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Fabrication of in situ TiC reinforced aluminum
matrix composites
Part | Microstructural characterization

X. C. TONG
Department of Materials Science and Engineering, The University of Michigan, Ann Arbor,
Michigan 48109-2136, USA

In the present work traditional ingot metallurgy plus rapid solidification techniques were
used to in situ produce Al-TiC composites with refined microstructures and enhanced
dispersion hardening of the reinforcing phases. Microstructural characterization of the
experimental materials were comprehensively done by optical, electron microscopy and
X-ray diffraction. The results show that the in situ synthesized TiC particles possess a
metastable fcc crystal structure with an atomic composition of TiCog and a lattice parameter
of 0.431 nm. The typical ingot metallurgy microstructures exhibit aggregates of TiC particle
phase segregated generally at the «-Al subgrain or grain boundaries and consisted of fine
particles of 0.2-1.0 um. After re-melting of the ingots and hence rapid solidification, the
microstructures formed under certain thermal history conditions contained uniform
fine-scale dispersion of TiC phase particles with a size range of 40-80 nm in an Al
supersaturated matrix of 0.30-0.85 um grain size. In the most case these dispersed TiC
particles have a semi-coherent relationship with the «-Al matrix. © 17998 Kluwer Academic
Publishers

1. Introduction at the matrix-reinforcement interface. The reinforce-
Aluminum-based metal matrix composites (MMCs) ment surfaces are also likely to be free of contamina-
have a high potential for advanced structural applition and therefore a stronger matrix-dispersoid bond
cations when high specific strength and modulus asan be achieved. Some of these technologies include
well as good elevated temperature resistance are inBIMOX™ XD™ reactive gas infiltration, high tem-
portant [1-5]. In particular, the particulate-reinforced perature self-propagating synthesis (SHS) and liquid-
MMCs are of more interest due to their ease of fab-solid or liquid-liquid reactions [10-15]. Both Al-TiC
rication, lower costs, and more isotropic properties. Itand Al-TiB, composites and composite powders with
is widely recognized that the properties of MMCs areup to 40 vol % of fine (1um or less) reinforcement
controlled by the size and volume fraction of the re-were reported to have been successfully produced by
inforcement phase as well as the nature of the matrixthe XD'™ and SHS processes [10, 13]. Infiltration of
reinforcement interface: an optimum set of mechanical carbonaceous gas in a molten Al-Ti alloy was found
properties tends to be obtained when fine and thermallguitable to form Al-TiC composites with a fine rein-
stable ceramic particulates are dispersed in a metal méercement size (0.1-@m) at low to moderate volume
trix. Traditionally, MMCs have been produced by suchfractions (less than 15%) [16, 17].

processing techniques as powder metallurgy, preform Among the several techniques available to synthesize
infiltration, spray deposition, mechanical alloying and MMCs, the solidification processes where the reinforc-
various casting technologies, e.g. squeeze casting, rheing particles are formeh situin the molten aluminum
casting and compocasting [3, 6—9]. Such technology igrior to its solidification are particularly attractive due
based on the addition of the particulate reinforcemento their simplicity, economy and flexibility. The judi-

to the matrix materials which may be in molten or pow- cious selection of solidification processing techniques,
der form. In this case the scale of the reinforcing phasenatrix alloy compositions, and dispersoids can pro-
is limited by the starting powder size, which is typically duce new structures and impart a unique set of use-
of the order of microns to tens of microns and rarely beful engineering properties to the composites that are
low 1 um. In recent years novel processing techniquedglifficult to obtain in conventional monolithic materi-
based on thim situproduction of MMCs have emerged. als. Specifically, the solidification conditions that are
In situtechniques involve a chemical reaction resultingpresent during processing play an important role in dic-
in the formation of a very fine and thermodynamically tating the microstructure and the mechanical and phys-
stable reinforcing ceramic phase within a metal matrix.ical characteristics of MMCs. For example, the den-
As aresult, this provides thermodynamic compatibility drite arm spacing [18, 19], solute segregation [20, 21],
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and distribution of reinforcing phases [22, 23] presentC : Ti ratios in the Al-Ti-C alloys. The Part Il and Part
in MMCs have all been shown to critically depend on 1l will give in situsynthesis mechanism of TiC and its
the solidification conditions present during processingevolution during rapid solidification, and mechanical
However, microstructure refinement arising from rapidproperties of the Al-TiC composites, respectively.
solidification processing (RSP) offers a potential av-
enue to alleviate the solute segregation and enhance the
dispersion hardening by substantially reducing the siz. Experimental
scale of the reinforcing phases and modifying their dis-The synthesis of the composites was carried out firstly
tribution in the aluminum matrix [24]. Therefore, the by ingot metallurgy and then rapid solidification.
concept of combining the advantages of both MMCsMaster material ingots were prepared from a mix-
and RSP seems significant for the development ofure of Al(99.9%), Ti(99.7%), and graphite powder of
novel materials with improved physical and mechanicah0-50um average particle size in a graphite-lined in-
properties. duction furnace, with a blanket of argon gas over the
In the present work, traditional ingot metallurgy plus melt. Initially the mixture was melted and upon reach-
rapid solidification techniques were usedrigitupro-  ing the processing temperature of 1373-1473 K in one
duce Al-TiC composites (including situ TiC rein-  hour, the temperature was increased to 1573-1623 K
forced Al-Si and Al-Fe based composites) with refinedholding 10 minutes and subsequently direct chill cast
microstructures and enhancing dispersion hardening ahto ingot bars with a diameter of 12 mm. Typical com-
the reinforcing phases. The incorporation of these carpositions of the ingots are given in Table I.
bides formedn situinto a high strength or an elevated- Chemical analysis (except for carbon) of the master
temperature alloy system offers the advantage of iningots was done by a wet method. Carbon was deter-
creasing the modulus and strength of the base alloynined by an automatic combustion apparatus, wherein
over and above that possible through conventional techthe sample is combusted in a stream of oxygen and the
nigues, while still maintaining a relatively low volume carbon of the specimen is converted into £@hich
fraction to preserve the fracture toughness and elongas then fed into a measuring chamber, where the con-
tion. This paper (Part 1) gives a particular attention tocentration peak is detected with a non-dispersive spec-
the characterization of the microstructure with varyingtrometer. The linear signal is integrated and displaced

WL%TI

Figure 1 lllustration of an isothermal section of the Al-rich corner at 1573 K in the Al-Ti-C system.

free side

wheel side

50 ym

Figure 2 Optical micrograph of the cross-section of an rapidly solidified Al-4Ti-0.65C ribbons. No evident difference in the morphology of the grains
between the wheel side and the free side of the ribbon.
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TABLE | Typical compositions of Al-TiC composites, wt % (at %)

Master C:Ti

ingots Ti C Fe Si (at %)
Al-4Ti-0.65C 3.68(2.13) 0.65(1.49) 0.30 0.13 0.70
Al-7Ti-0.65C 7.23(4.25) 0.65(1.53) 0.30 0.13 0.36
Al-10Ti-1.2C  10.16(6.01) 1.15(2.58) 0.30 0.14 0.43
Al-12Ti-2.0C  12.01(7.10) 1.96(4.62) 0.34 0.14 0.65
Al-5Ti-1.0C 5.02(2.91) 1.04(2.33) 0.30 0.13 0.80
Al-6Ti-2.0C 6.07(3.48) 2.06(4.63) 030 0.13 1.33
Al-9Ti-3.0C 8.75(5.09) 2.85(6.76) 0.30 0.13 1.30

digitally after weight compensation and blank value
correction.

Rapidly solidified samples were prepared in ribbon
form by chill block melt spinning. A charge of 20 gram
ingots was contained in a quartz crucible, and heated
using high-frequency induction. A calibrated pyrome-
ter was used to monitor melt temperatures. When the
temperature rose to a given value (1623 K for 5 min-
utes), the melt was ejected through an orifice by argon
gas at a pressure of 55 kPa onto the surface of a copper
wheel rotating with a surface velocity of 30 m/s. The

(d)

001

Figure 3 Direct chill casting microstructures of the Al-4Ti-0.65C ingot exhibits some needle-liK€i pbrticles and another TiC particulate phase
segregated generally at the grain boundaries (a); SAED (b) and CBED (c) patternsdflAl); a series of diffraction patterns from TiC phase
within the unit stereographic triangle (d).
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Figure 4 TEM microstructures of the rapidly solidified Al-4Ti-0.65C ribbons (a); EELS analysis data of thg TiRase (b) and-Al matrix (c); a
series of microdiffraction patterns from the figphase and the-Al matrix within the unit stereographic triangle (d).
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resultant ribbons were approximately 7048 thick  the AI-TiC materials have different microstructures for
and 5 mm wide. various C : Ti atomic ratios, as will be shown later.
Samples for transmission electron microscopy
(TEM) were punched mechanically from the ribbon and
thinned to perforation by twin-jet electropolishing in a 3.1. Al-4Ti-0.65C
solution of 10 vol % perchloric acid, 10 vol % glyc- The direct-chill-casting microstructures of the Al-4Ti-
erin and 80 vol % ethanol. TEM examinations were0.65C (zone A, C:T&0.70) ingot exhibited some
performed in a JEOL-2000FX transmission electronneedle-like particles and another particulate phase
microscope equipped with a Link AN-10000 energy Which segregated generally at the grain boundaries, as
dispersive X-ray spectrometer (EDS). Electron energyghown in Fig. 3a. The former phase was identified as
loss spectroscopy (EELS) analyses were carried oldrimary AlTi (Fig. 3b and c); the latter phase consisted
in a Philips CM12 transmission electron microscopeof agglomerates of fine particles usually of 0.2—1r0
equipped with a GATANG66 spectrometer. Standard-size, and identified as TiC with the fcc crystal structure
less quantitative microanalysis was carried out usindiaving a lattice parameter of 0.431 nm, as shown in
X-ray spectra acquired in scanning transmission elecFig. 3d. In each diffraction pattern no evidence of su-
tron microscopy mode and the energy dispersive x-ra)nerlattice reflections which should appear in the NaCl
analysis program THIN (EDAX laboratories, Prairie type crystal structure was found, indicating that the TiC
View, IL). The analysis were self-consistent and esti-formed in the present conditions might be a metastable
mated accuracy af10% on individual concentrations. disordered structure or the ordered domain sizes were
X-ray diffraction of the ingot and ribbon were car- toosmalltoallow single domain diffraction [27]. Mean-
ried out using Philips PW1700 instrument with CuK While, in order to determine the orientation relation-
radiation. ship between intermetallic particles &, TiC) and
Besides, standard metallographic techniques werthe «-Al matrix, diffraction patterns have been taken
employed to reveal the distribution of reinforcing from these phases which also are in both sides of the
phases and matrix phases. The volume fraction of thehase boundaries. No consistent orientation relation-
different micro-consistents (i.e., TiC, A, Al4Cs, ships were found between any of these intermetallic
a-Al, etc.) was obtained from a series of point countsphases and the matrix.
carried out in the optical and electron microscopes. In the rapidly solidified Al-4Ti-0.65C ribbons, as
The two-dimensional (2D) number density of approx-shown in Fig. 4a, the precipitation of /lli phase was
imately 1200 particles were counted in each casenhibited and TiC particles were refined and dispersed
These data were subsequently transformed into thregtniformly, with arrays of dislocation rings surrounding
dimensional (3D) densities using the Saltykov analysigachindividual TiC particles. The TiC particle diameter
[25]. The specimens used in the middle of each section
size in order to obtain comparable microstructural data
in each case.

(a)
3. Results and discussion
The synthesis sequence of TiC under ordinary solidifi- * Al .
cation conditions (near equilibrium) can be understood e o TIiC
schematically by an isothermal section of the Al-Ti-C

phase diagram shown in Fig. 1. This is an isothermal
section schematic of the Al-rich corner at 1573 K [26],
which can be divided into three zones. In the zone A,
the solidification microstructure consists of TiC parti-
cles and AdTi platelets due to unreacted Ti in the Al
matrix. Near the line B, the reaction (FiC— TiC) is
complete, i.e. all the Tiis consumed and the microstruc- o 1
ture should consist of TiC particles in the Al matrix. If (b) .
the overall composition is in zone C, in addition to
TiC, Al4C3 platelets will appear in the microstructure.
These platelets have been observed [17] and confirme
by the present work on the direct casting ingots. The .
rapid solidification of the ingots was found to produce °
arefinement of the microstructure insofar as the forma- °

tion of the coarse, segregated phases was replaced by ° 4
dispersion of irregular, spheroidal particles distributed M MJU
uniformly through nearly whole of the ribbon section. , \ ) , ) ,
A representative optical micrograph of the rapidly so-300 2300 400 500 600 700 80.0  90.0
lidified ribbons is shown in Fig. 2. There is no evident
difference in the morphology of the grains between the
wheel side and the free side of the ribbon. Howevergigyre 5 x-ray diffraction patterns of Al-4Ti-0.65C ingot (a) and
TEM study of the different ribbon samples revealed thatibbon (b).

o a—Al

o TiC

20 (deg)
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Figure 6 Direct chill casting microstructures of the Al-7Ti-0.65C ingot (a); rapidly solidified microstructures of Al-7Ti-0.65C ribbons (b), SEAD
patterns of~ Al4Ti[101] (¢) [100] (d) [1 1 1] and (e) schematic of the 4 &ubic superstructure (f), and EDS analysis pattern ofti#d4Ti phase
in the ribbon (g).

varied from 10 to 80 nm. Fig. 4b shows EELS analy-the ingot casting samples, the microdiffraction analyses
sis results of these TiC particles, exhibiting an atomicof «-Al matrix near all of the TiC particles in the rib-
composition of TiG g (the same as measured in the in- bons show that a cube-cube orientation relationship was
got casting samples [28]). Meanwhile, the EELS analpresent between TiC dispersoids and the matrix. And
ysis result (Fig. 4c) shows that the Ti and C contentamoreover, a disregistr§ between TiC and:-Al could
supersaturated in the-Al matrix were approximately be calculated ag = (0.431 — 0.405)/0.431=0.060.

0.6 at % and 0.3 at %, respectively. Fig. 4(d) shows arhis showed that the TiC phase has a coherent or near
series of microdiffraction patterns taken from the dis-coherent interface witt-Al matrix. Therefore, the TiC
persed TiC particles, also identified as fcc type crystaparticles may act as the active nucleation siteg-@f
structure with a lattice parameter of 0.431 nm. Unlike induring solidification. Meanwhile, these phases were
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confirmed by the X-ray diffraction analyses shown in
Fig. 5.

AMED, ALz ALY

Alcony

Tican
Al (222
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3.2. Al-7Ti-0.65C (a)
The increase of the Ti solute content in the Al-7Ti-
0.65C (zone A, C:Ti= 0.36) resulted in changes in
the microstructure. In the ingot castings, the number
of the needle-like AJTi particles increased, though the
distribution of the TiC particles is the same as that in
the Al-4Ti-0.65C (Fig. 6a). Meanwhile, the rapidly so-
lidified microstructure was composed of microgranu-
lars (0.30-0.7%m in diameter) with grain boundaries
decorated with fine, spheroidal intermetallic phase par- J J

ticles (20—-80 nm in diameter) while a few of these v v
particles remained in the-Al grains, as shown in Al
Fig. 6b. EELS and microdiffraction analyses indicated o 3 Ao . o
that these grain boundary particles were TiC with sim- ' z ’
ilar composition to the one in Al-4Ti-0.65C ingot and

ribbons. However, no consistent crystal orientation re-
lationship was found between most of these TiC parti-
cles and thex-Al matrix.

In addition to the TiC phase dispersions, the rapidly
solidified microstructure contained a coarser scale dis
persion of cuboidal particles. These particles were typ-
ically 0.1-0.3um in size and generally distributed on
eacha-Al grain in an individual single particle, as if — et
they formed as primary phase particles directly from3g o 400 50.0 60.0
the melt and played a role of heterogeneous sites o
a-Al phase during rapid solidification. EELS and EDS 26 (deg)
analysis of these particles indicate that they are only
comprised of Al and Ti elements, with an approximaterigure 7 x-ray diffraction patterns of Al-7Ti-0.65C ingot (a) and
composition of~ Al4Ti (Fig. 6g). Fig. 6¢, d and e show ribbon (b).
electron diffraction patterns from the cuboidal phase,
indexed as the ordered L trystal structure with a lat- the direct chill casting microstructure of the Al-5Ti-1C
tice parametepy ~ 0.404 nm [29]. Compared with ingot. A high volume fraction of TiC particles are dis-
the ingot casting, the formation of the equilibrium in- tributed within the matrix, while the Alli phase parti-
termetallic phase Alli was suppressed and replacedcles are no longer observed. This indicates that the so-
by the metastable- Al,Ti phase formed during rapid lute elements Ti and C completely reacted to form TiC
solidification. Moreover, the metastable cuboidal phasgarticles or some of them remained in solution. As that
particles share an identity orientation relationship andn the Al-4Ti-0.65C and Al-7Ti-0.65C ingots, the accu-

a low lattice misfit with thex-Al matrix phase. A dis- mulated TiC particulate phase comprised fine particles
registry$ betweern~ Al,Ti anda-Al can be calculated usually of 0.2-1.Qum size, in which the larger were
as$ =(0.404 — 0.405)/0.404=0.003, showing a co- polyhedral-shaped while the smaller were globular. The
herent interface relationship betweerAl4Ti and the  rapidly solidified microstructure was distinctly micro-
a-Al matrix. This seems to indicate that the heteroge-cellular in nature, as shown in Fig. 8b. However, the
neous sites at-Al phase are probabhy Al,Tiinstead  distribution of the dispersed TiC particles was similar
of TiC in the rapidly solidified Al-7Ti-0.65C ribbons. to that of the Al-4Ti-0.65C ribbons except the evident
And moreover, the slight difference of the lattice pa-increase in particle volume fraction. Moreover, the TiC
rameter values between Al4Ti and «-Al might re-  phase particles, located on both intercellular and intra-
sulted in that the~ Al4Ti phase could not been clearly cellular, all shared an identity orientation relationship
distinguished withw-Al phase in the X-ray diffraction  with thea-Al matrix phase. The phase mixtures of the
patterns, as shown in Fig. 7. Al-5Ti-1C ingot and ribbons were confirmed by X-ray

The microstructural characteristics of Al-10Ti-1.2C diffraction analysis, as shown in Fig. 8c and d.
and Al-12Ti-2.0C ingots and ribbons are the same as
the ones of the Al-7Ti-0.65C.

2200

TiC¢

TiC:(222)

TiC31D)
ALTIC116)

At Ticzoon

AL T2
AlLTi204)

%’ A
E/\T,Ti CH03)

L/\la’l'i(lln)

TiC2

(b)

T

TiCe22m

g(?(lﬂll

"

80.0

70.0

3.4. Al-6Ti-2C

As the atomic ratio C: Ti is increased up to 1.33, simi-
3.3. Al-5Ti-1C lar microstructural characteristics to the AI-5Ti-1C al-
The increase of both the Ti and C contents up to adoy are observed except for the appearance @fCAl
atomic ratio C: Ti= 0.80, which corresponded to the phase patrticles. In the direct chill casting ingots, as
atomic composition of the Tigg formed in the com- shown in Fig. 9a, a high volume fraction of accumu-
posites, produced predictable results. Fig. 8a exhibittated TiC particles is distributed in tlke Al matrix and
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Figure 8 Direct chill casting microstructures of the Al-5Ti-1C ingot (a); rapidly solidified microstructures of Al-5Ti-1C ribbons: bright field (b) and
centered dark field (c); and X-ray diffraction patterns of Al-5Ti-1C ingot (d) and ribbon (e).

the AI4C3_phqse plates appeared n tsome regions 0'T'ABLE Il The volume fractions (vol %) of TiC, AJTi and AlsCz in
a-Al matrix. Fig. 9b shows that the microstructure of ye pc casting ingots of the experimental materials

the Al-6Ti-2C ribbons are similar to those of the Al-

5Ti-1C ribbons except a higher volume fraction of dis- Master ingots C:Ti (at%) TiC AlTi Al4Cs
persoid particles are present, which include mostly TiC, . o 070 85 34 -
and some r_emalned #C3 phase particles. Most qf TiC  AL7Ti-0.65C 0.36 75 93 _
phase particles have an exact crystal orientation relaal-10Ti-1.2¢C 0.43 10.0 20.0 —
tionship witha-Al matrix. The above results were con- Al-12Ti-2.0C 0.65 18.0 16.0 —
firmed by X-ray diffraction analysis, as shown in Fig. 9¢c A-5T-1.0C 0.80 145 - —
Al-6Ti-2.0C 1.33 16.0 — 8.5

and d. In the same C : Ti atomic ratio, much higher vol-

ume fraction of TiC could be obtained in the Al-9Ti-3C A-oTI3.0C 130 250 _ 90
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Figure 9 Direct chill casting microstructures of Al-6Ti-2C ingot (a); rapidly solidified microstructures of Al-6Ti-2C ribbons: bright field (b) and
centered dark field (c); X-ray diffraction patterns of Al-6Ti-2C ingot (c) and ribbon (d); and the optical image of direct chill casting micr@structur
of Al-9Ti-3C ingot (e).

by raising the amount of both Ti and C, as shown inthe Fullman’s theory [30] for a polydispersed sys-
Fig. 10. tem of spheres, the measured 2D diametds¥ ¢an
The key quantitative analysis results of the abovebe converted into 3D valuesl() through the relation
experimental materials from the microstructures ared, = d/2, therefore, it is possible to estimate the total
summarized in Tables Il and Il for the direct chill number of particles per unit volumal{) when the par-
casting ingots and RS ribbons, respectively. Based oticle volume fraction is measureblt, = 6V; /[7(d,)3].
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TABLE Ill Key results of microstructures of the RS materials

Matrix grains TiC particles AJTi Al 4C3
Materials dm Crig Ced da dy N, Vi Vi Ny Vi
Al-4Ti-0.65C 0.65 0.6 0.3 60 94 12 x 1011 7.5
Al-7Ti-0.65C 0.53 1.0 0.3 50 79 .82 x 1011 6.5 10.7 118 x 1010
Al-10Ti-1.2C 0.55 0.6 0.3 B2 x 1012 15.5 10.7 118 x 1010
Al-12Ti-2.0C 0.55 0.6 0.3 23 x 1012 28.0 10.7 118 x 1010
Al-5Ti-1.0C 0.55 0.3 0.3 40 63 .03 x 1012 135 0.03
Al-6Ti-2.0C 0.45 — <0.3 36 57 165 x 10'2 16.0 8.80

*d, = wd/2, N, = 6Vt /[7(d,)3][30]. da: arithmetic mean 2D particle diamete;: arithmetic mean 3D particle diametek;: mean matrix grain
diameter;V : particle volume fractionN,: number of particles per unit volum€;q: solute of species i in the matrix.

4. Conclusion 4,
Combining the advantages of ingot metallurgy, rapid >
solidification andn situsynthesis of composites, a kind
of innovativein situ processing of Al-TiC composites
has been developed by optimizing selection of materialg.
compositions and processing parameters. The impor-

tant observations are listed below. 9.

10.
11.

1. In the ingot metallurgy and rapidly solidified 12.

Al-TiC composites, a single Ti§g phase distribution in
the matrix has been formed when the initial C: Ti ratio
is in the vicinity of 0.8. Then situ synthesized Tigs
particles possess a metastable fcc crystal structure with
a lattice parameter of 0.431 nm. If the C:&i0.8,
the second phase is composed of the TiC particulate
phase and the needle-like Al particle phase or cubic
~ Al 4Tiparticle phase in the rapidly solidified samples;

if the C:Ti>> 0.8, the second phase consists of TiC1s.

phase and needle-like AT3; phase and the volume frac-
tion of TiC particles increases from 8.5 to 16.0 vol %
(even up to 20.0 vol % in ingot Al-TiC composites)
with increasing the initial C, Ti contents.

2. The typical microstructures of ingot metallurgy

Al-TiC composites exhibit the agglomerated TiC phase21.

which accumulates at tle Al subgrain or grain bound-
aries and consists of fine particles of 0.2—4@, in

which the larger has a polyhedral morphology while s

the smaller is round or globular.

3. In comparison, the typical rapidly solidified mi- 24.

crostructures formed under certain thermal history con-
ditions consist of a uniform fine-scale dispersion of TiC
phase particles with size of 40-80 nm in @Al su-
persaturated matrix of 0.30—0.853n grain size and the

TiC dispersed particles generally have a semicoherer?6.

relationship with thex-Al matrix.

28.
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