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Abstract

The nucleation and growth kinetics @fAl grains in the systems Al-0.1Ti and Al-0.15TiBwnt.%) have been studied by time-resolved
neutron diffraction measurements during the liquid—solid phase transformation under continuous cooling. The evolution of the static structure
factor Q) was monitored for different cooling rates. The evolution of the solid fradtdar both samples during the transformation was
determined from the normalized variation of the height of first peak in the liquid structure factor. The transformation kinetics was analyzed in
terms of the Johnson—Mehl-Avrami model, and compared for both samples. The evolution of Bragg peaks emerging after the nucleation of th
solid phase was monitored. The results reveal that the F@Bticles in pure aluminum are not effective nucleation siteafat grains during
solidification. However, the presence of solute titanium in the Al-0.1Ti alloy changes the growth rate of crystallization during solidification.
In the early stages of the phase transformation in the Al-0.1Ti alloy, pronounced oscillations in the Bragg peaks intensity are observed. Thes
observations are discussed in the light of the present grain refinement theories.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nium play a central role in the transformation process seems
to be gaining wider acceptanf&8], a complete understand-
The liquid to solid phase transformation has a vital in- ing and general consensus of the mechanism(s) involved is
fluence on the macroscopic properties of aluminum alloys. still lacking. In order to obtain a better understanding of the
A significant improvement of the mechanical properties of grain refining mechanism(s) it is necessary to study the evo-
aluminum can be obtained by the addition of small amounts lution of the liquid to solid phase transformation kinetics of
of Al-Ti-B master alloy41,2]. These alloys contain micro-  these aluminum alloys, in situ, containing BiBucleant par-
scopic TiB and TiAlz nucleating particles. Experiences in- ticles and solute Ti, separately and in combination.
dicate that the Al-Ti—B alloys are effective grain refinersbut ~ We have previously reported the transformation kinet-
similar alloys containing only TiB or TiAl3 particles are ics of the liquid to solid phase transformation in pure alu-
much less effective. Various theories regarding the grain re- minum and in a Al-0.3Ti—0.02B (wt.%) alloy containing
fining mechanisms of Al-Ti-B refiners are propo$ad8], both TiB, nucleant particles and solute[8. In the present
such as the particle theory, the phase diagram theory, thepaper the transformation kinetics and the effectiveness for
duplex nucleation theory and the peritectic hulk theory. Al- grain refinement of both TiBparticles and of solute tita-
though the idea that TiBparticles combined with solute tita-  nium in aluminum is studied separately, by time-dependent
neutron diffraction measurements during the solidification of
* Corresponding author. Tel.: +31 15 278 4533; fax: +31 15 278 8303, A\—=0-15TiB (wt.%) and Al-0.1Ti (wt.%) alloys for different
E-mail addressigbal@iri.tudelft.nl (N. Igbal). continuous cooling rates. A big advantage of neutrons is that
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the bulk sample can be studied in situ, because of the largemonochromatic neutron beam with wavelength of Gighd

penetration length for neutrons into the sample. abeam height of 41 mm was used in all neutron diffraction ex-
periments. For the high temperature neutron diffraction mea-
surements a dedicated vacuum furnace (80~° mbar) was

2. Materials and method used with a vanadium heater element and a temperature sta-
_ bility of about 1 K. In order to achieve the temperature stabil-
2.1. Sample preparation ity required for our solidification experimentaT < 50 mK),

a specially designed furnace insert was u$gd
The studied samples were laboratory prepared from high

purity aluminum, titanium and TiBparticles. The pure alu-
minum (99.999%) and titanium (99.99%) were purchased 3. Results and discussion
from Goodfellows. The TiB (99.99%) powder with a parti-
cle size distribution ranging from 3 togn with a maximum 3.1. Liquid structure factor
around 4.4.m was purchased from Advanced Ceramics.

‘The AI-0.15Ti& sample was prepared by putting alu- |n Fig. 1 the measured liquid structure fact&Q), as
minum lumps with a total mass of 35g together with TiB 3 function of the wave-vector transfep, is shown for the
particles into an aluminum oxide crucible. The sample was A|-0.15TiB, and Al-0.1Ti alloy samples at a temperature
heated tol' = 1023 K. After holding at this temperature for  of T = 943 K. The observed structure factor is in agreement
30 min, the crucible was removed from the furnace and the with previous neutrof9—11] and X-ray diffraction[12,13]
liquid alloy was homogenized by stirring using an aluminum  stydies of liquid aluminum in the vicinity of the solidifica-
oxide rod. After solidification the sample was remelted and tion temperature. The first liquid peak for both samples is
the above mentioned process was repeated three times to emgpserved af = 2.68A~1 with a height ofS(Q) = 2.39 for
sure that the TiB particles were homogeneously distributed the liquid Al-0.15TiB alloy andS(Q) = 2.56 for the lig-
in the AI-0.15TiB sample. The solid sample was then cut yid AI-0.1Ti, respectively. The previously studied samples
into cylinders with a diameter of 9 mm. of pure aluminum and Al-0.3Ti-0.02B alloy show a height

In order to prepare the Al-0.1Ti sample, a different route of the first liquid peak af = 2.68A~1 of Q) = 2.44 and
was adopted. First, A-1Ti master alloy samples, 5g each, 2 39, respectively. The measured structure factor of the lig-
were prepared by melting together the appropriate amountsyjg Al-0.15TiB, and Al-0.1Ti alloys closely resembles the
of aluminum and titanium in an electric arc furnace in a high cyrve of pure aluminuni9] indicating a weak influence of

purity argon atmosphere. The molten samples were stirredthe alloying elements on the short-range order in the liquid.
by using the arc flame for homogenization. Then the samples

were solidified, rotated by changing the top and bottom posi- 3 2. Liquid volume fraction

tions, and remelted. This process was repeated five times to

ple. Having prepared the AI-1Ti master alloy samples, the titanjum on the crystallization behavior of aluminum, system-
Al-0.1Ti sample was prepared by melting it together with an atic time-dependent neutron diffraction measurements of the

appropriate amount of high purity aluminum, by the method strycture factor in Al-0.15TiBand Al-0.1Tialloys were per-
described for the Al-0.15TiBsample.

Differential thermal analysis (DTA) measurements were 4
performed on these samples, with sample dimensions 2 mm —— Al-0.15TiB,
x 2mm x 2mm, to gain an estimate of the transition tem- [ ——ALO.ITi
peratures. The results revealed that for the slow cooling rate 3F j
of 0.5 K/min, the liquid to solid transformation startsTat= I 4
932.1K, and the transformation is completéfat 929.1 K S(0) 2 |
for the Al-0.15TiB alloy. For the Al-0.1Ti alloy, the trans-
formation starts afs = 933.6 K, and the transformation is i
completed affs = 929.2 K for the cooling rate of 0.5 K/min. 1k
2.2. Experimental method j

0o 2 4 6 8 10

In situ neutron diffraction measurements were performed p
at the high-flux powder diffractometer D20 at the Institute Q@A)

Laue-Langevin (ILL). Al-0.15TiB and Al-0.1Ti alloy sam- ) o )
les with a mass of 10 g were placed in a cvlindrical sinale- Fig. 1. Liquid structure factd®Q) as a function of the wave-vector transfer
P 9 P y g Qforthe Al-0.15TiB (solid circles) and the Al-0.1Ti alloy (open circles) at

crystalline sapphire container with a height of 60 mm, an ; temperature of = 943 K. For clarityS(Q) of the Al-1Ti alloy is vertically
inner diameter of 10 mm, and a wall thickness of 1 mm. A displaced by 1.
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Table 1
Transformation temperatures of the Al-0.157i8nd the Al-0.1Ti alloys

at different cooling rates, whefR is the transformation start temperature,
T the transformation finish temperature, angk the temperature for 50%
transformation

Sample Coolingrate  Ts Ts T1/2 AT To — T]_/2
(K/min) K K K (K (K

Al-0.15TiB, 0.06 923 915 918 8 15
0.60 919 895 906 24 27

Al-0.1Ti 0.06 923 910 912 13 21
0.20 920 898 902 22 31
0.60 915 884 893 31 40

In addition, the temperature width of the transformatidii = Tg — Tt
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Fig. 2. Liquid volume fractiorf_ of the Al-0.15TiB alloy as a function

of temperature for cooling rates of 0.06 K/min (open circles) and 0.6 K/min
(solid circles). The liquid volume fractidi is deduced from the normalized
variation in the first liquid peak i&(Q) atQ = 2.68A°L.

and the average undercooliiig — Ty, with respect to the crystallization
temperature ofy = 933K are listed.

as a function of cooling rate is given for both samples. The
values mentioned ifiable 1should not be taken as true transi-
tiontemperatures. As mentioned in the schematic experimen-

formed during solidification. For each of the measurements tal setup[9], the platinum resistance thermometer is placed
the sample was heated to a temperature of 943 K for 1 h to ob-inside the cylindrical vanadium heating foil. At high tem-
tain a homogeneous liquid phase, followed by a continuous peratures the weak thermal contact between the sample and

cooling with rates of 0.06 and 0.6 K/min for the Al-0.15%iB
alloy and 0.06, 0.2 and 0.6 K/min for the Al-0.1Ti alloy. Dur-

the liquid metal and a possible inductive coupling between
the magnetatic stray fields from the vanadium heating ele-

ing cooling the structure factor was monitored by neutron ment and the platinum resistance thermometer may cause a

diffraction in time steps of 1 min. During the liquid to solid

temperature shiftin the readoub. The real onset temperatures

phase transformation the liquid peaks in the structure factor of the transformation should therefore show no significant
(Fig. 1) gradually decrease while the Bragg peaks from the undercooling as was confirmed in differential thermal anal-
solid phase emerge and grow. As the observed Bragg peak inysis (DTA) experiments on smaller samples for low cooling
tensity strongly depends on texture in the solid phase, we userates. However, once the transformation starts the temper-
the scattering from the liquid phase to determine the liquid ature width of the transformation, shown figs. 2 and 3

and solid volume fractions.
Figs. 2 and 3how the behavior of the liquid volume frac-
tion for the Al-0.15TiB and Al-0.1Ti alloys as a function of

closely represent that for the sample under study. These re-
sults indicate that for the same cooling rate the transforma-
tion extends over a wider temperature range in the Al-0.1Ti

temperature for different cooling rates, as determined from alloy compared to that of the Al-0.15TjiRlloy. The temper-
the normalized variation in the first maximum of the liquid ature where half of the liquid volume of the Al-0.15%iBnd

peak in the structure factdQ), atQ = 2.68A-1.InTable 1

Al-0.1Ti alloys is transformed to solidl{,») decreases by

a summary of the experimental transformation temperatures12 and 19 K, respectively, for a 10-fold increase in cooling
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Fig. 3. Liquid volume fractiorf_ of the Al-0.1Ti alloy as a function of

temperature for cooling rates of 0.06 K/min (open circles), 0.2 K/min (open

squares) and 0.6 K/min (solid circles). The liquid volume fracfiors de-
duced from the normalized variation in the first liquid pealS@) atQ =
2.68A-1,

rate. Compared to the pure aluminum samlk the lig-
uid/solid phase transformation of both the Al-0.157#&hd

the AlI-0.1Ti alloys occurs over a wider temperature range
irrespective of the cooling rate.

As expected for a phase transformation that involves latent
heat, the melting/freezing transition exhibits thermal hystere-
sis[14]. In Figs. 4 and 8his thermal hysteresis is shown for
combined heating and cooling experiments on Al-0.15TiB
and Al-0.1Ti alloys for a heating/cooling rate of 0.6 K/min.
The thermal hysteresis of the transformation temperature for
50% the transformation iATy/> = 33.6 K for both samples.
The corresponding hysteresis expressed in tim&tig, =
56 min. The observed thermal hysteresis is far too large to
be caused by a weak thermal link between the sample and
the thermometer, as for our sample with furnace ing@rt
the estimated response time for thermal equilibrium is about
5 min, giving rise to a thermal hysteresis of about 10 min dur-
ing heating/cooling cycle, which is significantly lower than
the observed thermal hysteresis in the samples.
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Fig. 4. Liquid volume fractiorf_ of the Al-0.15TiB alloy as a function

of temperature for cooling (open circles) and heating (solid circles) at a
cooling rate of 0.6 K/min. The liquid volume fractidnis deduced from the
normalized variation in the first liquid peak Q) atQ = 2.68A1,

3.3. Transformation kinetics

The crystallization kinetics during isothermal phase
transformations has been widely studied using the
Johnson—Mehl-Avrami (JMA) modg¢lL5-18], with exam-
ples in glasse$19,20] gels[21,22] polymers[23], steels
[24], and metal alloy$25,26] According to this model the
crystallized fractionf, can be described as a function of time,
t, by the following equation:

f(6) =1—exp{—k(t — 10)"}, 1)

wherek is the rate constant, the incubation time, andthe
Avrami exponent. The value of the exponemtjs expected

to vary between 1 and 4 depending on the nucleation mecha-

nism and the growth dimensionalii§7]. For our continuous

cooling experiments the time-dependent undercooling and
the release of latent heat during the transformation can lead

to a complicated variation in local temperature as a func-

tion of time. As a consequence, the growth rate may show a
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Fig. 5. Liquid volume fractioffi_ of the Al-0.1Ti alloy as a function of tem-
perature for cooling (open circles) and heating (solid circles) at a cooling rate
of 0.6 K/min. The liquid volume fractiofy is deduced from the normalized
variation in the first liquid peak i(Q) atQ = 2.68A 1.

23

significant time dependence. Given these limitations we feel
that the application of the JMA model can give qualitative
information on (1) the nucleation process and (2) the rela-
tive growth rates. For continuous cooling the transformation
time, t, in the JMA equation can be set to zero at the time the
temperature falls below the crystallization temperattiges
933K [9,23]. Under the assumption that the transformation
kinetics depends on the transformation time and is indepen-
dent of temperature, one can fit the experimental data to the
JMA model ofEq. (1) Provided that there is no change in the
nucleation and growth mechanisms during the phase trans-
formation, the Avrami exponem, is expected to be constant
[28] and was found to be ~ 3 for the liquid to solid phase
transformation in pure aluminum and in the Al-0.3Ti—0.02B
alloy for cooling rates of 0.6 and 0.06 K/mjf].

In Figs. 6 and 7%the solid volume fractionfg(t) = 1 —
fL(t), deduced from the liquid fraction is shown as a function
of time for the Al-0.15TiB and AI-0.1Ti alloys for cooling
rates of 0.06 and 0.6 K/min. The results of a fit of the JMA
equation for fixed values afandtg to the experimental data
are listed inTable 2 which effectively probes the combined
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Fig. 6. Evolution of the solid volume fractiofs = 1 — f_ for the
Al-0.15TiB; (open circles) and the Al-0.1Ti alloy (solid circles) at a cool-
ing rate of 0.06 K/min. The solid line shows a fit to the data with the
Johnson—Mehl-Avrami model (see text).

Table 2

Transformation parameters of the Al-0.157i8nd the Al-0.1Ti alloys at
different cooling rates obtained from a fit of the experimental solid volume
fraction to the JMA model, where is the Avrami exponeni is the rate
constantfp is the transformation start time, amg, — to = [InQ)/KY" is

the time for 50% transformation after the start of the transformation

Sample Cooling rate n k to t12 —to
(K/min) (min—") (min)  (min)

Al-0.15TiB, 0.06 31 9.4(3x 107 160 753
0.60 31 20(7x105 22 283

Al-0.1Ti 0.06 31 1.4(7% 107 200 138
0.20 31 81(@x107 70 79
0.60 3.1 84(3Bx10°® 30 373

The time when the temperature falls below the crystallization temperature
To = 933K is chosen as= 0.
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Fig. 7. Bvolution of the solid volume fractiofs = 1 — fi for the — fL deduced from the variation in the first liquid peak3{®) is shown.

Al-0.15TiB, (open circles) and the Al-0.1Ti alloy (solid circles) at a
cooling rate of 0.6 K/min. The solid line shows a fit to the data with the

Johnson—Mehl-Avrami model (see text). 3.4 Int ity fluctuati
4. Intensity fluctuations

Fig. 8shows the evolution of the solid fraction and the cor-
effect of the grain density and the average growth rate. Theresponding Bragg peak intensity from the (2 2 0) reflection of

corresponding fitted curves are showfrigs. 6 and 7The re- thea-Al (f.c.c.) grains in the Al-0.15TiBalloy during solid-
sults indicate that the rate constdqtf the Al-0.1Ti alloy is ification with a cooling rate of 0.6 K/min. The observed liquid
an order of magnitude lower than that of the Al-0.15 & to solid phase transformation is continuous and no anoma-

loy. The fully solidified Al-0.15TiB and Al-0.1Ti samples  lous behavior is observed. However, during the early stages
were also investigated using light microscopy. A relatively of the liquid to solid phase transformation of the Al-0.1Ti
large grain size was observed for both samples indicating thealloy, the variations in the Bragg peak intensity from the nu-
absence of a significant grain refinement. The variation in the cleating crystallites were observed. These variations in Bragg
rate constank for these samples reflects a difference in the peak intensity are present in all the observed Bragg reflec-
average growth rate caused by the solute titanium in AI-0.1Ti tions and for different cooling ratefig. 9 shows the evo-
alloy rather than by a difference in nucleated grain density. By lution of the (311) Bragg reflection in the Al-0.1Ti alloy
increasing the cooling rate, the rate constainicreases for ~ for cooling rates of 0.06, 0.2 and 0.6 K/min. The observed
both samples. The variation in rate constant for different cool- behavior is quite similar to that of previously reported re-
ing rates suggests that the average growth rate is enhancedults for the solidification of the Al-0.3Ti—0.02B all¢g,31].

for higher cooling rates due the larger value of the maximum However, for the solidification of the Al-0.3Ti—0.02B alloy,
undercooling during the slow transformations under (quasi) these time-dependent Bragg peak intensity fluctuations were
equilibrium conditions. The values of rate constant for the present during the whole liquid to solid phase transforma-
Al-0.15TiB; alloy at cooling rates of 0.06 and 0.6 K/min tion process. For the Al-0.1Ti alloy the intensity fluctuations
are close to those observed for pure alumif@jrindicating were only observed during the early stage of the solidifica-
that the TiB particles in pure aluminum do not significantly tion process (forfs < 0.20) at all cooling rates. When the
change its transformation kinetics during solidification. Our solidification is complete, a change in Bragg peak intensity
observations are in agreement with the results reported byis observed, which is probably due to coarsening of the solid
Mohanty et al.[29,30] for the grain refinement process of grains at high temperature.

aluminum in the presence of TiBparticles with a diameter The observed fluctuations in Bragg peak intensity at the
about 5um and at various solute titanium concentrations. In beginning of the solidification process in the Al-0.1Ti alloy,
the absence of solute titanium, no grain refinement was ob-limits our ability to analyze the possible dynamics of phase
served. Thus, the results obtained from the present neutrortransformation during solidification. These fluctuations in

diffraction measurements support the theory that TiBrti- Bragg peak intensity are probable due to the motion of few
clesin pure aluminum are not effective nucleation sites for the individual crystallites that are formed at the start of the so-
«-Al grains during solidification. The observed valuetgb lidification process. Easton and StJd@h proposed that at

for the Al-0.15TiB alloy is lower than that of the Al-0.1Ti  the beginning of solidification the driving force for nucle-

alloy for both cooling rates, confirming the relatively slow ation is usually thermal undercooling in the melt at the sam-
crystallization during the solidification of the AI-0.1Ti ple container wall and then the titanium partitioning between
alloy. the solid-liquid interface leads to constitutional undercool-
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Fig. 9. Normalized integrated Bragg peak intensigyfor the (31 1) reflection of the Al-0.1Ti alloy as a function of the titrfer a cooling rate of 0.06, 0.2
and 0.6 K/min. For comparison the evolution of the solid volume fraddonl — fi_, deduced from the variation in the first liquid peakd{®), is shown.

ing immediately ahead of the growing solid, in which the Acknowledgements

nucleant particles become activated for nucleation. In such

a case the grains produced during the early crystallization We gratefully acknowledge the technical assistance by
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surface and their motion is not probable. Therefore it appearsration of the Al-1Ti master alloys. Thanks are due to the In-
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are expected in the Al-0.1Ti alloy because of the high pu-
rity of the starting materials used, it is probable, as predicted
by the duplex nucleation theofg9], that the formation of
TiAl 3 takes place even at concentrations of titanium below
the peritectic composition of < 0.15wt.% Ti. Since TiAé

an effective nucleation site far-Al grains, it can activate
the crystallization process in the aluminum melt, away from
the container wall and the motion of these crystallites can
give rise to the observed intensity fluctuations. This obser-
vation supports the hypothesis that when bothyTpBrticles
and solute titanium is present in liquid aluminum, even at
the hypoperitectic composition, a layer of TiAdoats TiB
particles, thus making it an effective nucleation site during
the grain refinement process in aluminum and is needed for
epitaxial growth of nucleating grains of aluminum. However,
further investigations are necessary to validate this theory.

4. Conclusions

This paper presents the structural and kinetic features of
the crystallization kinetics in Al-0.15TiBand Al-0.1Ti al-
loys as a function of cooling rate during continuous cooling.
The results obtained from these measurements support th
theory that TiB particles in pure aluminum are not effec-
tive nucleation sites for the-Al grains in liquid aluminum
during solidification. The presence of solute titanium in alu-
minum causes a significant change in the growth kinetics.
The crystallization behavior of the Al-0.1Ti alloy indicates
the possible formation of a TiAlphase responsible for the
nucleation of aluminum grains.

Metals Research (NIMR).
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