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Abstract

The nucleation of primary Pt-rich intermetallic compound (IMC) crystals was
studied in a model Al-Pt-Er alloy as an analogue to Al;sFes that forms in com-
mercial Al alloys. The Pt-rich IMCs provided strong X-ray absorption contrast
that allowed earlier detection of formation events and the resolution of solute dif-
fusion fields. Crystal formation behaviour was investigated during directional and
isothermal solidification when the alloy was inoculated with TiBs particles at cooling
rates of 0.1 Ks™! to 8 Ks~! using in situ synchrotron X-ray radiography. Different
from previous studies that concerned disordered, solid solution phases such as a-Al
dendrites, for the first time nucleation bursts of ordered compound crystals were ob-
served, where the nucleation of the IMC crystals proceeded in distinct cascades (in
the time domain) or waves (in the spatial domain), the magnitude of which increased
with increasing cooling rate and particularly with decreasing thermal gradient in the
melt. Comparing the crystal number density with the estimated number density of
TiB, particles suggested that the IMC crystals nucleated only on the most potent
TiBy particles, accounting for ~0.5% of the total TiBs number density in the melt.
The effect of the thermal gradient and cooling rate on the magnitude of the nu-
cleation waves and the IMC number density was revealed in terms of the available
undercooling in the liquid in front of an individual IMC and the solute depleted
liquid fraction that arose from the interaction of an ensemble of IMC crystals.
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1 Introduction

During the cooling of a liquid metallic alloy, transformation from liquid to solid
starts with the nucleation and formation of solid crystals at a temperature below the
equilibrium melting temperature of the alloy, and this is followed by crystal growth,
which may or may not be accompanied by further crystal formation events. The
promotion or suppression of crystal nucleation plays a critical role in controlling the
final crystal (or grain) size, distribution and morphology, and thus microstructure
and mechanical properties of engineering alloy products, such as aluminium alloys
and magnesium alloys used for automotive components, and nickel-based alloys used
for turbine blades. In the aluminium industry, the nucleation of the a-Al grains
that comprise >95 vol% of the final microstructure is promoted by inoculation with
insoluble grain refiner particles such as TiBo and TiC. Inoculation results in a finer
grain size and better, more isotropic mechanical properties [I]. A number of models
of how these “extrinsic” additions promote nucleation have been developed since
the middle of the last century [2HI1].

With the advent of the high-energy, high-brilliance third-generation synchrotrons,
and the development of better laboratory-based X-ray sources, in situ X-ray imag-
ing techniques, such as radiography and tomography, have been used increasingly
to investigate alloy solidification. The majority of these studies have focused on
crystal growth of the primary a-Al phase, including the morphological instability of
the growing solid/liquid interface [12] 13], columnar-to-equiaxed transition [14H16],
dendrite fragmentation [I7-20] and growth velocity of equiaxed dendrites [21H23]. In
contrast, only a handful of studies have concerned crystal nucleation or the moment
of crystal formation, principally due to the difficulties of imaging tiny nucleants and
embryonic crystals.

Waves of equiaxed a-Al dendrite formation were first reported by Prasad et
al. in Al-Si alloys [24] and by Jia et al. in an Al-Cu alloy [25]. Building on these
qualitative insights, Liotti et al. combined X-ray radiography with machine learning

and investigated the effect of alloy composition, cooling rate and instantaneous local
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solute concentration on the nucleation of equiaxed a-Al dendrites in Al-Cu alloys
at cooling rates of 0.3 Ks™! to 1.5 Ks~! [26]. Using a “reverse time” approach,
they measured the instantaneous Cu concentration in the local region just before
a new a-Al dendrite appeared at that point, and estimated the undercooling of
over 14,000 grain formation events. Using a time series analysis of all these data,
they showed unambiguously that new crystals formed in distinct waves rather than
semi-continuously, and that these waves were associated with higher undercoolings
that enhanced the efficiency of crystal formation, and led to a finer grain size [26].

Aside from considering the majority, solid solution a-Al phase, studying in situ
the nucleation of the minority, ordered intermetallic compounds (IMCs), which are
an important feature of most Al alloys (e.g. Fe-rich IMCs), presents particular chal-
lenges because of their low volume fraction (<2%). Fe-rich IMCs, such as Alj3Fey,
may grow into coarse (~10 pum to several millimetres [27]), plate-like secondary
phases in both cast and wrought alloys, and can act as strain concentrators that
undermine alloy ductility and toughness [28] 29]. Feng et al. used both synchrotron
and laboratory X-ray facilities to investigate the formation of primary Al;sFey IMCs
in a hypereutectic Al-3Fe (wt%) alloy, along with the effect of TiBs and TiC inocula-
tion under both directional and near-isothermal solidification conditions [30]. Based
on over 4,500 crystal formation events, they showed that TiBs and TiC - normally
added to promote a-Al grain formation - also consistently increased the number
density and formation rate of primary Alj3Fe4 crystals under all solidification con-
ditions. However, due to limitations in X-ray absorption contrast, spatial-temporal
resolution and image quality in the experiments, resolving the very earliest stages of
faceted crystal formation and time-resolved quantification of crystal formation rate
was not possible, and thus there were no insights regarding any nucleation bursts
in the temporal domain [30].

In this paper, to understand better ordered IMC formation behaviour, especially
in the temporal domain, we investigate the formation of primary IMC crystals in
a model Al-Pt-Er ternary alloy. This unusual composition alloy is at first consid-

eration an odd choice, but is carefully designed because it not only forms faceted,
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plate-like Pt-rich IMCs that are morphologically closely related to AljsFeyq, but
critically it also provides very strong X-ray absorption contrast between the Pt-
rich IMCs and the Pt-depleted surrounding liquid that facilitates the resolution and
analysis of the crystal formation stage and the associated diffusion field. More de-
tails behind the alloy choice are given later. We resolve and analyse 4,037 IMC
nucleation events and show that the nucleation of the primary IMC crystals occurs
in distinct waves, and that the magnitude of the waves increases with increasing
cooling rate and is particularly sensitive to thermal gradient. For a given thermal
gradient, the final IMC number density first increases rapidly as cooling rate in-
creases from 0.1 Ks™! to 0.5 Ks™!, but then levels off up to 8 Ks~'. The role of
cooling rate and thermal gradient on the nucleation bursts, and therefore the final
IMC number density is related to the magnitude of liquid undercooling around indi-
vidual pre-existing IMCs. Then, by considering the interaction between an ensemble
of IMCs and potential nucleants, and using the time-resolved measurement of the
Pt-depletion liquid fraction, we show that the probability of IMC nucleation at any
instant depends on the number of pre-existing IMCs and the liquid fraction in the
environment that is solute depleted, which in turn depends on macro-scale cool-
ing rate and thermal gradient conditions. Finally, the implications for commercial

castings are considered.

2 Experimental methods

2.1 Alloy selection

An alloy composition of Al-23Pt-20Er (wt%) with an addition of 0.5 wt% Al-5Ti-1B
commercial refiner was chosen, in which faceted Pt-rich AloyPtgEry IMCs formed

as the primary phase. The reasons for choosing this composition are:

1. AlysPtgEry has a triclinic crystal structure with a monoclinic sub-cell [31] that
has the same space group (C2/m) as Aly3Fey [32], which is frequently found in

engineering Al alloys and deleterious to alloy mechanical properties [28, 29].
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2. Pt has a relatively high energy X-ray absorption K-edge of 78 keV. At the
beam energy used for this work (described in more detail in the next section),
micro-segregation of Pt into the Pt-rich IMCs provided strong absorption con-
trast between the solid IMCs and the surrounding liquid, facilitating prompt

detection of new crystals and solute patterns in the liquid.

3. In the same experiments, the capability of a new type of X-ray spectrome-
ter, known as “HEXITEC” [33H37] was investigated, which allowed separate
identification and spatial mapping of each element in a multi-element alloy (as
opposed to radiography/tomography that is only suitable for mapping one el-
ement in a binary or pseudo-binary alloy). As the current paper is focusing on
radiography, detailed description of this multi-element mapping technique is
therefore beyond the scope of the paper, but some latest results of multi-solute

segregation mapping from these experiments can be found in [3§].

2.2 Sample preparation

Al-23Pt-20Er with 0.5 wt% Al-5Ti-1B were prepared following a four-step proce-
dure. First, TiBo-containing Al was prepared by adding 0.9 wt% Al-5Ti-1B into
molten, pure Al (99.999%) at 750°C in an induction furnace, and the melt was cast
into a water-cooled Cu mould. The TiBo-containing Al was remelted and mixed
with pure Er (99.9%) and pure Pt (99.95%) using vacuum arc melting. The in-
got was flipped in the arc melting crucible and remelted three times to promote
mixing. The outcome was a cap-shaped ingot of ~100 g, with ~50 mm diameter
and ~15mm thickness, as shown schematically in Fig. The top surface was
ground with SiC paper, and the edges machined to remove any surface oxide films.
The ingot was then cut by a water jet into four pieces (as denoted by the yellow
dashed lines). Foil samples were produced by sectioning using a diamond wheel
blade. Finally, X-ray radiography samples of 20x10 mm and thickness of 200 + 5
pm were prepared by grinding and polishing to a final surface finish of 1 ym. Each
sample was encapsulated in an X-ray transparent BN cell (Multi-lab, UK) of 100

pm thickness.
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Figure 1: Schematic showing how foil samples were sectioned from a bulk Al-Pt-Er ingot. The as-cast
ingot was cut by a water jet as indicated by the yellow dashed lines, and finally sectioned using a diamond
wheel blade to produce foil samples.

120

125

130

135

Electron microscopy was performed on both the as-cast alloy and samples so-
lidified in the synchrotron experiments, for phase identification as a function of
solidification conditions. Details can be found in S1 of the supplementary materi-

als.

2.3 Synchrotron X-ray radiography

Synchrotron X-ray radiography experiments were carried out at beamline 1D19,
European Synchrotron Radiation Facility (ESRF), France, using a bespoke solid-
ification rig that has been described elsewhere [30]. The rig was operated with a
controlled Ar atmosphere to protect foil samples and the heating elements from
oxidation.

Fig. [2] shows a schematic of the experimental set-up. The sample was illumi-
nated with a pink X-ray beam peaking at 89 keV. The transmitted beam from the
sample was collected onto a 200 pm thick LuAG:Ce (LugAl5012:Ce) single crystal
scintillator, which then projected the radiographic image onto a CMOS PCO.Edge
4.2 camera through an optical system (lenses and mirror). As mentioned earlier, the
experiments formed part of a larger experimental campaign of simultaneous radio-
graphy and fluorescence imaging. Therefore to allow simultaneous collection of the
fluorescence X-ray using the HEXITEC spectrometer, the sample was positioned at
45° to the incident beam. Again, detailed description of the fluorescence imaging is
beyond the scope of this paper. Radiography videos were recorded at 10 Hz with an
image pixel size of 2.2 um/pixel along the vertical direction and an image pixel size
of 3.1 um/pixel along the horizontal direction, because of the 45° angle between the

incident beam and the sample.
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Figure 2: Schematic of the experimental set-up for synchrotron X-ray radiography and simultaneous
X-ray fluorescence.

Each sample was fully melted and held at 1200°C for 3 min, then cooled at a
constant cooling rate ranging from 0.1 Ks=! to 8 Ks~!. Table [1|lists all the exper-
imental conditions, together with the number of repeats and the number of IMC
crystals measured in each condition. 11 experiments were performed in a directional
(bottom-to-top) solidification condition, by maintaining a constant thermal gradi-
ent of approximately 15 K mm™! in the solidifying sample. By carefully calibrating
the heater and the furnace, an isothermal solidification sequence was also contrived.
Overall, 12 experiments were carried out and the formation of 4,037 IMC particles
was detected.

Raw radiographic images acquired were often affected by sample surface imper-
fections (e.g. scratches) and illumination variations due to defects in the optical
system. Therefore, the raw images were processed following a procedure described

in S2 of the supplementary materials.
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Alloy Thermal gradient (Kmm™1) Cooling rate (Ks™!)

0.1 0.5 1 2 4 8
. 1 2 3 2 2 1
AIPtEr + TiB2 15 (83)  (509) (1002) (712) (824) (458)
AIPtEr + TiB, 0 L

(449)

Table 1: Summary of experimental conditions, showing the number of repeats and the number of IMC
crystals measured (in parenthesis) in each condition.
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Figure 3: (a) to (c) An example radiograph sequence showing the formation of primary IMC crystals in
the solidifying Al-Pt-Er alloy at 2 Ks™! and 15 Kmm™!. The image field of view is approximately 4 mm
x 3 mm. Time ¢ = 0 was set when an IMC crystal first appeared in the field of view. IMC formation
occurred in 3 waves, denoted as “17, “2” and “3” in the radiographs, and the yellow dashed line highlights
the front of each formation wave. (d) The number density of the IMC formation events in the field of
view as a function of time. (e) The IMC formation rate as a function of time. The 3 major waves in (e)
were labelled, in correspondence to the formation waves shown in (a) to (c).

Figs. (a) to (c) show a radiographic image sequence of the alloy solidifying at 2
Ks™!and 15 Kmm™!. Time t = 0 was set when an IMC crystal first appeared in the
field of view. Because of the thermal gradient imposed, the formation of the primary
Pt-rich IMCs started near the bottom of the field of view and proceeded upwards.

The IMC crystals formed in 3 distinct waves (denoted as 1, 2 and 3 in Figs. a) to
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(¢)), and a yellow dashed line is superimposed on each frame to highlight the front
of each formation wave. Readers are invited to watch the radiographic video (Video
1) in the on-line supplementary materials. Fig. [3(d) shows the number of IMC
formation events in the radiographic field of view as a function of time. The vast
majority (95%) of the IMC crystals formed in the first 33 seconds. Overall, 390 IMC
crystals formed in the field of view by the end of the solidification sequence. The
time-resolved formation rate (Fig. (e)), by spline interpolating and differentiating
the number of formation events, occurred primarily in 3 cascades, corresponding
to the formation waves in Figs. Bfa) to (c). Crystal formation waves have only
been previously reported for disordered, non-faceted solid solution phases, such as
primary equiaxed a-Al dendrites under isothermal and gradient conditions [24-26],
whereas the current work is the first of ordered, faceted IMC formation waves.
Figs. [4(a) to (d) present radiographs at the end of the primary IMC formation for
different cooling rates, at 15 Kmm™'. IMCs at higher cooling rates were noticeably

finer and more populous compared with those at 0.5 Ks™1.

In each case, crystals
near the bottom of the field of view were larger and thicker (more X-ray absorbing)
due to more time for growth/coarsening, which was more significant at lower cooling
rates (Figs. [d|(a) and (b)). Overall, 251 primary IMCs formed in the field of view
at 0.5 Ks™1, 371 at 1 Ks™', 390 at 2 Ks™!, and 405 at 4 Ks™ 1.

Fig. [d|(e) shows the time-resolved IMC formation rate for the same experiments
shown in Figs. (a) to (d). At the lowest cooling rate of 0.5 Ks™!, there was no
noticeable peak (indicative of a wave or burst of nucleation) in the formation rate
profile, and the maximum instantaneous formation rate was approximately 2 IMCs

mm 3s~!. Formation rate at an intermediate cooling rate of 1 Ks™! showed a peak

3571 with formation then

around ¢t = 20 s and a peak formation rate of 5 IMCs mm™
more sluggish. In contrast, the formation rate profiles at 2 Ks~! and 4 Ks~! showed
distinct multiple peaks of 9 IMCs mm3s~! and 13 IMCs mm3s~!, respectively.
Figs. a) to (c) show a radiograph sequence for directional solidification at 4
Ks™! and 15 Kmm™', where the IMC formation started from the bottom of the

field of view, proceeded progressively upwards in two distinct waves, and finished
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Figure 4: Radiographs at the end of the formation of primary IMCs at (a) 0.5 Ks=! (b) 1 Ks™, (¢) 2
Ks~! and (d) 4 Ks™!, at 15 Kmm™?. (e) Time resolved IMC formation rate for the experiments shown
in (a) to (d).
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Figure 5: (a) to (c¢) A radiograph sequence showing the formation of primary IMC crystals at 4 Ks~

and 15 Kmm~!. (d) to (f) A radiograph sequence showing the formation of primary IMC crystals at 4

at ~20 s. Figs. [5(d) to (f) show a radiograph sequence at the same cooling rate of

4 Ks~! but for the case of isothermal solidification. Now, almost all IMC crystals

formed uniformly across the field of view, in a single intense burst in the first 10 s
(Fig. Bfe))-
t=5s t=10s t=20s

Ks~! under isothermal cooling conditions.

Fig. [0 shows the time-resolved IMC formation rate for the directional and
isothermal sequences in Fig. [5, with peak IMC formation rates of 16 IMCs mm™3s ™!
and 32 IMCs mm3s™!, respectively. The duration of the IMC formation, here de-
fined as the time for 95% (number fraction) of the IMCs to form, was 10.8 s under
the isothermal condition, corresponding to a temperature change of 43 K, and 19.5
s for the directional counterpart, corresponding to a temperature change of 78 K. In
total, 152 IMCs formed in the field of view under directional cooling (Figs. [5f(a) to
(c)), and 183 IMCs formed under isothermal cooling (Figs. [5d) to (f)). To the best
of the authors’ knowledge, the effects of a thermal gradient on crystal nucleation

bursts have not been studied previously.

Figs. [7(a) and (b) summarise the total IMC number density and the correspond-

11
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Figure 6: Time resolved IMC formation rate for the directional and isothermal solidification sequences
at 4 Ks~! shown in Fig.

ing average formation rate in the 11 directional solidification experiments (shown by
the purple dots) and 1 isothermal experiment (shown by the purple circle). Isother-
mal solidification showed the highest IMC number density of 197 IMCs mm™3. The
number density under directional conditions first increased rapidly with cooling rate,
from 21 IMCs mm™2 at 0.1 Ks™! to 99 &+ 3 IMCs mm ™~ at 0.5 Ks~!. However, it

3 at

then became less sensitive to the cooling rate, increasing to 125420 IMCs mm™
1 Ks™!, and levelled off at approximately 150 IMCs mm ™3 with further increases in
cooling rate up to 8 Ks~!. Similarly, a weak relationship between the IMC number
density and cooling rate was reported for primary Al;sFes during directional solidi-
fication of an Al-5Ti-1B inoculated Al-3Fe (wt%) at 5K mm ™! and 8 K mm ™! in the
cooling rate range 0.5 Ks™! to 4 Ks™! [30], and these data are also plotted in Fig.
a) for comparison. The number density of Al;sFey IMCs fluctuated between 50
and 75 IMCs mm~2 at 5 Kmm ™" (solid gold diamonds in Fig. a)), and levelled off
at approximately 20 IMCs mm~ for a higher thermal gradient of 8 K mm™! (hollow

gold diamonds in Fig. (a)). Comparing the trend-wise effect of the cooling rate on

12
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the Pt-rich and the Fe-rich IMC number density, both showed a weak sensitivity at
cooling rate T > 0.5 Ks™!, whilst at 7= 0.1 Ks~! to 7' = 0.5 Ks~! (where data is

available for the Pt-rich IMCs) the number density of Pt-rich IMCs showed a rapid

increase.
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Figure 7: (a) Total IMC number density for 11 directional solidification experiments at 15 Kmm™!

(shown by the purple dots) and 1 isothermal experiment (shown by the purple circle). The solid and
hollow gold diamonds denote the IMC density of Al;3Fey at 5 Kmm~! and 8 K mm ™!, respectively, taken
from [30]. (b) Average IMC formation rate for 11 directional solidification experiments at 15 Kmm™!
(shown by the purple dots) and 1 isothermal experiment (shown by the purple circle). The purple line
indicates a linear best-fit to highlight the trend of the formation rate for directional solidification (quality
of fitting: R? = 0.992). The solid and hollow gold diamonds denote the average formation rate of Alj3Fey
at 5 Kmm™! and 8 Kmm™!, respectively, taken from [30].

The average formation rate of the Pt-rich IMCs in the directional conditions
(shown by the purple dots in Fig. [7[(b)) followed a linear trend, increasing from 0.005
IMCs mm™3s~! at 0.1 Ks~! to 13 IMCs mm3s~! at 8 Ks~!. Similarly, there was
a linear trend for the average formation rate of primary AljsFey [30]. The average
formation rate of the Pt-rich IMCs in the isothermal condition (approximately 8
IMCs mm~3s~!) was noticeably higher than the directional counterpart (6 & 0.5

IMCs mm—3s™!) for the same cooling rate.

13
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4 Discussion

4.1 Nucleants

The number density of Pt-rich IMCs showed a rapid increase from 0.1 Ks™! to 0.5
Ks™!, but a weak relationship at higher cooling rates, and had a similar trend to
Fe-rich IMCs for 7' > 0.5 Ks~! (Fig. (a)). This suggests that for a given type
of IMC to be formed, a similar population of nucleants suitable for IMC formation
were activated, regardless of cooling rate. In other words, increasing the cooling rate
over the range studied did not activate a significantly different number of effective
nucleant particles in the melt.

Fig. S1(d) in the supplementary materials shows a TiBgy particle sitting inside
a Pt-rich IMC crystal, suggesting that TiBy acted as a nucleant. According to the
free growth model for heterogeneous nucleation [9, 39], larger TiBy particles have a
lower energy barrier (i.e. a higher potency) for the nucleation of solid crystals. The
size distribution of the TiBy particles in commercial Al-5Ti-1B is approximated as

a log-normal distribution [40, 4] in the form of:

N(d)

n —in 2

No

T edvar P ( a 202
where N(d) is the number density of the TiBy particles of a diameter d, Ny is
the total number density of TiBgy particles, dy = 0.68 pm is the geometric mean
diameter, and o = 0.876 is the geometric standard deviation [4I]. For a 0.1 wt%
addition of Al-5Ti-1B in [41], the total number density of TiBy particles was Ny =
7.3 x 103 mm™—3. Therefore, for 0.5 wt% addition of Al-5Ti-1B used in the current
work, the total TiBy number density was assumed to be approximately Ny = 3.65 x
10* mm—3.

By integration of Eq. the number density of the most potent TiBo parti-
cles, assumed to be those with diameter >6 1m, was estimated to be approximately

200 mm™3, accounting for ~0.5% of the total TiBy number density in the melt.

Potent oxide particles in the melt and the oxide skin of the foil can also catalyse

14



260

265

270

275

280

IMC formation particularly when there are no extrinsic inoculants available [42-47].
The estimated number density of the most potent nucleant particles was thus rel-
atively close to the maximum number density of Pt-rich IMCs of 160 mm™3 under
directional solidification and 197 mm—2 under isothermal solidification. Therefore,
taking this semi-quantified comparison, microstructural evidence and previous work
[30), 48] [49], it is not unreasonable to assume that IMC crystals nucleated predom-
inantly on larger TiBy particles. Of course, all the TiBs - and other extrinsic
particulates - have the potential to catalyse the formation of an IMC; the extent to
which they are in practice activated or remain dormant depends on the local un-
dercooling conditions in the liquid in which they sit, i.e. the available undercooling

in the liquid.

4.2 Available undercooling in the liquid

As shown in S1 in the supplementary materials, the Pt-rich IMCs had the same
Er concentration as the bulk alloy. Er was added to the alloy only to facilitate the
simultaneous multi-element fluorescence mapping study [38], and for the purpose of
the current paper, the Er segregation effect on IMC formation can be ignored, and
the alloy can be treated as a pseudo binary system.

Following the procedure described in S2.2 in the supplementary materials, Fig.
a) shows the micro-segregation of Pt, expressed as u AC, measured in the liquid
ahead of a typical growing IMC, along the direction indicated by the black arrow
in the inset radiograph of the Pt diffusion field. AC is the difference between
the local Pt concentration (i.e. at any point along the direction) and the bulk
Pt concentration, and p is the X-ray mass attenuation coefficient of Pt. Pt was
depleted at the solid/liquid interface (x = 0) as it segregated preferentially into
the IMC, and relative concentration increased gradually towards the bulk, far-field
Pt concentration (Fig. [8(a)). The red curve in Fig. [8|a) indicates a best-fit of
the equation y = a + be™% to the concentration profile according to the theory of
micro-segregation [50], with R? = 0.994 indicating an excellent fit.

The magnitude of the available undercooling AT in the liquid (also named the

15
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Figure 8: (a) The micro-segregation of Pt, expressed as u AC, ahead of a typical growing IMC along
the direction indicated by the black arrow in the inset radiograph of the Pt diffusion field, with a best-fit
to equation y = a + be~* (R? = 0.994). pu is the X-ray mass attenuation coefficient of Pt (constant),
and AC is the difference between the local Pt concentration ahead of a growing IMC and the bulk Pt
concentration. (b) A schematic of the available undercooling AT in the liquid in front of a growing IMC
crystal at a thermal gradient G and a growth velocity v. (c) AT as a function of x calculated from Eq.
at thermal gradients G' between 0.1 Kmm™' and 15 Kmm™"' for a growth velocity of v = 8 pms™!.
(d) AT as a function of x for growth velocities between 1pms™! and 30 pms™' at a thermal gradient
of 15K mm~!. The following parameters were used for the calculation of (c¢) and (d): ACy = —1 wt%,
m =30 Kwt% !, D;=3x10"?m?s!.

“constitutional supercooling” in the interdependence model [I1]), arising from the

micro-segregation (depletion) of Pt in front of a growing Pt-rich IMC crystal, is

16



290

300

305

310

given by [30]:

v
AT(z,G,v) = mACo(e  Di —1) - 2G (2)

where m is the slope of the liquidus, ACy is the composition difference between
the bulk liquid and the liquid at the solid/liquid interface, D; is the Pt diffusion
coefficient in the liquid, v is the growth velocity of the interface, G is the thermal
gradient and z is the distance from the interface.

Fig. (b) presents a schematic depiction of the available undercooling AT as a
function of the distance z at a thermal gradient G' and a growth velocity v. UZ
denotes the extent of the undercooled zone. As directional cooling proceeds, the
U Z translates progressively along positive x, and at any instant, nucleant particles
that first experienced AT (x,G,v) > AT, where AT, is the undercooling required
for nucleation on a given nucleant particle and a function of particle size, become
activated for IMC nucleation. Hence for any instant shown in Fig. b), new IMC
formation events only occur in the advancing region of the UZ (i.e the region to
the right of AT},42), here termed the “active nucleation zone” (AN Z) [51]. This is
because any potent particle to the left of AT}, will have already been activated
as the UZ develops.

Fig. [§f(c) shows AT as a function of the distance z calculated from Eq. [2] at
a range of thermal gradients G between 0.1 Kmm™! and 15 Kmm™!, for a growth
velocity of v = 8 pms~!. Increasing the thermal gradient G' had a strong effect on
reducing both the extent of UZ and the magnitude of AT Fig. [§(d) shows AT as
a function of = at a range of growth velocities between 1 pms~! and 30 pms~! repre-
sentative of measured IMC growth velocities from the radiographic sequences, for a
thermal gradient of 15K mm™!. Increasing the growth velocity v initially strongly
increased AT (v < 10 pms~—!), but AT became less sensitive to further increases in
growth velocity. The size of UZ was almost insensitive to growth velocity for v > 3
pms~!, but there was a shift in the point of maximum undercooling towards the

IMC/liquid interface, indicating an extension in AN Z. The size of the undercooled
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zone UZ(G,v) is given by [30]:

1
a

UZ(G,v) =

(3)

D A ACgm v
ACom—TlGWO( Comle GO ):|

Dy
G D

where W) is the principal branch of the Lambert W function [52]. Correspondingly,
the size of the active nucleation zone ANZ(G,v), i.e. the distance between the

advancing boundary of the UZ and the peak position is:

1 D A ACm v
ANZ(G,U):—G[ACO m—TlGWO< CGbnge a Dz)}
4
+&ln(— GD; ) W
v mACyv

The maximum available undercooling AT,,q. (G, v) is given by:

D G D

Fig. [9] (a) shows the size of ANZ(G,v) as a function of growth velocity (which is in
turn related to cooling rate) for a range of thermal gradients between 0.1 K mm™!
and 15 Kmm~!. At each thermal gradient G in Fig. |§| (a), the AN Z first increased
at smaller growth velocity and then levelled off despite further increases. For ex-
ample, at G = 15 Kmm ™! (as shown in a more detailed view in the inset graph of
Fig. [9] (a)) the AN Z increased from approximately 0.5 mm to 1.3 mm as the growth

velocity increased from 2pms™! to 8pms™!.

It then extended only slightly from
1.3mm to 1.5mm as the velocity increased to 13pms™'; there was no significant
further increase so that ANZ = 1.6 mm at v = 20 yms~ ' and ANZ = 1.7 mm at
v =30 pms~ L.

ATnaz at a given thermal gradient G in Fig. [0 (b) showed a similar trend.
For G = 15 Kmm™!, AT}, first increased rapidly from 2K at 2pms~! to 16 K at
8pms~!. The curve then flattened, giving AT},q, = 20 K at 13 pms™, AT} ,00 = 22
K at 20pms~! and AT},q, = 24 K at 30 pms~.

Taking these trends together shows that isothermal cooling provided the largest
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Figure 9: (a) ANZ as a function of growth velocity for thermal gradients between 0.1 Kmm~! and

15 Kmm~!. The inset graph presents a more detailed view for G = 15 Kmm™'. (b) AT},,4. as a function
of growth velocity for thermal gradients between 0.1 Kmm™! and 15 Kmm™!. The following parameters
were used: ACy = —1 wt%, m =30 Kwt% !, D; =3 x 1079 m2?s~ 1.

ANZ, and that where a thermal gradient G was present, it had a dominant effect on

the size of AN Z (Fig. El(a)). Under isothermal cooling, all the most potent nucleants

in the melt became active to catalyse IMC nucleation, almost simultaneously and

in the form of an intense single burst or wave (Fig. @ Under a thermal gradient

G = 15 Kmm™!, both ANZ and AT, increased at small v (Figs. @(a) and

(b)), which explains the higher IMC number density as cooling rate increased from

0.1 Ks~! to 0.5 Ks~! (purple dots in Fig. a)). However, as ANZ and AT 40

stabilised at increasing v (i.e. as the cooling rate increased), the IMC number

density correspondingly showed a weakened sensitivity to cooling rate (Fig. a)).

4.3 Solute suppression

The last section focused on the solute diffusion field and the resultant available un-
dercooling at a given time instant in front of an individual solid/liquid interface. In
this section, the hypothesis, based on experiments, that nucleation bursts promoted
a better efficiency for IMC formation than quasi-continuous nucleation is explored

by considering the way in which solute was distributed across the field of view, in
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terms of the competition between formation of new IMCs, and the growth or coars-
ening of existing IMCs. The key difference is that here, and consistent with the
concept of the interdependence model [I1], we now consider an ensemble of IMC
crystals rather than consideration of a single IMC in liquid, isolated from its neigh-
bours. As we show by experiment, IMCs are far from isolated from one another in
terms of their associated solute fields.

Following the procedure of image processing detailed in S2.2 in the supplemen-
tary materials, Figs. [L0](a) to (c) present three contour map sequences showing the
fraction of Pt-depleted liquid (fgep) for directional solidification conditions at 0.5
Ks™! and 4 Ks™!, and for isothermal solidification conditions at 4 Ks™!, respec-
tively. The maps top to bottom are at different temperatures related to Ty, where
Ty is the temperature when an IMC crystal first appeared in the field of view in
each sequence. The Pt-depleted liquid was defined as pixels in the liquid where the
greyscale intensity change AP > AP* = 0.03, and is coloured yellow in each image.
The relatively weak influence of changing the A P* assumption is evaluated in Fig.
S4 in the supplementary materials, and confirms that the assumed value of AP*
does not affect the trend-wise insights described below.

In each sequence, fg, increased as solidification proceeded, as can be expected
as primary Pt-rich IMCs continued to form and/or coarsen, consuming Pt from
the liquid. At each temperature (Ty) — T'), the alloy solidified directionally at 0.5
Ks™! had the largest liquid fraction depleted, which decreased as the cooling rate
increased to 4 Ks~! for the same thermal gradient. A similar observation of a
shrinking solute affected zone was reported by Jia et al. during the directional
solidification of an equiaxed Al-15wt%Cu at cooling rates of 0.1 Ks™! to 1 Ks™!
[25]. In comparison with the two directional solidification sequences in Figs. (a)
and (b), the isothermal sequence in Fig. [10|c) showed the smallest liquid fraction
depleted at each Ty — T'.

Fig. [L0|(d) replots the time-resolved IMC formation rate as a function of (Tp—T).
There was a relatively narrow, intense peak for the isothermal cooling, two less

pronounced peaks spread over a wider range of temperature interval for 4 Ks~! and
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Figure 10: Contour map sequences showing the area fraction of Pt-depleted liquid (fgep) during IMC
formation at (a) 0.5 Ks~* and (b) 4 Ks~! during directional solidification and at (c) 4 Ks~! for isothermal
solidification, respectively. T} is the temperature when an IMC crystal first appeared in the field of view.
As described in S2.2 in the supplementary materials, each image was obtained by subtracting the current
frame with a reference frame of a flat intensity field acquired before solidification started. The Pt-depleted
liquid was defined as pixels in the liquid where the greyscale intensity change AP > AP* = 0.03, and is
coloured yellow in each image. (d) Time-resolved IMC formation rate as a function of (Tp — T'). (e) The
liquid fraction depleted as a function of the number of IMCs formed in the field of view.
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15 Kmm™!, and no distinct peaks at 0.5 Ks~! and 15 Kmm™".

Fig. [10|(e) consolidates (a) to (d) using a plot of the liquid fraction depleted ( fgep)
as a function of the number of IMCs formed in the field of view. A steeper slope in
the plot for a given number of IMCs indicates a more rapid increase in the liquid
fraction depleted, i.e. the growth of existing IMC crystals dominates the formation
of new IMC crystals, because the solute is being depleted from the liquid by existing
IMCs. For directional solidification at 0.5 Ks™!, liquid rapidly depleted when only
~20 IMCs had formed (out of 76 IMCs in total, 26%), i.e. there was substantial
growth of existing crystals that formed early during cooling. Under directional
solidification at 4 Ks™!, there was a more progressive solute depletion of the liquid
with progressive formation of IMCs, consistent with Fig. (d) Only once ~88%
of the total number of IMCs had formed in the field of view, did growth/coarsening
begin to dominate. When solidified isothermally at the same cooling rate, there was
no solute depletion until practically all (95%) the IMCs appeared in a burst, creating
the largest number of IMCs overall and rapidly disrupting the Pt distribution in
the liquid (Fig. [10)c)).

Linking back to Fig. [9] in section 4.2, directional solidification at low cooling
rate of 0.5 Ks™! provided a relatively small ANZ and AT},.., and activated fewer
potent nucleants, so the growth of existing crystals and rapid solute depletion was
preferred. At 4 Ks~! and particularly under isothermal solidification, ANZ and
AT, increased, more nucleants were activated and IMC growth was suppressed
in favour of IMC formation.

Fig. [T1] presents schematics to illustrate qualitatively the effect of solute field
interaction on the number of nucleation events at each time instant for directional
(Figs. [11[a) to (d)) and ideally isothermal solidification (Figs. [LI|(e) to (h)). The
green area indicates liquid above the alloy equilibrium melting point, the blue area
indicates undercooled liquid, blue dots denote potential potent nucleants in non-
undercooled liquid, green dots are nucleants activated for IMC nucleation, and red
dots are nucleants where the nucleation is suppressed because they sit in solute-

depleted liquid indicated by the green discs.
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Figure 11: Schematics illustrating the number of activated nucleants at each time instant under (a) to
(d) directional, and (e) to (h) ideally isothermal solidification. The green area indicates liquid above the
alloy equilibrium melting point, the blue area indicates undercooled liquid, blue dots denote nucleants in
non-undercooled liquid, green dots are nucleants activated for IMC nucleation, and red dots are nucleants
where the nucleation is suppressed because they sit in solute-depleted liquid indicated by the green discs.
The spatial distribution of the nucleant particles was generated as a random array using Matlab.

At time t = 0, the liquid is above the alloy melting point, and there are 50 potent
nucleants distributed randomly in the field of view. At time t = At, nucleants near
the (cooler) bottom are activated under directional cooling (Fig. [LI|(b)); at the
same instant, all nucleants are activated simultaneously under isothermal cooling
(Fig. [11[f)). At ¢ = 2At under directional cooling, the middle band of liquid
is undercooled (Fig. [LIjc)). However, due to the solute depletion effect caused
by the growth of the earlier nucleated crystals in the bottom band, the remaining
(red) nucleants in this region are dormant, due to the well-known solute suppressed
nucleation effect [10} 26]. At the same instant for isothermal cooling (Fig. [L1f(g)),
there are no new nucleation events, because all the potent nucleants have already
been activated. At ¢ = 3At, nucleation occurs in the top band under directional
cooling (Fig. d)); only growth/coarsening is possible under isothermal cooling
(Fig. [L1j(h)). Overall, 7 out of 50 (14%) nucleants were suppressed by the solute-
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depleted liquid under directional cooling.

In summary, when considering an ensemble of potential nucleants and IMCs,
as is the case in castings, it is not only the local solute and underooling environ-
ment at an instant that each nucleant experiences that matters, but also the longer
range dynamics of how the nucleants and the solute fields interact. This interaction
specifically concerns the development and impingement of the solute fields around
each crystal. The results here suggest that the probability of IMC formation at any
instant (assuming all nucleants are equally potent) depends on how many IMCs
there are already and the fraction of liquid solute depleted, which in turn depends
on the macro-scale cooling rate and thermal gradient conditions.

Comparing the solute suppression effect for disordered a-Al in earlier work [24-
20], and the ordered IMCs in the current work, there are key differences to be
noted. Because of the small nucleation barrier of a-Al on TiBg, only relatively low
undercoolings are needed even for nucleation on comparatively small TiBo particles,
for example an undercooling of only ~1 K to nucleate on a 0.5 pm TiBs, according
to the free growth model [9]. This small nucleation undercooling is easily realised
by the undercooling available in the liquid. Therefore solute suppression of the
larger, very low undercooling but rare TiBy particles promotes activation of the
more populous, smaller ones, and overall leads to more a-Al crystals [26]. In contrast
as discussed in section 4.1, the ordered IMC crystals here largely nucleated on the
largest TiBs particles. This is consistent with a relatively high energy barrier for
nucleation of ordered, faceted compounds and the difficulty of kinetic attachment
of atoms onto the crystal facets, related to their higher entropy of fusion [53], 54].
Solute suppression of any of the largest TiBs led to less nucleation of the IMCs
(Figs. and . For relatively easy-to-form, disordered a-Al crystals, solute
suppression effects can activate more, smaller nucleants, but for difficult-to-form,
ordered IMC crystals which rely exclusively on the largest, most efficient nucleants,
solute suppression tends to reduce the overall number of crystals.

Compared with earlier work on Fe-rich IMCs [30], the stronger X-ray absorption

contrast provided by the Pt-rich IMCs here enabled detection of the crystals at
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their early formation stage, time-resolved nucleation bursts, and resolution of the
associated solute depletion. The interdependence between the final IMC number
density and the nucleation bursts, i.e. an intense single burst for isothermal condi-
tions or multiple, less intense bursts for directional conditions were differentiated.
Overall, the trends here for IMCs relating to the effects of thermal gradient, cooling
rate, size and magnitude of the ANZ and solute suppression support the models
originally developed based on disordered solid solution phases [I1], 55, 56].

In real castings, IMCs usually form as secondary phases towards the later stage
of solidification when only a minority of liquid remains, and the local formation
environment is therefore different from the primary nucleation conditions used here
to facilitate imaging. It is known that finely dividing this residual liquid, for example
by feathery grains and ideally suppressing its inter-connectivity before IMCs appear,
helps to refine advantageously the IMC population [57]. Although there is no doubt
a potent geometric aspect to this effect — IMCs cannot grow large in small isolated
pockets of near-eutectic composition liquid — our results suggest that there will also
be a strong solute effect: once one or a few IMCs are formed, the majority of the
residual liquid in an inter-dendritic pocket will be under solute suppressed conditions
and the chances of another nucleation event vanishingly small. Geometric and solute
effects thus explain why usually only one IMC is observed in each eutectic pocket
[49, 58]. In addition, measurement of the IMC number density suggests that only a
very small proportion (~0.5%) of TiBy particles in the melt were efficient nucleants
to nucleate IMCs. Therefore, if more efficient IMC nucleants can be developed and
added to the melt, and flat temperature gradients facilitated, then nucleation bursts
would be favoured, leading to a possible further refinement of IMCs in commercial

Al castings.

5 Conclusions

The nucleation of primary Pt-rich AloyPtgErs crystals was studied as an analogue

for the behaviour of Al;3Fey in commercial Al alloys, providing strong X-ray absorp-

25



480

485

490

495

500

505

tion contrast allowing early detection of IMC formation from the liquid, resolution
of the associated Pt diffusion fields and quantification of the Pt-depleted liquid frac-
tion. IMC formation behaviour was investigated during directional and isothermal
solidification when the alloy was inoculated with TiBy using in situ synchrotron
X-ray radiography. With 4,037 IMCs studied in 12 experiments over a wide range

of cooling rate, the key findings were:

1. The nucleation of the primary Pt-rich IMCs proceeded in distinct bursts (in
the time domain) or waves (in the spatial domain), the magnitude of which
increased with increasing cooling rate at a given thermal gradient. The isother-

mal solidification led to the highest magnitude of burst for a given cooling rate.

2. For a given thermal gradient, the average crystal formation rate increased
linearly with increasing cooling rate, whereas the IMC number density first
increased rapidly as cooling rate increased from 0.1 Ks™' to 0.5 Ks™! and
then remained approximately constant up to 8 Ks~!. The weak sensitivity of
the Pt-rich IMC number density to higher cooling rates was consistent with
earlier measurements performed on AljsFes. Comparing the maximum Pt-rich
IMC number density with the estimated TiBo number density suggested that
IMC crystals nucleated principally only on the most potent nucleant particles,

including TiBs with diameters >6 pm and, potentially, potent oxide particles.

3. Estimation of the available undercooling in front of a growing IMC crystal
revealed the dominant effect of thermal gradient on the size of the active
nucleation zone (ANZ), which determined the number of potent nucleants
available to catalyse IMC nucleation at each instant. Isothermal cooling de-
veloped the largest ANZ and therefore gave rise to the largest IMC number
density with potent nucleants activated in a single burst. Under directional
cooling, both the AN Z and the maximum available undercooling were reduced
at low growth velocity (i.e. low cooling rate) but were less sensitive to increas-
ing velocity, which explained the weak dependency of IMC number density on

higher cooling rates.
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4. Time-resolved measurements of the Pt-depleted liquid fraction suggested a
competition between the ongoing nucleation of new crystals and the growth/coarsening

510 of existing crystals. By applying a higher cooling rate, and more importantly

isothermal conditions, the growth of IMCs was effectively constrained, and

more IMC crystals were able to nucleate before solute depletion of the entire

liquid volume suppressed the probability of further IMC nucleation.

5. Considering an ensemble of potential nucleants and IMC crystals and their
515 interaction in the melt, it is suggested that the probability of IMC nucleation
at any time instant, assuming equal potency of all nucleants, depends on the

number of IMCs already formed and the fraction of liquid solute depleted.

6. Refinement of IMCs in commercial alloys might be achieved if nucleation bursts
can be facilitated by adding more efficient IMC nucleants and imposing flat

520 thermal gradients.
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