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Abstract

The crystallization kinetics during the liquid to solid phase transformation of pure aluminium and various Al-Ti-B alloys is investigated using
differential thermal analysis (DTA) and three-dimensional X-ray diffraction (3D XRD). A reduced undercooling required to activate nucleation
of aluminum grains is observed, when both solute titanium and paticles are present in the liquid. The cooling rate dependence of the onset
temperaturd,, the crystallization peak temperatufg, and the latent heatH are evaluated and compared for all samples. The DTA curves for
slow cooling of an Al-0.3Ti—0.02B (wt.%) alloy illustrate the formation of an aluminide phase {)Tigdlon solidification. A comparison of the
DTA curves during slow cooling of the hypoperitectic Al-0.1Ti—0.1F{®t.%) and the hyperperitectic Al-0.3Ti—0.02B (wt.%) alloys seem to
exhibit a kinetic similarity at the onset of the solidification. In situ 3D XRD measurements clearly exhibit the formation of a metastapleaSal
prior to solidification of both alloys. This explains the mechanism of grain refinement in the presence of solute titaniun g@atitiBs in the
grain refined aluminum alloys. The influence of titanium diffusion, latent heat, and cooling rate on the growth behaviour of individual aluminium
grains during the phase transformation is further quantified.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction titanium on grain refinement, has come into the forefront of
grain refinement research. Therefore, a great interest exists
Grain refinement plays an important role in the liquid toto determine the kinetics of the liquid to solid phase transfor-
solid phase transformation of aluminum allq§s?]. Generally  mation of aluminum alloys in situ in order to determine the
Al-Ti-B master alloys are added to the aluminum alloys torole of the microscopic grain refining particles and the solute
refine the grain size of the solidified product. These alloys contitanium.
tain microscopic TiB and TiAlz nucleating particles. Although The present paper describes differential thermal analysis
various theories regarding the grain refining mechanisms a®TA) and three-dimensional X-ray diffraction (3D XRD) mea-
proposed[3-8] (e.g. the particle theory, the phase diagramsurements on high purity aluminum, Al-0.15%iBAI-0.1Ti,
theory, the duplex nucleation theory, and the peritectic hulkAl-0.1Ti—0.1TiB, (wt.%) alloys, and a commercial purity
theory), the mechanism of grain refinement remains a problerAl-0.3Ti—0.02B (wt.%) alloy during solidification at different
of considerable controversy in the scientific literature. Thecooling rates. The aim of these experiments is to ascertain the
nucleant effects, i.e. which particle nucleate#\l grains and mechanisms responsible for grain nucleation and growth and
what are its characteristics, has been the subject of intensite separate the effects of nucleating particles from that of the
research. Lately, the solute effects, i.e. the effect of dissolvedolute titanium. Part of the 3D XRD results for the high-purity
alloys has been presented previouf®}. These results are
also included in the present paper to allow for a systematic
* Corresponding author. Tel.: +31 15 278 4533; fax: +31 15 278 8303. comparison of the DTA and 3D XRD data for different cooling
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2. Sample preparation is completely molten. Then the samples were cooled at constant
rates of 0.5, 1, 5, 10, and 20 K/min. The exothermic crystalliza-
The studied samples were laboratory prepared from highion peak was recorded as a function of temperature. In order
purity aluminum, titanium, and TiBparticles. The pure alu- to investigate the corresponding melting behaviour, a sample of
minum (99.999%) and titanium (99.99%) were purchased froneach material composition was also heated with a heating rate
Goodfellow. The TiB (99.99%) powder with a particle size dis- of 10 K/min. The corresponding endothermic peak was recorded
tribution ranging from 3 to gum and a maximum around 4/ as a function of temperature.
was purchased from Advanced Ceramics.
The AI-0.15TiB (wt.%) alloy was prepared by melting 3.2. Three-dimensional X-ray diffraction (3D XRD)
together aluminum lumps with a total mass of 35g and the
TiB particles into an aluminum oxide crucible. The samplewas Inorder to resolve the nucleation process from the subsequent
heated to a temperatureBf 1023 K. After holding at thistem- grain growth, in situ X-ray diffraction measurements were per-
perature for 30 min, the crucible was removed from the furnacéormed on the three-dimensional X-ray diffraction (3D XRD)
and the liquid alloy was homogenized by stirring using an aluimicroscope at the ID11 beam line at the European synchrotron
minum oxide rod. After solidification the sample was remeltedradiation facility (ESRF). A monochromatic beam of hard X-
and the above-mentioned process was repeated three timesr&ays with an energy of 70keV illuminated each sample. The
ensure that the TiBparticles were homogeneously distributed samples were placed in a glassy carbon container with a height of
in the Al-0.15TiB (wt.%) alloy. 20 mm, aninner diameter of 5 mm, and a wall thickness of 1 mm.
In order to prepare the Al-0.1Ti (wt.%) alloy, a different The sample container was then placed into a quartz tube that was
route was adopted. First, Al-1Ti (wt.%) master alloy samplespart of the vacuum furnace. A small sample rotation around an
of 5g each, were prepared by melting together the appropriatxis perpendicular to the beam gives rise to a diffraction pat-
amounts of aluminum and titanium in an electric arc furnaceeern on the two-dimensional detector that is placed behind the
in a high purity argon atmosphere. The molten samples wersample. For a small illuminated sample volume, the diffraction
stirred by using the arc flame for homogenization. Then thespots originating from solid aluminium grains in the liquid metal
samples were solidified, rotated by changing the top and bottordo not form continuous powder diffraction rings, but instead
positions, and remelted. This process was repeated five times &ppear as distinct spots on the two-dimensional detector during
ensure that titanium is homogeneously distributed in the samplsolidification. The measuring procedure aimed to determine the
Having prepared the AI-1Ti (wt.%) master alloy, the Al-0.1Ti nucleation rate by measuring the number of diffraction spots
and Al-0.1Ti—0.1TiB (wt.%) samples were prepared by melt- on the detector as a function of time during solidification. The
ing the master alloy together with an appropriate amount of higlintensity change of these diffraction spots is a measure of the
purity aluminum and TiB particles, by the method described for grain volume. The solidification experiments involved contin-
the Al-0.15TiB sample. The chemical composition of theseuous cooling of molten samples, held at 973K for 30 min, at
aluminum alloys was confirmed by X-ray fluorescence specdifferent cooling rates. The complete details of the experimen-
troscopy (XRF). tal setup and measuring procedure are given elsewhefe
The Al-0.3Ti—0.02B (wt.%) alloy was prepared from an
Al-5Ti—0.2B (wt.%) commercial master alloy (KBM AFFIL- 4. Results and discussion
IPS). The patrticle size distribution of TiBparticles in the
Al-0.3Ti—0.02B alloy was determined by optical microscopy4.1. DTA measurements
and showed a patrticle size distribution in the range from 0.6 to
2.2p.m with a maximum around 1;2m. The chemical compo- 4.1.1. Crystallization behaviour
sition of this commercial Al-0.3Ti—0.02B alloy was analyzed. It  Fig. 1 shows the typical DTA curves obtained for pure
was observed that iron was the main impurity in this alloy withaluminum, Al-0.15TiB, Al-0.1Ti, Al-0.1Ti-0.1TiB, and

about 0.2wt.% Fe. Al-0.3Ti—0.02B (wt.%) alloys during solidification at a con-
stant cooling rate of 20 K/min. Two characteristic phenomena

3. Experimental methods are resolved in the studied temperature range at this cooling rate.
The first one corresponds to the variation in onset temperature

3.1. Differential thermal analysis (DTA) of crystallization {,) and the second to the peak temperature of

crystallization {p).

A Perkin-Elmer DTA instrument was used for measuring the A complete set of DTAthermograms, measured for all sample
crystallization kinetics during continuous cooling and heating.compositions and at different cooling rates from 0.5 to 10 K/min
The instrument was calibrated using high purity zinc and aluis shown inFig. 2 It is clear that the exothermic curves become
minum samples for each of the applied cooling rates used in theider and the characteristic temperatures shift to the lower
measurements. All measurements were carried out in a heliuvalues as the cooling rate increas@éable 1summarizes the
atmosphere. From all alloys, solid samples with a cubic shapeharacteristic data of the crystallization exotherms for all the
and with dimensions of 2mm 2 mmx 2 mm were used. For samples studied. The undercooling is maximum for pure alu-
the crystallization experiment, the samples were heated to 973 Kinium. A relatively low undercooling is found to activate the
and kept for 5 min at that temperature to ensure that the sampieicleation of aluminum grains upon solidification when both
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solute titanium and TiBparticles are present, as observed for the
Al-0.1Ti—0.1TiB; and Al-0.3Ti—0.02B alloys. A higher under-
cooling is observed during solidification of the Al-0.15%iB
alloy, which confirms the poor surface properties of the,TiB
particles to activate the nucleation of solid aluminium in the
absence of solute titanium.

The question of fundamental interest is how a small amount
of titanium enhances the nucleation efficiency of theTjiar-
ticles. From the curves shown Fig. 2, it is apparent that the
DTA exotherms for the Al-0.3Ti—0.02B (wt.%) sample exhibit
distinct peaks upon freezing at a temperature ab@veTp),
and below {'<Tp) the crystallization peak temperature, with
a size and shape that depends on the cooling rate. Calcula-
tions using the thermodynamic database MTDATA suggest that
the two additional peaks observed in the commercial purity
Al-0.3Ti—0.02B sample, predominantly at low cooling rates,
correspond to the formation of TiAKfor 7> Tp) and FgAl13
(for T<Tp).

The formation of a TiAt phase in the hyperperitectic

sample. The experimental results of Mohanty and Gruz[égki
and Schumacher and Grg&@] have suggested that TiAlay-
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Fig. 2. Crystallization curves of the liquid to solid phase transformation at pure aluminum, Al-0,12#®.1Ti, Al-0.1Ti-0.1TiB and Al-0.3Ti—0.02B alloys
for cooling rates of 0.5, 1, 5, and 10 K/min (for clarity each curve for 0.5 and 1 K/min is shifted by adding three while for 5 and 10 K/min is shiftedgofjvajidin
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Tablel of the DTA curves might be associated with the variation in

Characteristic temperaturég, and7p and the heat releasext{ for the crys-  pjcleation behaviour caused by the release of latent heat. As the

tzltlézsatmn of aluminum alloys during continuous cooling at different cooling nucleation rate strongly increases with the melt undercooling,
a slight decrease in melt undercooling, e.g. due to the release

Cooling rate (K/min) of latent heat, can abruptly cease the nucleation process. After
0.5 1.0 5.0 10.0 20.0 the onset of the solidification the evolution of the solid frac-

Al tion is controlled by both nucleation and growth. Soon after the
Ton (K) 9275 930.4 925.8 9294 9228 hucleation starts, the rel_ease 01_‘ Iat_ent heat stops the nuclea_\tion
Tp (K) 928.3 928.9 923.1 920.1 912.3 process. Finally, the solid fraction is controlled only by grain
AH (J/g) 426 423 381 349 404 growth.

Al-0.15TiB, The difference in crystallization kinetics for the different
Ton (K) 932.1 931.9 930.6 929.6 927.5 investigated samples during solidification can also be analysed
Tp (K) 930.2 929.4 924.2 920.5 913.2 py comparing the relative crystallinity as a function of tempera-
AH (J/g) 426 422 386 373 435 ; ;

tureX(7) deduced directly from the heat flowHd/d7) by using

Al-0.1Ti
Ton (K) 933.6 933.5 931.8 930.4 928.0 fTT (dHc/dT)dT
Ty (K) 930.6 929.5 924.4 920.4 9129 X(T) = —1= Q)

AH (Jig) 405 404 373 364 423 1, (dHc/dT)dT

Al-0.1Ti-0.1TiB, whereT, andT,, represent the crystallization onset temperature
Ton (K) 937.8 938.3 936.7 935.3 9333 andend temperature, respectivéfy; is the enthalpy of crystal-

Tp (K) 930.7 929.8 925.3 921.2 9137 | tion. Fia. 3sh he relative d f i
AH (ig) 409 421 374 364 a25  lization.Fig. 3shows the relative degree of crystalli VT), as '

A0 3Ti-0.028 a function of temperature for all the high purity samples studied
_T MR at various cooling rates. The crystallization curves exhibit the

on (K) 936.6 936.7 935.6 935.1 931.9 " g ; N X
T, (K) 930.0 929.4 924.7 920.2 913.0 trad_|t|onal S|gm0|d_a_l shape for the liquid to sollq_phase transfor-
AH (J/g) 438 348 384 343 426  mation. The transition temperature and transition rate changes

significantly with cooling rate and sample compositiéig. 4
shows the evolution of the relative crystallinkyT) as a function
of temperature during solidification for the commercial purity
ers are formed on the surface of BiBarticles. Thus, TiAl, due  Al-0.3Ti-0.02B alloy. The results indicate that for higher cool-
to its better lattice compatibility with solid aluminium, makes ing rates, the crystallization curves are analogous to those in
it an efficient nucleation site for aluminum grains upon solid-Fig. 3but change a lot for slow cooling. During slow cooling of
ification. A comparison of DTA curves during solidification the Al-0.3Ti-0.02B alloy, the freezing behaviour is altered by
of the Al-0.1Ti-0.1TiB and Al-0.3Ti-0.02B alloys seems to the segregation of titanium and iron present in the melt.
exhibit a kinetic similarity and close resemblance inthe required  The plots of the relative crystallinity as a function of time
undercooling before solidification. This similarity in freez- X(7) for all the samples at a cooling rate of 10 K/min are illus-
ing behaviour suggests that the same nucleation mechanisifiated inFig. 5. It is clear from the plots that for the same
through the formation of TiAl phase, might be responsible for cooling rate, the time evolution of the crystallization process dur-
the enhanced nucleation during grain refinement in hypoperitednd the liquid to solid phase transformation of pure aluminum
tic A-0.1Ti—0.1TiB; alloy, as observed for the Al-0.3Ti-0.02B and Al-0.1TiB is almost identical. The nucleation starts ear-
alloy. lier in time, at low undercooling, when both TiBwucleating

A phenomeno|ogica| asymmetry is observed at the right- an@articles and the solute titanium is present as observed in the
left-hand side of the DTA curves during the liquid to solid phaseAl-0.1Ti—0.1TiB, and Al-0.3Ti-0.02B alloys. The addition of
transformation. During slow cooling of pure aluminum the peaksolute titanium, even at a hypoperitectic composition, enhances
temperature of exothermal curve is even higher than the onséte nucleation potential of TiBgrain refining particles as illus-
temperature. This indicates that the exothermal rate, due to tHeated by the Al-0.1Ti-0.1TiBcrystallization curve.
release of latent heat in the sample, during freezing is larger than
the heat removal due to slow cooling. The reference crucible i9.1.2. Melting behaviour
placed in the neighbourhood of sample, and there is significant In order to investigate the effects of grain refining particles
heat flux probable from the sample to reference crucible. Thisn the melting behaviour of aluminum, the samples were also
elevates the reference temperature, which is plotted in horizontaleated with a constant heating rate of 10 K/min. An example
axis of DTA curves. At the beginning of the solidification, the of the endothermic curves and the corresponding change in
exothermal rate seems to decrease with the addition of solu@ystallization fraction with temperature is shown kig. 6.
titanium, which in fact reduces the growth of aluminum grainsThe temperature range was chosen to be sufficiently wide to
and hence the solid fraction. When both solute titanium anensure that the melting was complete. The values of the heat
TiB, particles are present, then in addition to a growth reducabsorbed during melting are givenTable 2for each sample.
tion, the nucleation starts at a relatively low undercooling asThe experimental results, for the variation in crystal fraction
shown inFig. 2 The variation in slope at the right-hand side with temperature, for pure aluminum and the TiBarticles

The value of latent heat reported for pure aluminum is 38518y
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embedded in an Al matrix (Al-0.15T{Balloy) indicate that

compared to pure aluminum. The presence ofAfFg; due to
the presence of TiBimpurities does not significantly change the iron impurities in the commercial purity Al-0.3Ti-0.02B

the melting kinetics in Al-0.15TiBsample, compared to pure alloy constitutes a needle-like second phase particles with a low

observed in Al-0.1Ti alloy, is found to make a slight change

aluminum. The presence of solute titanium in aluminum, asnelting point. By using optical microscopy, these particles were
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function of temperature for a heating rate of 10 K/min during melting. Fig. 8. Temperature dependence of the relative crystalinity for the

Al-0.3Ti-0.02B alloy as a function of temperature during cooling and heat-
L . . ing for a rate of 10 K/min. (The broken lines indicate the onset of freezing at
found to be distributed along the grain boundaries, as shown ifi=935.1 K and melting ar=928.5K.)
Fig. 7. The melting of FgAl 13 starts earlier and hence results

in a significant decrease in melting point of the investigatecturves with the equilibrium solidification temperature of alu-
commercial purity sample, as observed-ig. 6(b).

minum (broken line aI'=933 K) inFig. 9, clearly demonstrates
Fig. 8 illustrates a phenomenological symmetry duringthe presence of significant undercooling during solidification

melting and freezing of the Al-0.3Ti—0.02B alloy. The melt- of pure aluminum and Al-0.15TiBalloys, while almost no

ing/freezing transition exhibits a thermal hysteresis and confirmandercooling is observed for Al-0.1Ti and Al-0.1Ti-0.1%iB
the first order character of phase transformation. The widtfalloys.

ATy of the transformed fractiok(T) versusT atX(7) =0.5is a

useful quantitative measure of the thermal hysteresis. The corré:2. Grain nucleation and growth studied by 3D XRD
sponding values ok Ty,; for all the samples at a cooling/heating
rate of 10 K/min are listed ifiable 2and decreases with the addi-

In order to quantify the grain nucleation and growth behaviour
tion of grain refiners in aluminum. A comparison of the freezingof individual aluminium grains during solidification of these

Table 2

Heat absorbed H during melting of aluminum alloys for a heating rate of 10 K/min, and the corresponding melting/freezing transformation Tyjglth
Sample
Al Al-0.15TiB» Al-0.1Ti Al-0.1Ti-0.1TiB Al-0.3Ti-0.02B
ATy (K) 19.1 18.8 18.3 17.2 16.1
AH (J/9) 339 361 350 375 317
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samples, three-dimensional X-ray diffraction measurementgate and consequently its effect on nucleation and grain growth
were performed. The experimental results describing the nuclgsrocess

ation and growth of individual aluminium grains during solid-

ification, with two different cooling rates at 1 and 10K/min, 4.2.1. Grain nucleation
of high purity grain refined Al-Ti-B alloys have been pre-  Forillustration, raw images acquired during the liquid to solid
viously reported in9]. The experimental findings with these phase transformation of Al-0.1Ti—0.1TiRlloy with a cooling
model alloys have provided evidence for the formation of arate of 20 K/min are shown iffig. 1Q The illumination time
long debated metastable Ti#Aphase, responsible for grain for each displayed diffraction pattern is 1 s using a beam size of
refinement in hypoperitectic grain refined aluminium titanium300um x 300wm and the real time interval between consecu-
alloy. This article presents a detailed study of 3D XRD meadive diffraction patterns is 14 s. The diffraction pattern from the
surements during solidification of model alloys and comparesnolten sample (a) displays the two characteristic liquid rings
the results with a commercial purity sample with hyperperi-associated with the short-range order in the molten aluminum.
tectic composition. As expectdd,2], the formation of TiAs  The inner mostring is due to the scattering from the glassy struc-
phase, prior to nucleation of aluminium grains in the com-ture of the quartz tube. The amount of grain refiners present
mercial purity hyperperitectic sample is confirmed during slowin the aluminum is found to be too small to make a signifi-
cooling. This comparison provides the experimental evidenceant change in the short-range order of the molten aluminum

that TiAl3 is essential nucleation site for grain refinement inThe subsequent diffraction patterns during cooling comprises of
hypoperitectic as well as hyperperitectic grain refined aludiffraction spots from aluminum grains, which nucleate in the

minium titanium alloy. As cooling rate constitutes an impor- beginning and grow till virtually no intensity is left in the liquid
tant parameter during solidification. Therefore in addition torings, indicating that the phase transformation is complete.
the previously reported 3D XRD measurements for model The nucleation rate, the corresponding evolution of total
alloys during solidificatiorf9], the detailed results for cooling number of aluminum grains along with the solid fracti
rates ranging from 1 to 40K/min are presented. This elabestimated from the normalized variation in the first liquid
orates the systematic variation of undercooling with coolingpeak intensity, during solidification of Al-0.15TiBAI-0.1Ti
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Fig. 10. The X-ray diffraction patterns measured for the Al-0.1Ti—0.3 By showing the liquid (a) to solid (i) phase transformation during continuous cooling
at a cooling rate of 20 K/min. The two broad outer rings L1 and L2 in (a) correspond to the first and second peaks in the liquid structure factor ohiiguid, alu
just before solidification. The inner most ring with constant intensity during phase transformation is due to the diffuse scattering from thrigtassyftthe
sample container. The bright spots are caused by the diffraction from individual grains that nucleate in the early stage of the phase trans{tnaatiogrow in
number and intensity as the phase transformation proceeds, as shown in figures from (b) to (h). The liquid to solid phase transformation iswiletellyvben

no intensity is left in the liquid rings, as shown in figure (i).

Al-0.1Ti—0.1TiB, and Al-0.3Ti—0.02B alloys at different cool- The overall nucleation rate is an exponential function of Gibbs
ing rates is presented Irigs. 11-14respectively. Clearly the free energyAg, whichis proportional taA 7 [13]. This indicates
undercooling increases for increasing cooling rates. A quanthat a decrease in undercooling caused by the release of latent
titative comparison of the experimental curves shows that, thbeat can have striking effects to cease the nucleation process, as
nucleation rate during solidification is enhanced only when botlobserved irFigs. 11-14

solute titanium and TiB particles are present in the melt, as

observed in the Al-0.1Ti—0.1TiBand Al-0.3Ti—0.02B alloys. 4.2.2. Grain growth versus cooling rate

This illustrates the higher nucleation efficiency of %iparti- The growth behaviour of individual aluminum grains dur-
cles during solidification, in the presence of solute titanium asng solidification is determined by monitoring the intensity of
predicted by grain refinement theor{@s2]. As reported earlier the diffraction spots during solidificatiofig. 15illustrates the

[9], the nucleation process for almost all the samples investieverall growth kinetics of the individual aluminium grains, for
gated, and the applied cooling rates, is always complete for thgne alloys containing solute titanium with and without added
solid fractionfs~ 0.2. As shown for the DTA measurements, TiB, particles. The individual growth curves show a close resem-
the growth of nucleated grains leads to a significant release dflance to the behaviour of the solid fraction. The observed
latent heaf5]. This limits the undercooling 7 required to acti-  growth behavior of the individual grains is controlled by the
vate further nucleation events as the transformation proceeddiffusion of solute titanium from the liquid alloy into the solid
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Fig. 15. Grain radius of individual aluminum grairl)(during solidification of AI-0.1Ti—0.1TiBand Al-0.1Ti alloys, as a function of temperature, for continuous
cooling at a cooling rate of 1 K/min. The solid lines indicate the model calculation for diffusion-controlled grain growth (frof@] Ref.

grain. For diffusion-controlled growth the grain radiRsas a  grains during continuous cooling of the liquid AI-0.1Ti-0.1%iB

function of timer is given by[14]: and Al-0.3Ti—0.02B alloys at slow cooling rates. It is interest-
ing to see that these diffraction spots first appear roughly 10K
R(r) = As\/Ds(t — ts), (2)  above the experimental solidification temperature of aluminum.

, i i ~_ Atthe nucleation temperature of the aluminum grains the inten-
wheres is a parameter that is determined from the titaniumgiry of the TiAl; reflections start to decrease, and finally vanish
solubility in the liquid and the solid phaseBs the diffusion  near the end of the transformation. The absence of thesg TiAl
constant of solute titanium in the liqujitiS] ands is the moment  refiections in the sample containing only solute titanium or only
of nucleation of the grain. E¢2) only applies in the initial stage TiB,, particles shows that the Tidphase plays an essential role
of the transformation where the interaction between growingy, ihe enhanced nucleation process as revealeigi 13 and 14
grains can be neglected. This is shownFiig. 15where the o mnared to that observed Figs. 11 and 12This formation
individual growth curves overlap with the model prediction in ¢ TiAl 3 phases prior to the nucleation of aluminium grains
the initial stage of the transformation. During the later stageg, Al-0.1Ti-0.1TiB, and Al-0.3Ti-0.02B alloys favours our
the release of latent heat and the interaction of growing graingnterpretation of the crystallization process during the DTA mea-
reduces the growth. . ~ surements of these samples. Apparently, the nucleation of TiAl

Fig. 16 shows the growth behaviour of several individual 5, the Tig, substrate is substantially more effective than the
aluminum grains during solidification of the Al-0.1Ti-0.1%iB 1 ,cleation of aluminum. From earlier measurements it is known
alloy at cooling rates of 2.5, 5 and 10K/min. The model pre-sha¢ gnce Tiag is formed it acts as an excellent nucleation site
diction for diffusion contr.olled gr_aun_g.rowth is als_o shown: Th_efOr aluminum[16]. Our present in situ study shows that the
observed growth behaviour of individual aluminum grains istig, supstrates stabilise a Tidbhase in a limited temperature
similar for all the cooling rates. Again, three different stagesange ahove the solidification temperature of aluminum. This
for grain growth can be distinguished. The model calculationgg,mation of a TiAk phase in aluminum alloys with a titanium
are in reasonable agreement with the experimental data at sl centration below 0.15 wt.%, where it is considered unstable
cooling rates. For higher cooling rates, an increasing U”dercooé'ccording to the Al-Ti phase diagrdi], has long been pro-
ing is observed before the nucleation starts. However, the i”iti%osed but was so far not supported by experimental evidence
growth behaviour exhibits a close resemblance with the mode} ;e to the lack of in situ daf@,11].
predictions even at higher cooling rates. While according to the Al-Ti phase diagram, the HA$

a stable phase in an hyperperitectic aluminum alloy, above
4.2.3. Evolution of metastable TiAl3 the melting temperature. Our measurements indicate that upon

A careful analysis of the measured diffraction patterns showsucleation ofa-aluminum grains during continuous cooling,
the presence of a limited number of weak diffraction spots, priothe TiAlz grains cease to grow and their radius decreases with
to the nucleation of aluminum grains, during slow cooling ofa further decrease in temperature of both hyperperitectic and
the liquid Al-0.1Ti-0.1TiB and Al-0.3Ti—0.02B alloys. These hypoperitectic grain refined aluminium alloys. No such obser-
diffraction spots cannot be indexed as aluminium grains. Th&ation of the evolution of a TiAl phase within the melt has been
crystallographic analysis indicates that the scattering angles careported earlier.
responding to these diffraction spots fit to the Tiahase with The role played by the TiAlphase in the nucleation of-
two different crystallographic structures, tetragonal as well asluminum during solidification of grain refined aluminum alloys
cubic. Figs. 17 and 18&lescribe the evolution of these TAl has been a matter of speculations. The Jiglbstrate is con-
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