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TiC and TiB, particles have been spontaneously incorporated into commercial purity
aluminum melts through the use of a K-Al-F-based liquid flux that removes the oxide layer
from the surface of the melt. The combination of spontaneous particle entry and close
crystal structure matching in the Al-TiB, and Al-TiC systems, results in low particle-solid
interfacial energies and the generation of good spatial distributions of the reinforcing
phase in the solidified composite castings. The reinforcement distribution is largely
insensitive to the cooling rate of the melt and the majority of the particles are located within
the grains. Modulus increases after TiC and TiB, particle additions are greater than those
for Al,O3 and SiC. It is thought that interfacial bonding is enhanced in the TiC and TiB,
systems due to wetting of the reinforcement by the liquid and particle engulfment into the
solid phase. TiC-reinforced composites exhibit higher stiffnesses and ductilities than
TiB,-reinforced composites. This has been attributed to stronger interfacial bonding in the
Al-TiC system, due to the increased tendency for nucleation of solid on the particle
surfaces. © 1999 Kluwer Academic Publishers

1. Introduction barriers, often referred to in terms of the wettability.
1.1. Manufacture of metal matrix Mechanical barriers can be significantly reduced by the
composites use of fluxes, gas shields or by processing in a vacuum.

There are several techniques available for making met&Dvercoming thermodynamic barriers is more difficult.
matrix composites (MMCs) ranging from powder met- Most ceramic reinforcements are considered to be non-
allurgy methods to casting. One of the most economwetting with respectto liquid aluminum at temperatures
ically attractive is the cast route which employs nearbelow 900°C especially when melt surface oxide films
standard foundry practice. This inexpensive processare present. Wettability is often defined in terms of a
when coupled with a small percentage increase in masontact angle less than 9fdr a liquid droplet on a ce-
terial cost, makes it a competitive approach for certairramic substrate as determined by the sessile drop test
lightweight structural and wear-resistant parts. [1-3].

Problems such as the incorporation of particles into To overcome thermodynamic barriers, and to some
the melt and, in particular, the generation of particleextent mechanical obstacles to particle entry, melts are
clusters during solidification processing, present sigoften vigorously stirred, the aim being to create a vor-
nificant obstacles to generating a wide range of highex whilst the reinforcement is added to, or below, the
guality cast MMCs with properties to rival their pow- melt surface. It is assumed that once non-wetting parti-
der metallurgy counterparts. For most applications, ales have been introduced into the melt by this method,
homogeneous distribution of the reinforcing phase ighe high shear induced by stirring affects wetting by
desirable in order to maximize the mechanical propera mechanical action and thereby the particles are re-
ties. To achieve good particle dispersions, the mechdained in the melt after solidification takes place [4].
nisms preventing particles from being introduced intoThis technique is not without its drawbacks since the
the melt and causing them to cluster once in the meltprolonged, vigorous stirring also enables oxide skins,
need to be understood and overcome. gasses and contaminants to be entrained in the melt and

100% transfer of particles to the melt, or their retention
in the solidified matrix, is not guaranteed.
1.2. Particle incorporation Ithas been shown that by using a flux-casting method,
The obstacles to particle incorporation into the liquidseveral transition metal carbides and borides can be
melt are essentially two-fold. There are mechanical barincorporated into molten aluminum without stirring
riers, such as surface oxide films, and thermodynami¢5, 6].
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1.3. Particle redistribution TABLE | Particle sizes and sources for the reinforcements
If the ductility of the composite is to be maximized, nvestigated

particle clustering must be avoided so that regions of Average particle
high triaxial constraint, which promote premature void Density  size (and approx.
formation and failure, are not formed. To prevent parti-Particle  Source (kgm?)  size range)

cles clustermg tpggther as they collide in the I|qU|d,TiBz Advanced Refractories 4500 i (1-30.m)
the particle—liquid interfacial energy should be low Technology
[7], that is, the liquid should wet the patrticles. Poorly Tic London and Scandinavian 4900 1B (3-9.m)
wetting particles will, therefore, have a higher ten- Metallurgical Co. Ltd
dency to agglomerate and this can be aggravated by
the presence of gas bubbles introduced into the melt
by vigorous stirring, since the particles will tend to
attach and cluster at the lower energy liquid—vapou
interfaces.

To achieve a homogeneous distribution of reinforce-Base Alloy Reinforcement (vol %) Reinforcement type
mentin the solidified casting, particles mustbe engulfecg)9 200
. . . . . . 7% Al
in the primary matrix grains or dendrites during freez-gg 7o, a;
ing. Engulfment of the reinforcement means that the
particles are unlikely to be associated with brittle inter-
metallic phases and other particles in the interdendriti§13—15] that these particles grain refine Al and Al al-
and inter-granular regions. If engulfment takes placdoys and this is why they were chosen. The mean size,
it also suggests that reinforcement “wetting” has oc-density and source of these particulates are given in
curred and that the interfacial bonding between the parfable I. Reinforcements were added to commercial pu-
ticle and the solid matrix will be good [8]. Strong in- rity aluminum (approximate composition 99.7 wt %Al,
terfacial bonding is essential for effective load transferg.15 wt %Si, 0.15 wt %Fe). The different combinations
from the matrix to the particle, it has a profound effectof reinforcement and matrix investigated are outlined
on the stiffness of the composite and delays the onséh Table II.
of particle—matrix decohesion.

For particle engulfment to occur independently of L
interface growth conditions, the thermodynamic driv-2-3- Fabrication procedure
ing force for pushing [9, 10] should be eliminated. It Metal charges were heated in a tubg furnace to a tem-
has been remarked that for a particle to have an affinitperature between 75C€ and 800C in clay-bonded
for the growing solid and hence engulfment to be pre_SIC crucibles. The_relnforcement_powders were briefly
ferred, the interfacial energy conditions must be similatumble blended with an appropriate quantity of flux,
to those for nucleation of solid on a particle substrate® €nsure an intimate dispersion, prior to the powder
[11]. Since, via a direct thermodynamic approach, it ismixture being sprinkled onto_the surface of the mel'g.
difficult to predict which types of particles will be en- The charge was then left unstirred for between 2-5 min
gulfed, it seems sensible to assume that particles knowdllowing the flux to form a liquid and the reinforcement

to act as grain refiners for liquid metals are unlikely tot0 be transferred into the melt. The liquid flux, which
be pushed during freezing. floats on the melt surface, was then removed using a la-

dle. After cleaning, the charge was briefly stirred to ho-

mogenize the dispersion of the particles and then cast.

For these trials, composite melts of approximately 1 kg

were made. The entire fabrication process, from initial
ddition to the point of casting, took no longer than
5min.

TABLE Il Combinations of reinforcement type and volume fraction
Iéxamined

0,5, 10 TiB
0,5,10

51
51 TiC

1.4. Experimental aims

The aim of this experimental work is to produce Al-
matrix composites with uniform, un-clustered spatial
distributions of the reinforcing phase and to assess the
mechanical properties. It was hoped that this could b
achieved by facilitating spontaneous incorporation of

reinforcements that encourage grain refinement. 2.4. Casting of the composite

The fluidity of composites containing 10 vol % of par-
2. Experimental procedure ticle additions and below was not discernibly different
2.1. Wetting agent from that of the un-reinforced base metal and, as a re-
In order to facilitate the incorporation of reinforcing sult, melts could be cast into a variety of molds. For
particles into molten aluminum, a novel composite fab-the purpose of this investigation, charges were cast into
rication process was adopted [6, 12]. This techniquea wedge-shaped mold (75 mm wide, 130 mm high, of
uses a K-Al-F-based flux, which is a mixture of KAIF angle 16) to ascertain the effect of different cooling
and KsAlFg corresponding to the 45 mol % Adfeutec-  rates on the matrix microstructure and the distribution
tic composition in the KF-Alg system. of reinforcement in the solid.

2.2. Reinforcement and matrix

combinations 2.5. Metallographic examination
Two different types of reinforcement, TiBand TiC  Macroscopic sections were taken through the thickness
particles, were investigated. It has been establishedf the wedge, at the mid-point, along the full length of
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the casting, polished to reveal the macroscopic particland rapidly from the flux to produce cleaner com-
distribution and etched in Tucker’s reagent to observeposites. The entrainment of black flux inclusions into
the overall effect of particle addition on the grain the castings is apparent in Figs 1 and 2, in particular
structure. for TiBy-reinforced composites. Flux inclusions and
Samples for microscopic analysis were taken from
the mid-plane between 15 and 40 mm from the tip of the
wedge (where the cooling rate is greatest) and betweg
65 and 85mm from the tip. Metallographic sample
were polished and viewed in an optical microscope tg
reveal the particle distribution and anodized in Barker's
Reagent and viewed in a polarizing light microscope tg
reveal the grain structure. Grain sizes at the 20 an
70 mm positions were measured using a line interce
method from five random straight lines drawn on mi-|_ =
crographs of the specimens. Previous experimentatio
[6] has shown that the cooling rate of the melt is ap-
proximately 60 K s at the tip of the wedge, dropping
to 8,1 and 0.5 Ks! at positions 20, 70 and 85 mm from
the tip, respectively. This variation in the cooling be-
havior with position was assumed to be characteristig
of the mold and, therefore, reproducible from casting®
to casting.

2.6. Mechanical testing
Mechanical testing was performed on both 10 vol %+
reinforced composite and unreinforced samples takefs
horizontally, along the width of wedge castings, be-F&&
tween roughly 40 and 60 mm from the tip. The modulusgss

was measured and averaged over three loading cycl&sss P
using a twin strain gauge method outlined by Clyne et
and Withers [16]. The 0.2% proof stress, ultimate ten S
sile stress and ductility were also measured. The resul
in each case represent an average of a minimum of Sf§
testsamples. Densities of the base material and the corg
posites were measured using an Archimedian technigquUss
in order to determine the particle volume fraction anchts
from that, the particle yield. :

3. Results

3.1. Particle incorporation
When the flux was added to the surface of the molte s
Al a liquid was produced, which rapidly enveloped the™
reinforcement, enabling transfer of the particles to the:$
melt. It was impossible to incorporate TiEand TiC %
particles into Al in this way without the use of a flux, kK&
even using a moderate level of stirring. Whilst for both §sg
types of particles the density measurements in Tablj§
Il indicate that close to 100% of the particles added
were successfully incorporated, the TiC particles hac™
a slightly higher yield and separated more thoroughlyg

TABLE Il Composite densities (in kgTd), volume fractions and
yields

Density for  Density after  Calculated

0 vol % 10vol % volume Approximate .
addition addition fraction yield (%) )
O
Al-TiB, 2673 2843 0.093 93
A-TiIC 2673 2889 0.097 97 Figure 1 Macrographs showing the grain structure for (a) un-reinforced

Al, (b) Al-5vol % TiC, and (c) Al-5vol % TiB castings.
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TABLE IV Grain sizes (inxm) before and after particle additions

99.7% Al 5TiB, 10TiB, 5TiC 10 TiC

20mm 150042501 365420 260+30 75414 62410
from tip
70mm >4000" 560+80 475+65 112420 92+18
from tip

Tdenotes highly elongated structures.

macrostructure observed in a 5 vol % TiC composite, at
a position 40 mm from the wedge tip, and shows that
the grain structure is highly refined. This refinement
occurs over the full length of the casting. The grain
size measurements presented in Table IV indicate that
there is only a small variation in the grain size with po-
sition in the wedge casting. This table also illustrates
that as the volume fraction of particles added increases,
the composite grain size decreases. The grain size is
only slightly smaller after 10 vol % additions, suggest-
ing that at higher particle fractions a smaller proportion
of the particles act as grain nucleation sites.

3.2.3. TiBy-reinforced Al

The addition of TiB also causes grain refinement, as
shown in Fig. 1c. The grain size reduction is not as
great as that after TiC addition and data in Table IV
indicate that cooling rate influences the grain size more
significantly. This table also shows that higher particle
fractions produce increased refinement but again, as
is the case for TiC, the effect is not in proportion to
that caused by the initial addition. The presence of flux
inclusions is particularly clear in these macrographs
and it is apparent that there is more included flux in the
TiB,-reinforced system.

(b)

Figure 2 Macrographs showing the particle distribution in (a) 5vol % . . . .
TiC, and (b) 5 vol % TiB-reinforced composites. 3.3. Particle distribution

There was no significant macroscopic (long-range) TiC
] ) ) or TiB; particle redistribution associated with particle
porosity will lower the apparent density of the com- ,shing in from the side-walls of the mold in any of the
posites thus making the yields presented in Table lllgctioned wedges. Macrographs in Fig. 2 show this for
lower bounds and the actual values closer to 100%. 50| 9-reinforced composites. Particle distributions in
10 vol %-reinforced composites are presented at higher
3.2. Grain structure in the wedge castings magnification in Fig. 3 and it is clear from these micro-
3.2.1. Un-reinforced Al graphs that the TiC particles are more evenly spaced
The macrostructure of the un-reinforced casting variesind form far fewer large clusters.
strongly with position, increasing in size with distance
from the wedge tip. Grain size measurements presented
in Table IV indicate_tha}t the grain size is very large and 4. Relationship between particle
more than doubles in size between the frontandthe bac distribution and grain structure
of the wedge. Throughout the casting the grain struc- 4 1 Tic_reinforced Al
tureis highly_elo_ngated. T_he macrostructure around th‘fﬂ\s shown in Fig. 4, the distribution of the TiC reinforc-
40 mm position is shown in Fig. 1a. ing phase is relatively uniform and un-clustered, with
the particles being located mainly in, but also around,
3.2.2. TiC-reinforced Al the metal grains. In qualitative terms, the homogeneity
The presence of TiC particles results, as expectedyf the particle distribution does not vary significantly as
in considerable grain refinement. Fig. 1b presents théhe cooling conditions change, since the microstructure
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(b) (b)

Figure 4 Micrographs showing the grain structure in a 5vol% TiC-

Fi 3 Optical mi hs showing th ticle distribution i
gure ptical micrographs showing the particle distribution in (a) reinforced composite cooled under (a) fast, and (b) slow conditions.

10vol % TiC, and (b) 10 vol % TiB-reinforced composites.

is hardly affected by the cooling rate. The only de-Fig. 6b, and, although the Tiparticles are engulfed,
tectable feature is that at higher volume fraction addithey are not as evenly distributed as the TiC particles.
tions, as shown in Fig. 6a, a smaller percentage of the

particles stimulate grain refinementand hence asmalles g nechanical testing

proportion of them are |ocated at the center of the May,p|a v/ presents mechanical property data for samples
trix grains. Despite this, ther.e are very few large particley o, the wedge castings. As expected, the addition of
clusters or particle-free regions. reinforcement produces increases in strength and stiff-
ness over the base alloy at the expense of ductility. The
. addition of TiC patrticles produces composite mechan-

3.4.2. TiB;-reinforced Al , _ ical properties superior to those resulting from TiB
Fig. 5 shows that the majority of the TiBparticles 1 ricle addition. Both composites, however, retain a

and clusters have been engulfed within the large graingigp, jevel of ductility, particularly for cast material.
to produce a reasonably uniform, intra-granular dis-

tribution of reinforcement. There is a larger spread

in the particle size range for the TiBarticles, but both 4. Discussion

the largest and the smallest particles appear to be ed-1. Particle incorporation

gulfed. Once again changes in the cooling rate seem th is thought that the K-Al-F, cryolite-type, flux fa-
have little effect on the spatial distribution of the rein- cilitates particle incorporation by dissolving the oxide
forcement. As the particle fraction increases, howeverayer on the surface of the melt, as it is likely to have a
the tendency for agglomeration increases, as shown ihigh solubility for Al,O3 [17, 18]. The removal of the
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Figure 5 Micrographs showing the grain structure in a 5vol% FiB Figure 6 Optical micrographs for (a) 10vol% TiC, and (b) 10vol %
reinforced composite cooled under (a) fast, and (b) slow conditions.  TiB2-reinforced composites.

TABLE V Mechanical ies for th I [ . . - .
echanical properties for the base alloy and composites \\ vk the melt oxide layer removed, liquid aluminum

Modulus 0.2%P.S. UTS Ductility ~ Will wet both these ceramics.

(GPa) (MPa) (MPa) (%) In this study, a slight difference between the transfer
99.79% Al 69410 3342 6613 3740 ratesfor TiB and TiC particles was observed under oth-
09.7% Al 10-TIC 89410 6343 10546 2543 erwise identical conditions, TiC particles being slightly
99.7% Al 10-TiB, 8541.0 5144 8045 1842 more readily incorporated. This can be explained by im-
proved wetting of TiC by Al, since it has been remarked
melt oxide layer not only eliminates the mechanical ob-that compounds with less negative heats of formation
stacle to particle entry, but will improve particle—-melt wet better [20] (the heat of formation for TiC at 298 Kiis
wetting. The contact angle for Al on Tifis roughly ~ —184 kJ mot?! and that for TiB is —324 kJ mot? [21]).
150 at 690°C and 98 at 900°C when a surface oxide The enhanced affinity TiC particles have for the melt
filmis present [19]. Similarly, the wetting angle for TiC may also explain their improved separation from the
on an oxidized melt surface is 1218t 700°C [20]. This  flux and the cleaner composites that result from this.
suggests that spontaneous entry is impossible withougince the particles are of a similar size and density, it
fluxing agents. The contact angle for BiB reportedto  is unlikely that these factors contribute to significant
reduce to approximately 6at 800°C [19] and that for  variations in the incorporation behavior.
TiC to reduce to 10at 990°C, after the Al oxide film
has either been eliminated or disrupted [20], implying
that spontaneous entry is possible with the oxide bar4.2. Particle agglomeration
rier removed. The spontaneous transfer of,;ldBd TIC ~ The absence of extensive TiC agglomeration suggests
into aluminum melts when a flux is used confirms thatthat in this system the thermodynamics for adhesion
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are unfavorable. Small-scale clustering of Tigarti-  possible that under slower cooling conditions, and
cles was observed and this supports the postulate th&dr smaller TiB, particles, both short and long-range
molten Al does not wet TiBparticles as well as it wets particle pushing could occur.
TiC particles. More extensive agglomeration at higher The interfacial energy between the particle and the
particle fractions is due to the increased likelihood ofsolid metal seems to dictate the condition for engulf-
inter-particle collisions with greater numbers of parti- ment. Grain refinement, however, does not appear to be
cles present. a prerequisite for particle engulfment but, it should be
noted that to achieve good spatial distributions of the

. . . reinforcing phase regardless of the cooling conditions,
4.3. Composite microstructure and particle grain refinement is desirable.

distribution
In the AI-TiC system there is thought to be sufficient ) )
lattice matching for the direct nucleation of solid Al to 4-4- Mechanical properties _
occur on the particle surfaces [22, 23] and grain refineM0dulus increases of 2 GPa (vol 98) of TiC added
%) of TiB, added, compare favor-

ment and particle engulfment are expected. At higheFmd 1.§GPa (vol )
particle fractions, the nucleation efficiency, the propor-Ply with those for cast AD; (1.2 GPa (vol %)) and

tion of active nucleation sites, seems to decrease. Thi/C (1.3 GPa(vol %7.1) particulate-reinforqec! systems
is not unexpected as itis much easier for atoms to attackt® 27]- These reinforcements have similar, if not
to one of the many growing crystals than for more nu-higher, stiffnesses, 430 and 450 GPa respectively, than

cleation sites to become active [24]. It is also believed!IC (230-400 GPa) and TEX350-570 GPa) [28], and
hence we would expect them to induce greater stiffen-

that when many grain nuclei are present and growing, X ; L
recalescence suppresses further grain nucleation [25]19: The factthat TiC and Tigadditions produce larger
tiffness improvements suggests that interfacial bond-

The net result is that for larger volume fraction addi->"""" X ) ;
tions, not all the TiC particles are engulfed to reside ini"d IS stronger in these systems. It is thought that this

the center of the Al grains and a greater proportion ardMProved interfacial bonding is achieved through wet-
located at the grain boundaries. ting ofthg relnforce'ment by the |'IC]UId, and hencg spon-
There is good atomic spacing matching between thdaneous incorporation, and part_lcle engu!fment into the
HCP TiB, structure and the FCC Al structure if the solid phase, due to the low particle-solid interfacial en-
(0001)and (11 1planes, respectively, are considered.&r9Y- These two events are seldom observed in the Al-

This would suggest that grain refinement is possibleSIC @nd Al-ALO3 systems.

There is, however, a large difference in the extent of ©Of the two composites produced in this study, those
grain refinement resulting from similar additions of the €Ontaining TiC reinforcement have better mechanical

two different particle types. In the Al-TiBsystem there  Properties than those with TiBadditions. Improve-
are fewer sets of closely matching planes than in an isg"€nts in 0.2% proof stress for TiC additions could
morphous melt and particle system (such as Al and TicP€ attributed to the reduced grain size. According to
and this could explain why the nucleation efficiency is 5200 and Koczak [29] a reduction in the grain size
much lower and grain refinement is not so prominent{rom 475um to 92um corresponds to a yield strength

Whilst relatively few TiB, particles act as grain nucle- Increase of 11 MPa, an improvement which is consis-
ation sites, it is clear that they have an affinity for the!€nt with the 12 MPa increase observed in this work.

solid phase and that engulfment is favored. A significant difference in the modulus was observed
For both particle types, it appears that particle push,(4 GPa) and this can not be attributed to small (max-

ing has largely been suppressed and that engulfmefff'um of 0.004) variations in the volume fraction of

of the particles into the growing solid has been encourf€inforcement present in the two composites. The dif-

aged. In the case of the TiC particles, the resultant graiff"€nce is more likely to be due to improved interfacial
size is equi-axed and very small, and for this reason iPending in the Al-TiC system. This is probably brought

is very unlikely that long-range particle pushing can@P0ut by better wetting by the liquid phase, which will
take place to generate significant distributional hetero€liminate the presence of adsorbed gas and flux at the

geneities. Since grain refinement will occur under everParticle-liquid interface, and the increased tendency for

slower cooling conditions than those encountered ifitcléation of solid on the particle surfaces. Higher duc-
this study, it is unlikely that long-range particle push-?'“ty was also observed in _the_AI—Tlc system and this
ing will ever occur in this system. is probably due to a combination of the less clustered

In the TiB,-reinforced composites, the grain size is particle distribution and improved interfacial bonding.

large compared to the inter-particle spacing. If pushing

were favorable in this system, it could occur over large

enough distances to create significant heterogeneitie5. Conclusions

Engulfment was, however, observed over the rangdiB, and TiC particles have been spontaneously in-
of cooling rates experienced in this work. At higher corporated into commercial purity (99.7%) aluminum
particle fractions, where we would expect pushingmelts using fluxing agents which remove the melt sur-
to become more difficult, significant particle clustersface oxide and promote contact between clean, wetting
were observed. These clusters were located withisurfaces.

the metal grains suggesting that they were engulfed TiC particle additions significantly refine the grain
and that they were created due to agglomeration o$tructure whilst TiB particles only stimulate mild
particles in the melt before freezing took place. It isrefinement.
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For both TiC and TiB particle additions, particle
pushing is largely suppressed, causing the majority of
the particles to become engulfed into the growing solid.
Itis expected that particle engulfment is facilitated due

Al-TiB 7 systems.

There appears to be little driving force for agglomer-
ation of the TiC particles but small TiBclusters were
observed, suggesting that Tilparticles are wet less
well by molten Al.

Modulus increases resulting from TiC and %ipar-
ticle additions to molten Al are greater than those
for Al,O3 and SiC additions. This can be explained 13

12

uid and particle engulfment into the solid phase.
TiC-reinforced composites have higher stiffnesses
and ductilities than those to which TiBarticles have

been added. Thisis thoughtto be due to improved inter;g.

facial bonding in the AI-TiC system caused principally

by the increased tendency for nucleation of solid on thé9.

particle surfaces.
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