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Abstract

The nucleation and growth kinetics ofα-Al grains in the systems Al–0.1Ti and Al–0.15TiB2 (wt.%) have been studied by time-resolved
neutron diffraction measurements during the liquid–solid phase transformation under continuous cooling. The evolution of the static structure
factorS(Q) was monitored for different cooling rates. The evolution of the solid fractionf for both samples during the transformation was
d alyzed in
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etermined from the normalized variation of the height of first peak in the liquid structure factor. The transformation kinetics was an
erms of the Johnson–Mehl–Avrami model, and compared for both samples. The evolution of Bragg peaks emerging after the nucle
olid phase was monitored. The results reveal that the TiB2 particles in pure aluminum are not effective nucleation sites forα-Al grains during
olidification. However, the presence of solute titanium in the Al–0.1Ti alloy changes the growth rate of crystallization during solid
n the early stages of the phase transformation in the Al–0.1Ti alloy, pronounced oscillations in the Bragg peaks intensity are obse
bservations are discussed in the light of the present grain refinement theories.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The liquid to solid phase transformation has a vital in-
uence on the macroscopic properties of aluminum alloys.
significant improvement of the mechanical properties of

luminum can be obtained by the addition of small amounts
f Al–Ti–B master alloys[1,2]. These alloys contain micro-
copic TiB2 and TiAl3 nucleating particles. Experiences in-
icate that the Al–Ti–B alloys are effective grain refiners but
imilar alloys containing only TiB2 or TiAl3 particles are
uch less effective. Various theories regarding the grain re-

ning mechanisms of Al–Ti–B refiners are proposed[3–8],
uch as the particle theory, the phase diagram theory, the
uplex nucleation theory and the peritectic hulk theory. Al-

hough the idea that TiB2 particles combined with solute tita-
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nium play a central role in the transformation process se
to be gaining wider acceptance[2,8], a complete understan
ing and general consensus of the mechanism(s) involv
still lacking. In order to obtain a better understanding of
grain refining mechanism(s) it is necessary to study the
lution of the liquid to solid phase transformation kinetics
these aluminum alloys, in situ, containing TiB2 nucleant par
ticles and solute Ti, separately and in combination.

We have previously reported the transformation ki
ics of the liquid to solid phase transformation in pure
minum and in a Al–0.3Ti–0.02B (wt.%) alloy containi
both TiB2 nucleant particles and solute Ti[9]. In the presen
paper the transformation kinetics and the effectivenes
grain refinement of both TiB2 particles and of solute tita
nium in aluminum is studied separately, by time-depen
neutron diffraction measurements during the solidificatio
Al–0.15TiB2 (wt.%) and Al–0.1Ti (wt.%) alloys for differen
continuous cooling rates. A big advantage of neutrons is
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the bulk sample can be studied in situ, because of the large
penetration length for neutrons into the sample.

2. Materials and method

2.1. Sample preparation

The studied samples were laboratory prepared from high
purity aluminum, titanium and TiB2 particles. The pure alu-
minum (99.999%) and titanium (99.99%) were purchased
from Goodfellows. The TiB2 (99.99%) powder with a parti-
cle size distribution ranging from 3 to 6�m with a maximum
around 4.4�m was purchased from Advanced Ceramics.

The Al–0.15TiB2 sample was prepared by putting alu-
minum lumps with a total mass of 35 g together with TiB2
particles into an aluminum oxide crucible. The sample was
heated toT = 1023 K. After holding at this temperature for
30 min, the crucible was removed from the furnace and the
liquid alloy was homogenized by stirring using an aluminum
oxide rod. After solidification the sample was remelted and
the above mentioned process was repeated three times to en-
sure that the TiB2 particles were homogeneously distributed
in the Al–0.15TiB2 sample. The solid sample was then cut
into cylinders with a diameter of 9 mm.
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monochromatic neutron beam with wavelength of 0.94Å and
a beam height of 41 mm was used in all neutron diffraction ex-
periments. For the high temperature neutron diffraction mea-
surements a dedicated vacuum furnace (4× 10−5 mbar) was
used with a vanadium heater element and a temperature sta-
bility of about 1 K. In order to achieve the temperature stabil-
ity required for our solidification experiments (�T< 50 mK),
a specially designed furnace insert was used[9].

3. Results and discussion

3.1. Liquid structure factor

In Fig. 1 the measured liquid structure factor,S(Q), as
a function of the wave-vector transfer,Q, is shown for the
Al–0.15TiB2 and Al–0.1Ti alloy samples at a temperature
of T = 943 K. The observed structure factor is in agreement
with previous neutron[9–11] and X-ray diffraction[12,13]
studies of liquid aluminum in the vicinity of the solidifica-
tion temperature. The first liquid peak for both samples is
observed atQ = 2.68Å−1 with a height ofS(Q) = 2.39 for
the liquid Al–0.15TiB2 alloy andS(Q) = 2.56 for the liq-
uid Al–0.1Ti, respectively. The previously studied samples
of pure aluminum and Al–0.3Ti–0.02B alloy show a height
o
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t uid.
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In order to prepare the Al-0.1Ti sample, a different ro
as adopted. First, Al–1Ti master alloy samples, 5 g e
ere prepared by melting together the appropriate amo
f aluminum and titanium in an electric arc furnace in a h
urity argon atmosphere. The molten samples were s
y using the arc flame for homogenization. Then the sam
ere solidified, rotated by changing the top and bottom p

ions, and remelted. This process was repeated five tim
nsure that titanium is homogeneously distributed in the
le. Having prepared the Al–1Ti master alloy samples
l–0.1Ti sample was prepared by melting it together with
ppropriate amount of high purity aluminum, by the met
escribed for the Al–0.15TiB2 sample.

Differential thermal analysis (DTA) measurements w
erformed on these samples, with sample dimensions
2 mm× 2 mm, to gain an estimate of the transition te

eratures. The results revealed that for the slow cooling
f 0.5 K/min, the liquid to solid transformation starts atTs =
32.1 K, and the transformation is complete atTf = 929.1 K

or the Al–0.15TiB2 alloy. For the Al–0.1Ti alloy, the tran
ormation starts atTs = 933.6 K, and the transformation
ompleted atTf = 929.2 K for the cooling rate of 0.5 K/mi

.2. Experimental method

In situ neutron diffraction measurements were perfor
t the high-flux powder diffractometer D20 at the Instit
aue-Langevin (ILL). Al–0.15TiB2 and Al–0.1Ti alloy sam
les with a mass of 10 g were placed in a cylindrical sin
rystalline sapphire container with a height of 60 mm
nner diameter of 10 mm, and a wall thickness of 1 mm
f the first liquid peak atQ = 2.68Å−1 of S(Q) = 2.44 and
.39, respectively. The measured structure factor of the
id Al–0.15TiB2 and Al–0.1Ti alloys closely resembles
urve of pure aluminum[9] indicating a weak influence
he alloying elements on the short-range order in the liq

.2. Liquid volume fraction

In order to study the influence of TiB2 particles and solut
itanium on the crystallization behavior of aluminum, syst
tic time-dependent neutron diffraction measurements o
tructure factor in Al–0.15TiB2 and Al–0.1Ti alloys were pe

ig. 1. Liquid structure factorS(Q) as a function of the wave-vector trans
for the Al–0.15TiB2 (solid circles) and the Al–0.1Ti alloy (open circles
temperature ofT= 943 K. For clarityS(Q) of the Al–1Ti alloy is vertically
isplaced by 1.
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Fig. 2. Liquid volume fractionfL of the Al–0.15TiB2 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 fractionfL is deduced from the normalized
variation in the first liquid peak inS(Q) atQ = 2.68Å−1.

formed during solidification. For each of the measurements
the sample was heated to a temperature of 943 K for 1 h to ob-
tain a homogeneous liquid phase, followed by a continuous
cooling with rates of 0.06 and 0.6 K/min for the Al–0.15TiB2
alloy and 0.06, 0.2 and 0.6 K/min for the Al–0.1Ti alloy. Dur-
ing cooling the structure factor was monitored by neutron
diffraction in time steps of 1 min. During the liquid to solid
phase transformation the liquid peaks in the structure factor
(Fig. 1) gradually decrease while the Bragg peaks from the
solid phase emerge and grow. As the observed Bragg peak in-
tensity strongly depends on texture in the solid phase, we use
the scattering from the liquid phase to determine the liquid
and solid volume fractions.

Figs. 2 and 3show the behavior of the liquid volume frac-
tion for the Al–0.15TiB2 and Al–0.1Ti alloys as a function of
temperature for different cooling rates, as determined from
the normalized variation in the first maximum of the liquid
peak in the structure factor,S(Q), atQ= 2.68Å−1. In Table 1
a summary of the experimental transformation temperatures
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Table 1
Transformation temperatures of the Al–0.15TiB2 and the Al–0.1Ti alloys
at different cooling rates, whereTs is the transformation start temperature,
Tf the transformation finish temperature, andT1/2 the temperature for 50%
transformation

Sample Cooling rate
(K/min)

Ts

(K)
Tf

(K)
T1/2

(K)
�T
(K)

T0 − T1/2

(K)

Al–0.15TiB2 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 transformation�T = Ts − Tf

and the average undercoolingT0 − T1/2 with respect to the crystallization
temperature ofT0 = 933 K are listed.

as a function of cooling rate is given for both samples. The
values mentioned inTable 1should not be taken as true transi-
tion temperatures. As mentioned in the schematic experimen-
tal setup[9], the platinum resistance thermometer is placed
inside the cylindrical vanadium heating foil. At high tem-
peratures the weak thermal contact between the sample and
the liquid metal and a possible inductive coupling between
the magnetatic stray fields from the vanadium heating ele-
ment and the platinum resistance thermometer may cause a
temperature shift in the readoub. The real onset temperatures
of the transformation should therefore show no significant
undercooling as was confirmed in differential thermal anal-
ysis (DTA) experiments on smaller samples for low cooling
rates. However, once the transformation starts the temper-
ature width of the transformation, shown inFigs. 2 and 3,
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
alloy compared to that of the Al–0.15TiB2 alloy. The temper-
ature where half of the liquid volume of the Al–0.15TiB2 and
Al–0.1Ti alloys is transformed to solid (T1/2) decreases by
12 and 19 K, respectively, for a 10-fold increase in cooling
rate. Compared to the pure aluminum sample[9], the liq-
uid/solid phase transformation of both the Al–0.15TiB2 and
the Al–0.1Ti alloys occurs over a wider temperature range
i
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ig. 3. Liquid volume fractionfL of the Al–0.1Ti alloy as a function o
emperature for cooling rates of 0.06 K/min (open circles), 0.2 K/min (
quares) and 0.6 K/min (solid circles). The liquid volume fractionfL is de-
uced from the normalized variation in the first liquid peak inS(Q) atQ =
.68Å−1.
rrespective of the cooling rate.
As expected for a phase transformation that involves l

eat, the melting/freezing transition exhibits thermal hys
is[14]. In Figs. 4 and 5this thermal hysteresis is shown
ombined heating and cooling experiments on Al–0.15T2
nd Al–0.1Ti alloys for a heating/cooling rate of 0.6 K/m
he thermal hysteresis of the transformation temperatu
0% the transformation is�T1/2 = 33.6 K for both sample
he corresponding hysteresis expressed in time is�t1/2 =
6 min. The observed thermal hysteresis is far too larg
e caused by a weak thermal link between the sample

he thermometer, as for our sample with furnace inser[9]
he estimated response time for thermal equilibrium is a
min, giving rise to a thermal hysteresis of about 10 min

ng heating/cooling cycle, which is significantly lower th
he observed thermal hysteresis in the samples.
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Fig. 4. Liquid volume fractionfL of the Al–0.15TiB2 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 fractionfL is deduced from the
normalized variation in the first liquid peak inS(Q) atQ = 2.68Å−1.

3.3. Transformation kinetics

The crystallization kinetics during isothermal phase
transformations has been widely studied using the
Johnson–Mehl–Avrami (JMA) model[15-18], with exam-
ples in glasses[19,20], gels [21,22], polymers[23], steels
[24], and metal alloys[25,26]. According to this model the
crystallized fraction,f, can be described as a function of time,
t, by the following equation:

f (t) = 1 − exp{−k(t − t0)n}, (1)

wherek is the rate constant,to the incubation time, andn the
Avrami exponent. The value of the exponent,n, is expected
to vary between 1 and 4 depending on the nucleation mecha-
nism and the growth dimensionality[27]. 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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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 temperature,T0 =
933 K [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 exponent,n, is expected to be constant
[28] and was found to ben≈ 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/min[9].

In Figs. 6 and 7the solid volume fraction,fS(t) = 1 −
fL(t), deduced from the liquid fraction is shown as a function
of time for the Al–0.15TiB2 and Al–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 ofn andt0 to the experimental data
are listed inTable 2, which effectively probes the combined
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the time for 50% transformation after the start of the transformation

Sample Cooling rate
(K/min)

n k
(min−n)

t0
(min)

t1/2 − t0
(min)

Al–0.15TiB2 0.06 3.1 9.4(3)× 10−7 160 75.3
0.60 3.1 2.0(7)× 10−5 22 28.3

Al–0.1Ti 0.06 3.1 1.4(7)× 10−7 200 138
0.20 3.1 8.1(4)× 10−7 70 79
0.60 3.1 8.4(3)× 10−6 30 37.3

The time when the temperature falls below the crystallization temperature
To = 933 K is chosen ast = 0.
ig. 5. Liquid volume fractionfL of the Al–0.1Ti alloy as a function of tem
erature for cooling (open circles) and heating (solid circles) at a coolin
f 0.6 K/min. The liquid volume fractionfL is deduced from the normaliz
ariation in the first liquid peak inS(Q) atQ = 2.68Å−1.
ig. 6. Evolution of the solid volume fractionfS = 1 − fL for the
l–0.15TiB2 (open circles) and the Al–0.1Ti alloy (solid circles) at a co

ng rate of 0.06 K/min. The solid line shows a fit to the data with
ohnson–Mehl–Avrami model (see text).

able 2
ransformation parameters of the Al–0.15TiB2 and the Al–0.1Ti alloys a
ifferent cooling rates obtained from a fit of the experimental solid vol

raction to the JMA model, wheren is the Avrami exponent,k is the rate
onstant,t0 is the transformation start time, andt1/2 − t0 = [ln(2)/k]1/n is
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Fig. 7. Evolution of the solid volume fractionfS = 1 − fL for the
Al–0.15TiB2 (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).

effect of the grain density and the average growth rate. The
corresponding fitted curves are shown inFigs. 6 and 7. The re-
sults indicate that the rate constant,k, of the Al–0.1Ti alloy is
an order of magnitude lower than that of the Al–0.15TiB2 al-
loy. The fully solidified Al–0.15TiB2 and Al–0.1Ti samples
were also investigated using light microscopy. A relatively
large grain size was observed for both samples indicating the
absence of a significant grain refinement. The variation in the
rate constantk for these samples reflects a difference in the
average growth rate caused by the solute titanium in Al–0.1Ti
alloy rather than by a difference in nucleated grain density. By
increasing the cooling rate, the rate constantk increases for
both samples. The variation in rate constant for different cool-
ing rates suggests that the average growth rate is enhanced
for higher cooling rates due the larger value of the maximum
undercooling during the slow transformations under (quasi)
equilibrium conditions. The values of rate constant for the
Al–0.15TiB2 alloy at cooling rates of 0.06 and 0.6 K/min
are close to those observed for pure aluminum[9] indicating
that the TiB2 particles in pure aluminum do not significantly
change its transformation kinetics during solidification. Our
observations are in agreement with the results reported by
Mohanty et al.[29,30] for the grain refinement process of
aluminum in the presence of TiB2 particles with a diameter
about 5�m and at various solute titanium concentrations. In
t s ob-
s utron
d
c r the
α

f Ti
a ow
c Ti
a

Fig. 8. Normalized integrated Bragg peak intensityIB for the (2 2 0) reflec-
tion of the Al–0.15TiB2 alloy as a function of the timet for a cooling rate of
0.6 K/min. For comparison the evolution of the solid volume fractionfS = 1
− fL deduced from the variation in the first liquid peak inS(Q) is shown.

3.4. Intensity fluctuations

Fig. 8shows the evolution of the solid fraction and the cor-
responding Bragg peak intensity from the (2 2 0) reflection of
theα-Al (f.c.c.) grains in the Al–0.15TiB2 alloy during solid-
ification with a cooling rate of 0.6 K/min. The observed liquid
to solid phase transformation is continuous and no anoma-
lous behavior is observed. However, during the early stages
of the liquid to solid phase transformation of the Al–0.1Ti
alloy, the variations in the Bragg peak intensity from the nu-
cleating crystallites were observed. These variations in Bragg
peak intensity are present in all the observed Bragg reflec-
tions and for different cooling rates.Fig. 9 shows the evo-
lution of the (3 1 1) Bragg reflection in the Al–0.1Ti alloy
for cooling rates of 0.06, 0.2 and 0.6 K/min. The observed
behavior is quite similar to that of previously reported re-
sults for the solidification of the Al–0.3Ti–0.02B alloy[9,31].
However, for the solidification of the Al–0.3Ti–0.02B alloy,
these time-dependent Bragg peak intensity fluctuations were
present during the whole liquid to solid phase transforma-
tion process. For the Al–0.1Ti alloy the intensity fluctuations
were only observed during the early stage of the solidifica-
tion process (forfS < 0.20) at all cooling rates. When the
solidification is complete, a change in Bragg peak intensity
is observed, which is probably due to coarsening of the solid
g

t the
b loy,
l ase
t in
B few
i so-
l t
t le-
a am-
p een
t ool-
he absence of solute titanium, no grain refinement wa
erved. Thus, the results obtained from the present ne
iffraction measurements support the theory that TiB2 parti-
les in pure aluminum are not effective nucleation sites fo
-Al grains during solidification. The observed value oft1/2

or the Al–0.15TiB2 alloy is lower than that of the Al–0.1
lloy for both cooling rates, confirming the relatively sl
rystallization during the solidification of the Al–0.1
lloy.
rains at high temperature.
The observed fluctuations in Bragg peak intensity a

eginning of the solidification process in the Al–0.1Ti al
imits our ability to analyze the possible dynamics of ph
ransformation during solidification. These fluctuations
ragg peak intensity are probable due to the motion of

ndividual crystallites that are formed at the start of the
idification process. Easton and StJohn[2] proposed that a
he beginning of solidification the driving force for nuc
tion is usually thermal undercooling in the melt at the s
le container wall and then the titanium partitioning betw

he solid-liquid interface leads to constitutional underc
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Fig. 9. Normalized integrated Bragg peak intensityIB for the (3 1 1) reflection of the Al–0.1Ti alloy as a function of the timet for a cooling rate of 0.06, 0.2
and 0.6 K/min. For comparison the evolution of the solid volume fractionfS = 1 − fL , deduced from the variation in the first liquid peak inS(Q), is shown.

ing immediately ahead of the growing solid, in which the
nucleant particles become activated for nucleation. In such
a case the grains produced during the early crystallization
process in the Al–0.1Ti alloy will be bound to the container
surface and their motion is not probable. Therefore it appears
that in the beginning of the solidification of the Al–0.1Ti al-
loy, nucleation starts in the liquid aluminum, away from the
container wall. This is possible only if there exist some effec-
tive nucleation sites inside the melt. As no impurity particles
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 theory[29], that the formation of
TiAl 3 takes place even at concentrations of titanium below
the peritectic composition of < 0.15 wt.% Ti. Since TiAl3 is
an effective nucleation site forα-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 both TiB2 particles
and solute titanium is present in liquid aluminum, even at
the hypoperitectic composition, a layer of TiAl3 coats TiB2
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.
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