmosphere. 60 g of the pellet of varying density was
added tothemet. After 20 minutes, themelt wasstirred
at 600rpmfor 15minusingastainlesssted impellerto
facilitateincorporation and uniform distribution of in-
gtuTiCintheAluminum matrix. Subsequently, TiC par-
ticleswereformed in theliquid auminum because of
SHSreaction. Aluminum matrix compositeswere pre-
pared by melt stirring, followed by metd die-casting.

Density measur ements

Thedengty of compacted pellet wasmeasured using
Archimedes’ principle on three randomly selected pol-
ished samplesof Al-TiC composites. Distilled water was
used astheimmersion fluid. The pellet sampleswere
weighedinar andimmersedindidtilledwater. A sstorius
electronic balancewith an accuracy of 0.0001 g was
used for recording theweights. Theoretica dengitiesof
the sampleswereca cul ated using rule-of-mixtures.

Microstructural characterization

Microstructural characterization studieswerecon-
ducted on metall ographically polished samplestoin-
vestigate morphological characteristicsof grainsand
secondary phases and distribution of reinforcement.
HITACHI-S-3400(SEM), Nickon LV-150Metallo-
graphic optical microscopeand Scetist Image analyzer
were used for this purpose. The etching solution was
made using 95 mL water, 25mL HNO,, 1.5mL HCI,
1.0mL HF (Keller’s reagent) to reveal the grain bound-
ariesfor microgtructura anayss.

X-ray diffraction and raman spectr oscopy studies

X-ray diffraction and Raman spectroscopy studies
X-ray diffraction analysiswas carried out on the pol-
ished castingot of Al-TiC composite samples using au-
tomated DM AX3C rotary-target X-ray diffractometer.
Thesamples(20x 15x 2.5 mm) wereexposed to CuK |
radiation (k = 1.54056 A) at a scanning speed of 2°/
min. The Braggangleandthevauesof inter planar spac-
ing (d) obtained were subsequently matched with the
standard valuesfor Al-TiC and related phases. Raman
spectrahave a so been recorded on the same polished
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Figurel: DTA curvesfor themixtures(a) carbon- titanium (with amolar ratio of C/Ti=1.0) (b) aluminum—carbon (with a
molar ratio of Al/C =4/3) (c) aluminum-titanium (with a molar ratio of Al/'Ti=3.0) and (d) titanium—carbon-aluminum (with a
molar ratio of Ti/C=1.0 mixed with 40% wt Al) heated at 20°C /min in nitrogen atmosphere.

surface using Micro-Raman Spectroscopy (Renishaw
inviaUK). The spectrawere recorded in therange be-
tween 750 and 2000 cm with an acquisition time of
50 x 5s and the spectraweretaken from at |least five
different particles so asto examinethe homogeneity of
thecomposite.

The preformswere made from commercial pow-
dersgivenin TABLE 1. Thereactants (powders) were
mechanicdly blendedusngabdl mill. Theresultant mix-
turewas pressed into cylindrical compactsof 20 mm
diameter and 15 mm length, usingastainless-sted die
with two plungersand was pressed between 110-140
MPa. About 1 kg of duminum (commercid ingot with
~ 99.6% purity) wasmelted in an el ectric resistance
bottom-pouring furnace at 800°C under argon atmo-
sphere. 60 g of the pellet of varying density was added
to the melt. After 20 minutes, the melt was stirred at
600 rpmfor 15 minusing astainlesssteel impeller to
facilitate incorporation and uniform distribution of in-
StuTiCintheAluminum matrix. Subsequently, TiC par-
ticleswereformed intheliquid a uminum because of
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SHSreaction. Aluminum matrix compositeswere pre-

pared by melt stirring, followed by metal die-casting.

The as-cast ingots were sectioned, polished, and ex-

amined using optical microscopy (OM) andfiddemis

sion scanning el ectron microscopy (SEM) (Zeiss Su-

pra-55). Phaseidentification was carried out using X -
ray diffraction (XRD) - DMAX3C rotary-target X-ray
diffractometer with Cu-ka radiation (A=0.15418 nm)

and Micro-Raman Spectroscopy (Renishaw invia
U.K.). TheRaman spectrawererecorded using a514-

nm radiation of anAr laser excitation.

RESULTSAND DISCUSSION

Reaction mechanism and phase study

Theinteraction mechanism between thecomponents
of theAl-Ti-C systemwasstudiedusng DTA andysis
(Figurel) in nitrogen atmospherewith ahesting rate of
20°'C/min. Thesampleswereheated upto 1000°C. The
samples used for DTA measurement were then sub-
jectedto XRD, inorder to ascertainthe phasesformed
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Figure2: XRD pattern of themixture(a) car bon- titanium (with amolar ratio of C/Ti=1.0) (b) aluminum-carbon (with a molar
ratio of Al/C =4/3) (c) aluminum-titanium (with a molar ratio of Al/Ti=3.0) and (d) titanium—carbon-aluminum (with a molar
ratio of Ti/C=1.0 mixed with 40% wt Al) heated at 20°C /min in nitr ogen atmosphereto 1000°C.
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Figure3: Plot of preform compact densityvsTig of SHSreaction

during the DTA measurements (Figure 2). TheDTA  tern (Figure2) showing titanium and carbon pesks. Fig-
curveinFgure 1(a) show no reaction betweentitanium  ure 1(b) shows an endothermic peak at 660°C, which
and carbon, whichiscorroborated fromthe XRD pat-  correspondsto Al melting. The corresponding XRD

—— P plericly Seience
ﬂa?MaW



458

Study on in-situ synthesis of AL-TiC composite by self propagating high

MSAIJ, 12(12) 2015

Full Poper e

m Carbon

Intensity(a.u.)

| T
1000 1250

I

|
1500 1750 2000

r =1
Wave numbericm™)
Figure4 : Raman spectra of Al-TiC composite made using the Al-Ti-C preform of compact density (a) 70% (b) 75% of

theor etical density (Compact preheat temper atur e=450°C).

ll m

Figure5: Optical mlcrograph of AI-TiC composteprepared form thepreform compacted density (a) 65% (b) 75% (Compact

preheat temper ature=450°C).

pattern show Al and carbon peaks. Theresults show
that the exothermicreaction between Al and Cand Ti
and CtoformAl,C,and TiC respectively hasnot taken
placeuntil 1000°C. The DTA measurement for Al-Ti,
with amolar ratio of Al/Ti =3 (Figure 1(c)) show two
peaks,; aendothermic peak at 660°C (Al melting) and
an exothermic peak at 760°C. The XRD measurement

showsthe presence of Al . Ti pesksaong with Ti pesks.
Hence, the exothermic signa observed fromthe DTA
measurement referstotheformation of Al [ Ti. There-
sultssuggest that AL Ti formationismorefavorablein
theAl-Ti—C system. Figure 1(d) show an endothermic
at 660°C (Al melting) and two exothermic peaks at
740°C and 760°C, corresponding to AL, Ti and TiC for-
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Figure6: EDX spectraof theTiC particlereinforced in Al matrix.

mation respectively. From DTA measurements, it can
be suggested that a uminum servesnot only asadiluent
but also as an active reactant and participatesin the
SHSreaction*¥. The addition of aluminum kindlesthe
TiCformationinAl-Ti—C system!?”,

Effect of compact density on ignition temperature

Theeffect of compact density onignitiontempera:
ture(T, g) of the preform and thefabrication of Al-TiC
compositeswere studied. In order to study the T, . of
the compact, the compact was kept in atube furnace
mai ntained under argon atmosphere. Thehesating of the
preformwascarried out at avery Sow rate of 3-4°C/
min. Thetemperature of the pellet was measured by a
thermocouple, placedjust below thepellet. The T,  Was
characterized by asudden rise in temperature of the
pellet, followed by temperature drop. Preform with
theoretical densitiesof 68, 70, 75, 80, and 85%, were
prepared by cold pressing and were used in thisstudy.

A plot of preform density against ignitiontempera-
tureisshownin Figure 3. It showstha withincreasein
compact density, the T, . of the SHSreaction decreases
and it becomes amost constant for compact densities
between 75% to 80% of theoretical density. Whenthe
compact density isincreased from 80%, the T, . raises
again. Thecurvea so revealsthat ignition does not oc-
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cur, whenthe compact dengity fallsbel ow 68% of theo-
retical density and hence no SHSreaction. If thepre-
formisporouswith low density, the capillary spreading
of thealuminumwithintheporesislocaized, wherethe
liquid phase existsand hencethe particlesare not com-
pletely covered by theliquid melt® and dsolessnum-
ber of contact between the particles, less exothermic
hest released™, whichwould not sufficient to start the
SHSreaction. Inthe other case, when thepreformis
dense (high compact density) hesat released issufficient
but the capillary spreading and the particlerearrange-
ment is confined to closed poresamong the particles
andisnot distributed throughout the pellet!*” the reac-
tion does not propagate in the pellet. In both of the
above conditions, the SHS reaction does not proceed
throughout the compact and islocalized. Therefore
optimum compact density isessentia to propagatethe
reaction throughout the compact for homogeneousdis-
tribution of thein-situ formed second phase particles
(TiC). At the optimum compact density the heat re-
leased fromthefirst step™@ of the combustion reaction
[AI+3Ti->ALTi......... (1)]is enough to start the sec-
ond stepreaction[TiAl ,+ C—» TiC+3Al ....(2)] and
capillary spreading throughout the preform providesthe
shortest diffusion path to propagate thereaction.
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Figure7: EDX map of theAl-TiC compositeshowingdistribution of thedementsin thematrix. (Compact preheat temper ature

=450°C and density =80%).

The characteristic Raman spectraof the Al-TiC
compositesfabricated usng pre-heated preformat 70%
and 75% compact densitiesisshownin Figure4. When
the compact density is 70%, high intense peaks of
unreacted carbon were observed at wave numbers 1320
and 1590 cm. The peaksreducedrasticaly ininten-
sity, when the compact density isincreased to 75%.
Reduction of the peak intensity showsthat concentra-
tion of free carbon decrease in the preform. Above
observation demonstratethat second step of the com-
bustionreaction [TiAl .+ C—» TiC+3Al .... (1)] takes
placeat higher preform dendty, resultingintheforma
tion of TiC. The spectrado not show any titanium and
aluminium peaksbecausethey do not have Raman ac-
tivevibrationa modes. It can beconcluded thet, & lower
compact density, some part of the heat released from
first step reaction may bedissipated invoidsand pores
and remaining heat isnot sufficient to start the second
stepsof thereaction. Asaresult, the preform dissolves
intheAl melt before TiC formation, whichisnot the
casefor preformwith high compact density.

Optical and scanning electr on microscopy

As-cast optica micrographsof thecompositesfab-
ricated using preform of two different compact densi-
tiesareshowninFigure5(a) & (b), where Figure 5(a)

Woterioly Stience - mm—

shows the microstructure of the composite prepared
using the preform of 65% compact density. Themicro-
structure shows carbon patches along with sometita-
nium segregation, which suggestsno reaction hastaken
placeinthemelt. The preform dissolvesinthemet and
remainsinitselementa form. Thedensity of the com-
pact (65%) wasnot sufficient for theignition of the SHS
reaction to takes place as described in section 3.2.
When thedensity isincreased to 75%, finedistribution
of TiICwasobservedinthematrix asshownintheFig-
ure 5(b). Apart from TiC no other phases were ob-
served inthematrix, indicating thecompletion of SHS
reaction. The EDX of the composite sampleshownin
Figure6 confirmsTiC particleinthematrix. TheEDX
map in Figure 7 of the composite showsthe distribu-
tion of the different element in the composite, which
further strength the claimsfor thefinedistribution of
TiC particlesinthematrix.

CONCLUSIONS

In-situ Ti C parti culatereinforced a uminium matrix
compostewas successfully synthesized usng SHSpro-
cess. Thereaction mechanism between elemental Al-
Ti-C powder shows, that Al actsasdiluent aswell as
activereactant and participatesin the SHS reaction.
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Further experimental result showsthat compact den-
sity hassignificantroleon theTigof the preform. Pre-
form with compact densities between 75% - 80% of
theoretical density wasfound to be optimum for suc-
cessful SHSreaction and to haveuniform TiC particle
digtributioninAl matrix.
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