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Abstract

Determination of orientation relationships between TiC particles and the surrounding alu-
minium matrix using transmission electron microscopy is the main objective of this study.
The melt of the commercial-purity aluminium and the commercial grain refiner A1Ti3C0.15
were used to prepare experimental samples. Two orientation relationships between aluminium
and TiC were found: [111]_,,[|[111] o and (110)_.,]/(110) g, and [114] ,,]1[110]pc and
(110),4,11(110) ;- The {111} planes of TiC and aluminium were found to be parallel what
indicates the epitaxial nucleation of aluminium on {111} planes of TiC.

Key words: solidification, aluminium, grain refining, orientation relationship

1. Introduction

It is well known that metals and alloys solidify
usually with a coarse, columnar grain structure un-
der normal casting conditions. In industry, grain re-
finement is a common way of achieving a proper,
uniform, fine grain microstructure in aluminium al-
loys. The most widely used grain refiners are based
on the Al-Ti-B system, notably Al-5wt.%Ti-1wt.%B.
The AITi5B1 grain refiners consist of the aa; matrix,
as well as Al3Ti and TiBy particles [1]. Grain refiners
based on the Al-Ti-B system are very effective, but
they suffer from poisoning in the presence of Zr and
some other elements [2]. An additional problem often
mentioned is the agglomeration of particles. For the
above reasons there is serious interest to use altern-
ative grain refiners based on Al-Ti-C system, for ex-
ample, the Al-3wt.%Ti-0.15wt.%C. The AlTi3C0.15
grain refiners are composed of the a ) matrix, Al3Ti
and TiC particles [3]. It has been found that TiC is un-
stable phase at conditions typical for grain refinement
at low temperatures and short holding times [4-6] but
the rate of replacement of TiC by Al4Cjs is rather slow
and does not affect significantly the process of grain
refinement. The TiC particles, introduced into the alu-
minium alloys via Al-Ti-C-based grain refiners, were

found in centres of the aluminium grain [7]. Mayes
et al. [8] found out that the individual TiC particles
in an AlTi6C0.02 grain refiner were single crystals
with a characteristic octahedral morphology. Cisse
et al. [9] studied that aluminium nucleates at TiC,
and the orientation of the aluminium with respect to
the TiC is completely epitaxial: (001),,/(001),, and
[001] 5,]/[001] s~ In their transmission electron micro-
scopy (TEM) study, Mayes et al. [8] attempted to find
TiC particles in the grain centres of the AlTi6C0.02
grain-refined aluminium. However, they did not find
any TiC particles in centres of grains and concluded
that a possibility to find a suitable particle in the thin
foil is very low [8]. Tronche and Greer [10] studied
commercial-purity aluminium treated with the com-
mercial AITi3C0.15 grain refiner using scanning elec-
tron microscopy (SEM) and electron backscatter dif-
fraction (EBSD) techniques. They found out [10] that
the grain centre of TiC particles, in terms of crystallo-
graphic orientation, matches the matrix fulfilling the
orientation relationship proposed by Cisse et al. [9].
It can be assumed, based on the knowledge about
orientation relationship between TiC and aluminium
[9, 10], on the free growth criteria [11] and on the char-
acteristic octahedral morphology of the TiC particles
present in Al-Ti-C-based grain refiners [8] that the
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Table 1. Chemical composition of the aluminium and the grain refiner in wt.%

Element Si Fe Vv B Ti C Al
99.8 wt.% Al 0.031 0.081 0.001 < 0.0005 0.0015 - bal.
Grain refiner - - - - 2.7 0.16 bal.
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Fig. 1. The shape and dimensions of the bronze mould.

nucleation of aluminium takes place on the {111},
planes of the TiC in such a way that the {111} planes
in both the TiC and the aluminium are in parallel.
The main aim of the present study was to give exper-
imental (TEM) evidence about this assumption.

2. Experimental

Aluminium of commercial purity (99.8 wt.% Al)
and the commercial grain refiner AlTi3C0.15 were
used in this study. Chemical compositions of the alu-
minium and the grain refiner are presented in Table 1.

The aluminium (910 g) was melted in a corundum
crucible in an electrical-resistance chamber furnace.
A total of 33.3 g kg=! of AITi3C0.15 grain refiner
was added at 705°C. After the addition of the grain
refiner the melt was stirred, and three minutes after
the addition of the grain refiner the melt was cast into
a bronze mould, as shown in Fig. 1.

The casting was cut 13 mm above its base for the
metallographic examination. Metallographic samples
for light microscopy and SEM were ground and pol-
ished with diamond paste. The SEM examinations
were preformed with a JEOL-6500F equipped with
EDS and WDS at 10 kV.

A thin plate was cut from the casting for prepar-
ation of TEM samples. The plate was mechanically
thinned to approximately 10 pm by dimpling. The fi-
nal thinning involved ion milling in a Bal-Tec RES010
with Ar. The TEM examinations were preformed in
a JEOL JEM 2010F transmission electron microscope
equipped with an Oxford instruments ISIS 300 EDXS
energy-dispersive X-ray spectrometer at 200 kV.

3. Results
3.1. SEM analysis

The results of SEM-WDS and SEM-EDS analyses
presented in Fig. 2 show that the TiC particles are
present in the central regions of the aluminium grains.
It is well known that the equilibrium partitioning coef-
ficient, kr;, of titanium in aluminium is 7.5 [1]. For
this reason it is expected that the concentration of
Ti in the solid solution of aa; will decrease with in-
creasing distance from the starting point of the so-
lidification. This expectation was also confirmed ex-
perimentally as follows from Fig. 2 showing the de-
crease of titanium concentration in the solid solution
of aa; with increasing distance from the TiC agglom-
erate. It can be concluded, based on the titanium
distribution in the solid solution of the «a; grain,
that the solidification started at the TiC agglomer-
ate.

32. TEM analysis

In Fig. 3a a TEM image is shown of the TiC
particle in the ap; matrix. The diffraction patterns
of the TiC particle and the as) matrix are presented
in Fig. 3b. The indexed diffraction pattern in Fig. 3c
shows that the zone axis in both the TiC particle and
the aa; matrix is [111]. In Fig. 3 the orientation rela-
tionship between the aa) matrix and TiC particle is
shown: [111] 5 [[[111] ¢ and (110) ,5[/(110) gy

In Fig. 4, another TiC particle is shown. It was
confirmed that there is an increased concentration of
titanium and carbon in the particle.

The TEM image of the TiC particle analysed
in Fig. 4 is presented in Fig. 5. Diffraction pat-
terns corresponding to both TiC and «p) matrix
are documented in Fig. 5b. The indexed diffrac-
tion patterns illustrated in Fig. 5c show zone axes:
[114]4a1 = [110]Tic. The following orientation rela-
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Fig. 2. SEM-WDS analysis of casting: a) SEM micrograph in secondary electrons; the arrow indicates the region of the

WDS line-scan done for Ti; b) the intensity of the titanium Ka X-ray radiation along the arrow; SEM-EDS analysis of

the grain centre; ¢) SEM micrograph in secondary electrons with an arrow indicating the region of the EDS line-scan done
for Al, Ti and C; d) intensities of Al, Ti and C Ka X-ray radiations along the arrow.

tionship between «pa; matrix 7and TiCiparticle was
found: [114],, ) [|[110] ;¢ and (110) 7| (110) -

4. Discussion

The orientation relationship [111]_,,[/[111] ;o and
(110) ,a;/|(110) 1y presented in Fig. 3 shows that the
[111] directions in both the TiC particle and the aa;
matrix are in parallel. This orientation relationship
can be explained by epitaxial nucleation of aluminium
on {111} planes of TiC.

The [110] directions in the TiC particle and the
[114] directions in the ap; matrix are also parallel,
Fig. 5. It can be shown that in cubic lattice the angle
B1 between directions [110] and [114] is equal to the
angle 3 between (111) and (111) planes (Fig. 6): 5 =
(31 = 70.53° means, that identical {111} planes in TiC
and aluminium are in parallel.

As presented above, two different orientation rela-
tionships exist between as) and TiC. Both can be ex-
plained by nucleation of aluminium on {111} planes
of TiC in a way that the identical {111} planes in
the crystals are in parallel. Existence of orientation
relationship [114]_,,[/[110]1;,c and (110).,]|(110)p0

presented in Fig. 5 which is different than already
known orientation relationship (001),,/(001),~ and
[001] 5,][[001] ;s (often called cube-cube) is a con-
sequence of nucleation of aluminium on {111} plane of
TiC. Plane {111} in TiC and aluminium shows 6-fold
symmetry as can be also seen from diffraction pattern
in Fig. 3b. Crystal structures themselves show only
3-fold symmetry about zone axes (111). Consequently
there are two possible orientations of aluminium form-
ing on octahedral TiC with atomic matching in the in-
terface plane {111}. These two orientations are twin-
-related and can be presented by the rotation of one
crystal about (111) direction for 60° (6-fold symmetry
of {111} planes and only 3-fold symmetry of crys-
tal structure about zone axes (111)). Existence of
two twin-related orientations is consequence of nucle-
ation of aluminium on {111} faces of octahedral TiC
particles. It is important to mention that in the case of
cubic shape particles bounded by {100} planes, for ex-
ample nucleation of aluminium on {100} planes, would
not lead to twin-related orientations and only cube-
-cube orientation relationship between aluminium and
TiC would exist.

It is also interesting to consider the disregistry, ¢,
between the TiC and the aa; matrix. The disregistry



296 I Nagli¢ et al. / Kovove Mater. 45 2007 293-298

(220)4

Fig. 3. a) TEM image of the TiC particle in the aa; matrix; b) diffraction pattern corresponding to the TiC particle and
the aa) matrix; c) indexed diffraction patterns. Zone axes are: [111]qa1 = [111]Tic.
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Fig. 4. a) TEM image of TiC particle with marked region of the EDS line-scan; b) the distribution of Al, Ti and C along
the scanned region.

calculated based on the known lattice parameters of
the aluminium aa; = 0.405 nm and the TiC aric =
0.433 nm is § = 0.065. The disregistry calculated from
the measured distances between the {220} diffraction

spots on the negatives of the diffraction patterns is
6 = 0.070. The difference between the theoretical and
the experimental values of the lattice disregistry is
negligible.
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Fig. 5. a) TEM image of the TiC particle present in the aa1 matrix; b) diffraction pattern corresponding to the TiC
particle and the aa1 matrix; ¢) indexed diffraction patterns. Zone axes are: [114]4a1 = [110]Tic.
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Fig. 6. a) Elementary cell of a cubic crystal illustrating intersection of the (110) plane with planes (111) and (111); b) the
110)

angles between [114] and [110] directions and (111) and (111) planes are shown in projection plane (

The EDS line-scan in Fig. 4 shows the distribu-
tion of Al, Ti and C in the TiC particle and gives
evidence about presence of Ti and C in the particle.
It can be seen that the C peak at the centre of the
TiC particle is sharper than the Ti peak. This might

10).

mean that the C/Ti ratio is not constant across the
TiC particle, but increases from the «a;/TiC inter-
face to the centre of the particle. It has been shown
[12] that TiC particles in Al-Ti-C composites can be
non-stoichiometric TiCy g compounds. Cisse et al. [9]
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mentioned that carbon depletion in outer parts of the
TiC would lower the misfit between the TiC and the
aluminium.

5. Conclusions

On the basis of the titanium distribution in the
solid solution of the aa; we found that in aluminium
with the addition of AlTi3C0.15 grain refiner the so-
lidification starts on agglomerates of TiC particles.

The TiC particles in aluminium with the addi-
tion of the AlTi3C0.15 grain refiner are in an ori-
entation relationship with the surrounding aa;. Two
orientation relationships were found: [111]_ ,,|[[111] 1
and (110),,,[(110) 0. and [114], {10}y, and
(110) ,,//(110) 3. Both crystallographic relation-
ships can be explained assuming that the nucleation
of aluminium takes place on the {111} planes of the
TiC in such a way that the identical {111} planes in
both crystals are in parallel.
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