
In-situ X-ray radiography of primary Fe-rich
intermetallic compound formation

Shikang Feng ∗1, Enzo Liotti1, Andrew Lui1, Matthew D. Wilson2,
Thomas Connolley3, Ragnvald H. Mathiesen4, and Patrick S. Grant1

1Department of Materials, University of Oxford, Oxford, OX1 3PH, UK
2Science and Technology Facilities Council, Rutherford Appleton Laboratory, Harwell Science

and Innovation Campus, Didcot, OX11 0DE, UK
3Diamond Light Source, Harwell Science and Innovation Campus, Didcot, OX11 0DE, UK
4Department of Physics, Norwegian University of Science and Technology (NTNU), N-7491

Trondheim, Norway

Abstract

The formation of primary Fe-rich intermetallic compound crystals and the effect
of TiB2 and TiC inoculation during solidification of a hypereutectic Al-Fe alloy has
been investigated. Both horizontal, near isothermal conditions and vertical, direc-
tional thermal gradient conditions were studied using laboratory and synchrotron
X-ray radiography. TiB2 and TiC inoculation enhanced formation of Fe-rich inter-
metallics under all experimental conditions. Near isothermal solidification resulted
in the highest intermetallic number density and average formation rate, whilst in-
creasing the thermal gradient reduced both. A model for intermetallic crystal for-
mation is proposed to explain the effect of thermal gradient and cooling rate on the
intermetallic number density and average formation rate.

Keywords: Fe-rich intermetallics; Crystal formation; Inoculation; In-situ X-
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1 Introduction

Secondary Al production by recycling of end-of-life Al alloy scrap is a well-established

route that saves up to 95% of energy consumption and over 90% of greenhouse gas

emission when compared with primary Al production from bauxite [1]. However,

the accumulation of impurities, Fe in particular, hinders more extensive use of Al5
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recycling, especially for wrought alloys with tight compositional tolerances [2]. Be-

cause of the large difference between the liquid solubility (2.5 wt.% at 700◦C and

5 wt.% at 800◦C) and solid solubility (less than 0.05 wt.%) of Fe in Al [3], Fe pre-

cipitates during solidification and generally form relatively coarse (typically in the

range of ∼50 µm to several millimetres [4]), anisotropic plate-like (or needle-like in10

2D) Fe-rich intermetallic compounds (IMCs), e.g. Al13Fe4 and β-Al5FeSi. These

IMCs may act as stress concentrators and in particular degrade the ductility and

toughness of the alloy [5, 6]. Current strategies for controlling and mitigating the

potentially damaging effects of these Fe-rich IMCs involve diluting the recycled Al

alloy feedstock with virgin smelted Al produced from energy-intensive primary pro-15

duction [7], which consumes ∼66 MJ energy for every 1 kg of Al [8]. Relatively long

(in the order of days [9, 10]) high temperature treatments and thermomechanical

processing are also used to refine IMCs produced by solidification, at considerable

additional cost.

Consequently significant effort has been expended to control better the mor-20

phology, size and distribution of Fe-rich IMCs during the solidification stage by

understanding their nucleation, growth and phase selection behaviour in the hope

that higher concentrations of Fe (and other “tramp” elements) might be tolerated

[11–22]. Particular effort has been spent in exploring potential nucleants for Fe-

rich IMCs. The majority of these studies have been based on post-solidification25

microscopy, with sometimes contradictory findings. Samuel et al. [23] reported an

increased number of β-Al5FeSi IMCs upon addition of P, which formed AlP particles

with molten Al, and concluded that AlP promoted the nucleation of β-Al5FeSi. In

contrast, Lu and Dahle [24] found no increase in the number of β-Al5FeSi platelets

upon P addition, and no evidence for physical contact between the IMC platelets30

and AlP particles. Cao and Campbell [25, 26] suggested that Fe-rich IMCs can

nucleate on the outer surface of oxide bi-films. Similarly, Miller et al. [27] and

Narayanan et al. [28] also suggested nucleation of Fe-rich IMCs on oxides, by obser-

vation of direct contact. Khalifa et al. [18] performed extensive metallography on

Al-Si-Fe alloys inoculated with various types of particles including α-Al2O3 powder,35
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TiC powder and TiB2 powder. They examined the potency of each type of particle

by quantifying the number fraction of powder particles in contact with Fe-rich IMC

plates in each condition and found that the number fraction of particles in contact

with the IMCs showed a weak relationship with the particle type. It was concluded

that nucleation of platelet Fe-rich IMCs was not strongly influenced by the type of40

particle addition [18]. Extensive IMC extraction and microscopy by Lui et al. [29]

suggested that TiB2 from the addition of commercial Al-5Ti-1B might be associ-

ated with nucleation of secondary Fe-rich IMCs, evidenced by observation of TiB2

particles in physical contact with IMC platelets after extraction.

More recently, in-situ X-ray radiography and tomography have increasingly been45

used to study Fe-rich IMCs for a better understanding of the early stages of IMC

formation and growth. However, only a handful of experiments resolved sufficiently

early stage formation to gain insight of nucleation [30, 31]; most studies have focused

on growth and phase selection [32–36].

The early stage formation of secondary IMCs is especially difficult to study50

in real-time, primarily due to their low volume fraction (volume fraction <2%)

compared with the presence of a much greater fraction of pre-formed, primary α-Al

dendrites (volume fraction >70%). An in-situ tomography study of Al-8Si-4Cu-

0.8Fe (wt.%) at a cooling rate of 0.02 Ks−1 by Terzi et al. [30] resolved the formation

of four secondary β-IMCs, all of which were associated with the surface oxide skin55

of the sample. Later, Puncreobutr et al. [31] performed a more systematic in-situ

tomography study on Al-7.5Si-3.5Cu-0.6Fe (wt.%) at 0.05 Ks−1 and also observed

some secondary Fe-rich IMCs near or at the sample oxide skin, whilst the majority

of IMCs (>60%) were in contact with the primary α-Al dendrites, presumably due

to physical impingement of growing IMCs with pre-formed α-Al dendrites. Overall,60

the low volume fraction of secondary phase IMCs in commercial-type alloys presents

significant practical difficulties for X-ray radiography or tomography experiments.

In this work, a hypereutectic Al-Fe alloy in which plate-like Fe-rich IMCs (Al13Fe4)

formed as primary phase was chosen. Formation of primary Fe-rich IMCs with dif-

ferent inoculation conditions (no inoculation, TiB2 and TiC) was studied at a series65
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of cooling rates and thermal gradients. Support is provided from a large number

of measurements (4,531 IMCs in total) that inoculation directly enhanced the for-

mation of primary Fe-rich IMCs, and under some conditions, the internal surface

of oxide skin around the sample also catalysed nucleation. An increase in thermal

gradient is shown to reduce significantly the number density and average formation70

rate of primary IMCs, and also to decrease their formation temperature. A model

is proposed to explain these trend-wise variations, accounting for the effect of ther-

mal gradient and cooling rate, in terms of undercooled liquid volume and maximum

undercooling available within the volume.

2 Experimental methods75

2.1 Sample preparation

An alloy composition of Al-3Fe (wt%) was chosen to form plate-like Al13Fe4 IMCs

as primary phase directly from the liquid, allowing their formation behaviour to be

studied without constraint due to the presence of any prior Al grains. Alloy samples

were prepared following a four-step procedure. First pure Al (99.999%) and an Al-80

75Fe (wt%) master alloy were fully melted and mixed by holding at 850◦C for 30

min in an enclosed induction furnace under a controlled positive Ar pressure (to

restrict evaporation and oxidation of Al) and then left to air cool. Second, the

“green” alloy obtained from the first step was remelted in a clay graphite crucible

at 750◦C, carefully stirred and cast into a water-cooled Cu mould containing 385

cylindrical cavities of 30 mm diameter and 40 mm depth, to obtain 3 cylindrical

ingots. This step was carried out before casting the alloy into the final shape in

order to reduce possible macro-segregation caused by slower cooling in the first

step. Third, each of the 3 cylindrical ingots were remelted again and with different

inoculant conditions: no inoculant addition, 0.5 wt% Al-5Ti-1B master alloy, and90

0.5 wt% Al-5Ti-0.2C master alloy. The well-mixed melt was then poured into a

rectangular Cu mould with an internal cavity of 55×8×16 mm, following the design
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in [37]. The combination of small casting geometry and fast cooling effectively

eliminated any significant macro-segregation [37]. Fig. 1 shows a schematic of

the casting arrangement that promoted rapid mould filling; the location of the foil95

samples used for radiography experiments is also indicated. After the upper and

lower parts of the casting were removed, foil samples were produced using wire

electro-discharge machining (wire EDM), as shown in Fig. 1.

Figure 1: A schematic showing the casting arrangement and how foil samples were sectioned from the
bulk Al-Fe ingot. The as-cast ingot was sectioned as indicated by the yellow dashed lines, and sliced
using wire electro-discharge machining (wire EDM) to produce foil samples.

Finally, X-ray radiography samples of 50×5 mm and thickness of 190 ± 5 µm

were prepared by grinding and polishing to a final surface finish of 1 µm. Each100

sample was encapsulated in an X-ray transparent glassy carbon cell (Sigradur K) of

100 µm thickness. For convenience, the Al-3Fe (wt%) alloy samples with different

inoculation conditions are named: AF (no inoculant), AF-B (with TiB2) and AF-C

(with TiC). Overall, 10 samples were prepared: 4 AF, 4 AF-B and 2 AF-C.

2.2 In-situ X-ray radiography105

In-situ X-ray radiography investigations were carried out using both synchrotron

X-rays for vertical, directional solidification, and laboratory X-rays for horizontal,

near-isothermal solidification, as shown in Figs. 2(a) and (b) respectively. Hori-

zontal solidification offered the advantage of significantly reduced liquid convection,

similar to micro-gravity conditions [38], and is a configuration generally not avail-110

able at synchrotrons. On the other hand, the synchrotron experiments provided a

better contrast and a higher spatial and temporal resolution. Table 1 summarises
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the key parameters of the two experimental arrangements, and Table 2 lists all the

experimental conditions, including the number of repeats and the number of IMC

crystals measured in each condition. Overall, 56 experiments were performed and115

4,531 IMC crystals measured.

Figure 2: Schematic of the experimental configurations for (a) synchrotron radiography experiments
where gravity was parallel to the sample surface, and the incident X-ray was a parallel beam, and (b)
laboratory radiography experiments where gravity was perpendicular to the sample surface, and the
incident X-ray was a cone beam.

Source Beam Peak energy Scintillator Camera Temporal resolution Image pixel size FoV
(keV) (Hz) (µm/pixel) (mm2)

Laboratory Mo micro-focus C, W 17.4 CsI Vosskuhler DXI-11000 2 1.5 (5)1 3×1.8
Synchrotron Undulator P, W 19 LuAG:Ce PCO.Edge 10 2.2 4.5×3

Table 1: A summary of the set-up of the two radiography configurations, using a laboratory apparatus
at Norwegian University of Science and Technology (NTNU), Norway, and using synchrotron source at
beamline ID19, European Synchrotron Radiation Facility (ESRF), France. C = cone beam, P = parallel
beam, W = white beam. 1 The value in the parentheses is the ultimate spatial resolution.

2.2.1 Laboratory X-ray radiography

Laboratory in-situ X-ray radiography experiments were conducted using a be-

spoke laboratory apparatus at the Norwegian University of Science and Technology

(NTNU), Norway. The arrangement comprised a microfocus Mo-anode X-ray tube,120

a Bridgman solidification furnace (XRMON-GF), and a CCD camera (Vosskuhler

DXI11000) with a Scint-X CsI scintillator. A more detailed description of the ap-

paratus can be found in [37–42]. The tube voltage and tube current were adjusted
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Alloy Direction Thermal gradient (K mm−1) Cooling rate (Ks−1)

0.5 1 2 4

AF h
≈0

4 (113) 4 (181) 4 (289) -
AF-B h 3 (121) 3 (362) 3 (545) -
AF-C h 3 (116) 4 (301) 6 (610) -

AF v 5 2 (159) 2 (188) 2 (212) 2 (201)
AF-B v 5 2 (258) 1 (98) 2 (288) 2 (256)
AF-B v 8 1 (29) 2 (67) 2 (58) 2 (79)

Table 2: A summary of all the experimental conditions, showing the number of repeats and the number
of IMC crystals measured (in parenthesis) in each experimental condition. Overall 56 solidification
experiments were carried out, 34 in a horizontal near-isothermal condition using laboratory apparatus
and 22 in a vertical directional condition at a synchrotron. 4,531 crystals were studied in total. h =
horizontal and v = vertical.

to 50 kV and 100 µA to maximise absorption contrast between the Fe-rich IMC

paricles and the Al-rich liquid, and the sample-source and sample-detector distance125

were also set for the best compromise between magnification and frame rate. Radio-

graphy videos were recorded at 2 Hz with an image pixel size of approximately 1.5

µm/pixel. The image pixel size was calculated by moving the sample up or down

by an accurately known distance via the control module while counting its displace-

ment in pixels from the radiography video. The ultimate spatial resolution (i.e. the130

smallest feature able to be resolved, calculated according to [39]) as a function of

the source spot size, scintillator resolution and magnification was estimated to be

approximately 5 µm.

Experiments were performed in a N2 atmosphere with an O2 concentration mea-

sured consistently <1%, to protect both the sample and the glassy carbon cell from135

excessive oxidation. During the experiment, each sample was set in a horizontal

position, i.e. with the flat surface of the sample perpendicular to gravity. Each

sample was fully melted and held at 750◦C for 3 min, following which it was cooled

in a near-isothermal condition at a constant cooling rate ranging from 0.5 Ks−1 to

2 Ks−1. 34 experiments were carried out using this laboratory apparatus and 2,638140

IMC particles were studied (see Table 2).
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2.2.2 Synchrotron X-ray radiography

In-situ synchrotron X-ray radiography experiments were carried out at beamline

ID19, European Synchrotron Radiation Facility (ESRF), France, using a bespoke

solidification rig designed and built for synchrotron X-ray radiography studies. The145

rig contained two vertically aligned poly-graphite plate heaters encapsulated in poly-

BN. Each sample cell was mounted onto a spring steel sample holder using high

temperature cement and attached in close contact with both plate heaters. The

chamber utilised a 25 µm thick X-ray transparent Kapton thermal insulating film

as the window material in the X-ray path. The solidification rig was controlled150

remotely via a National Instruments module connected to a PC. The temperature of

the two heaters was controlled independently by a PID algorithm coded in LabView,

with the temperature of each heater monitored by a K-type thermocouple mounted

in the centre of the heating zone at the back of the heater. The maximum achievable

cooling rate and temperature of the heaters were 28 Ks−1 and 1400◦C respectively.155

The rig was operated with a controlled Ar atmosphere in the chamber, in order

to protect the samples, glassy carbon sample cells and the heating elements from

oxidation.

Samples were illuminated with a white X-ray beam peaking sharply at 19 keV,

produced by an X-ray undulator (U17.6, gap size 20 mm). The transmitted beam160

from the sample was collected onto a 200 µm thick LuAG:Ce (Lu3Al5O12:Ce) single

crystal scintillator, which then projected the image onto a CMOS PCO.Edge 4.2

camera through a 3× objective lens system. Radiography videos were recorded at

10 Hz with an image pixel size of 2.2 µm/pixel.

Directional solidification from bottom to top was contrived by imposing a ther-165

mal gradient across the sample when it was fully liquid and cooling both heaters

simultaneously at a constant cooling rate (while maintaining a constant tempera-

ture difference between the heaters), through the alloy solidification temperature

range. Experiments were performed at two different thermal gradients of 5 K mm−1

and 8 K mm−1, and four different cooling rates ranging from 0.5 Ks−1 to 4 Ks−1.170

Overall, 1,893 IMC particles were studied in 22 experiments (see Table 2).

8



Radiographic images acquired from both synchrotron and laboratory apparatus

were often affected by sample surface defects and illumination variations due to

defects in the optical system. Therefore, the images were processed following a

procedure described in S1.1 in the Supplementary Materials.175

3 Results

Figure 3: Radiography sequences showing primary IMC formation in the near isothermal, horizontal
solidification of alloys (a) AF, (b) AF-B and (c) AF-C, all at a cooling rate of 2 Ks−1.

Fig. 3 shows image sequences from the solidification of alloys (a) AF, (b) AF-B

and (c) AF-C, at 2 Ks−1 in the horizontal, near isothermal condition. The IMCs
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formed almost uniformly across the field of view, as expected from the absence of

a thermal gradient, and without noticeable movement because of the horizontal180

arrangement. However, due to the relatively poor image quality in the early stages

of solidification, where contrast due to Fe segregation was relatively low, the total

number of IMC formation events could only be estimated by counting the IMCs at

the end of the sequences (rather than frame-by-frame, as they appeared). The final

number of IMCs in the field of view was always significantly larger in the inoculated185

samples: 59 in AF (Fig. 3(a)), 114 in AF-C (Fig. 3(c)) and 161 in AF-B (Fig.

3(b)).

Fig. 4 shows three image sequences for the alternative vertical, directional solid-

ification again at 2 Ks−1 for (a) AF and (b) AF-B at a thermal gradient of 5 K mm−1

and (c) AF-B at a thermal gradient of 8 K mm−1. The formation of IMCs started190

near the bottom of the field of view and continued upwards due to the vertical

thermal gradient, and solidification finished with the appearance of the eutectic

front at T = 655 ◦C. The number of IMC formation events was counted manually

frame-by-frame for each sequence and the total number of IMCs was obtained by

summing the number of IMC formation events in each frame. By using this method,195

the total number of IMCs formed in each solidification sequence was not affected

by any disappearance of the IMCs from the field of view due to settling. The total

number of IMC formation events (i.e. total number of IMCs formed) in the field of

view was 66 in the base alloy (AF), compared with 97 in the TiB2 inoculated sample

(AF-B) at 5 K mm−1. Upon imposing a higher thermal gradient of 8 K mm−1, the200

total number of IMC formation events in the same AF-B alloy reduced sharply to

26. This trend was consistent across repeated experiments. Figs. 4(d) and (e) show

the evolution of the number of IMCs and the formation rate with time, respectively.

For each experiment, t = 0 was set when an IMC first appeared in the field of view,

and the formation rate was the highest for AF-B at 5 K mm−1.205

In contrast to the horizontal condition, there was frequent settling of IMCs in

AF-B during vertical solidification because Al13Fe4 had higher density (3.84 g cm−3)

than the liquid (2.75 g cm−3). The yellow circles in Figs. 4(b) and (c) highlight
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Figure 4: Radiography sequences showing primary IMC formation in directional, vertical solidification
at 2 Ks−1 of (a) AF and (b) AF-B at a thermal gradient of 5 K mm−1, and (c) AF-B at 8 K mm−1.
Each image was obtained by subtracting frame fn−15 from frame fn. In AF-B, settling of IMCs was
frequently observed, and the yellow circles in (b) and (c) highlight the white “shadow” left behind by
the settling IMCs upon image subtraction. (d) Corresponding evolution of the number of IMCs in the
field of view, and (e) evolution of formation rate as a function of time. Dashed lines in (e) indicate the
average formation rate. For each experiment, t = 0 was set when the first IMC appeared in the field of
view.
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the white “shadow” left behind by settling IMCs due to the image subtraction

algorithm used to improve image quality (see S1.1 in the Supplementary Materials).210

In contrast, all the IMCs remained static after formation in alloy AF, without

inoculation. This is discussed in more detail in the next section.

Figs. 5(a) to (c) show radiographs towards the end of solidification at different

cooling rates for AF-B under near isothermal, horizontal conditions. The number

of IMCs formed in the field of view increased significantly with increasing cooling215

rate, from 31 at 0.5 Ks−1 to 85 at 1 Ks−1 and further to 161 at 2 Ks−1. However,

when a thermal gradient of 5 K mm−1 was applied to the same alloy, as shown in

Figs. 5(d) to (f), the number of IMCs had a very weak sensitivity to cooling rate:

94 at 0.5 Ks−1, 97 at 2 Ks−1 and 92 at 4 Ks−1.

Figure 5: Typical radiographs towards the end of solidification at (a) 0.5 Ks−1 (b) 1 Ks−1 and (c) 2
Ks−1 for AF-B, under near isothermal, horizontal conditions. Typical radiographs towards the end of
solidification at (d) 0.5 Ks−1 (e) 2 Ks−1 and (f) 4 Ks−1 for AF-B at 5 K mm−1. Note that the field of
view in (a) to (c) is approximately 2.5 times smaller than (d) to (f).

By dividing the total number of IMCs by the volume of the field of view in220

each experiment, Fig. 6(a) summarises the total IMC density in alloys AF, AF-B

and AF-C as a function of cooling rate for 34 experiments in the near isothermal,

horizontal arrangement. AF-B and AF-C both showed a higher IMC density than

AF, particularly at higher cooling rates, whilst the AF-B alloy had the highest IMC

density over the range of cooling rates. Dividing the IMC density by the duration225
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Figure 6: (a) Total IMC density (total number of IMCs divided by the volume of the field of view)
and (b) average formation rate (total IMC density divided by the duration of IMC formation) in alloys
AF, AF-B and AF-C at 0.5 - 2 Ks−1 in near isothermal, horizontal solidification. The solid lines in (b)
indicate a linear best-fit to highlight the trend.

of IMC formation (i.e. time between the first and last IMC appearing in the field of

view), the average IMC formation rate in AF, AF-B and AF-C increased steadily

with cooling rate (Fig. 6(b)), and AF-B showed the greatest sensitivity to cooling

rate.

Figs. 7(a) and (b) summarise the total IMC density (total number of time-230

resolved formation events divided the volume of the field of view) and corresponding

average formation rate in 22 directional, vertical solidification experiments of AF

and AF-B respectively. IMC density and average formation rate for AF-B were

consistently higher than for AF at the same thermal gradient of 5 K mm−1. However

in comparison with the near isothermal counterparts, solidification with a thermal235

gradient showed much weaker IMC density sensitivity to cooling rate (Fig. 7(a)),

especially for inoculated alloys (typical of Figs. 5(d) to (f)). Nonetheless, there was

again a strong relationship between the average IMC formation rate and cooling

rate (Fig. 7(b)). At an increased thermal gradient of 8 K mm−1, the IMC density

in AF-B reduced from 70 IMCs mm−3 to <20 IMCs mm−3.240

To further illustrate the effects of thermal gradient, Fig. 8 summarises the

IMC density and average formation rate data for near isothermal, 5 K mm−1 and

8 K mm−1 for AF-B. Increasing thermal gradient generally reduced both the IMC

density and average formation rate, and the effect was more pronounced at higher

13



Figure 7: (a) Total IMC density (total number of time-resolved IMC formation events divided by the
volume of the field of view) and (b) average formation rate in AF and AF-B at a thermal gradient of
5 K mm−1 and AF-B at a thermal gradient of 8 K mm−1, at cooling rates of 0.5 to 4 Ks−1 in directional,
bottom-to-top solidification. The solid lines in (b) indicate a linear best-fit to highlight the trend.

cooling rate: at 2 Ks−1, the IMC density decreased from 214±24 IMCs mm−3 at245

near isothermal condition to 17±3 IMCs mm−3 at the highest thermal gradient of

8 K mm−1. The corresponding average formation rate was also significantly reduced

from 18±3 IMCs mm−3s−1 to 0.8±0.2 IMCs mm−3s−1.

Figure 8: (a) IMC density as a function of thermal gradient for alloy AF-B. (b) Average IMC formation
rate as a function of thermal gradient for alloy AF-B.
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4 Discussion

4.1 IMC nucleants250

In all conditions, inoculant additions increased the number of IMC formation events

(Figs. 6 and 7), suggesting that TiB2 and TiC catalysed the nucleation of IMCs. As

pointed out previously in Figs. 4(b) and (c), when AF-B was solidified vertically,

there was frequent settling of IMCs. By comparison, in AF all the IMCs remained

static once formed, and this is interpreted as the IMCs primarily nucleating on the255

interior side of the oxide skin of the sample. In contrast, frequent IMC settling in

AF-B suggested that TiB2 particles suspended in the melt catalysed nucleation of

IMCs. Therefore, settling of the IMCs helped distinguish IMCs nucleating on TiB2

particles (that were largely mobile) and IMCs mostly likely nucleating on the oxide

skin (that were largely immobile).260
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Figure 9: Number fraction of mobile primary IMCs as a function of cooling rate for AF and AF-B at
5 K mm−1 and AF-B at 8 K mm−1.

In either AF or AF-B, the number fraction of mobile IMCs shown in Fig. 9

had no obvious relationship with cooling rate. In AF nearly all IMCs remained

static, because they nucleated on the oxide wall of the sample. This finding is

consistent with previous observations by post-solidification microscopy [25–27, 43].

15



For example, Cao and Campbell investigated the role of oxide films on the formation265

of the Fe-rich IMCs in Al-Si alloys with various Fe concentrations [25, 26]. There

were oxide bifilms entrained in the melt with two surfaces: a dry inner surface and

a wetted exterior surface that acted as preferred substrate for the nucleation and

growth of Fe-rich IMCs [25, 26].

The minor fraction of mobile IMCs (∼2%) in AF could be a consequence of270

nucleation on minor inclusions in the liquid, or detachment from the oxide wall due

to convection in the liquid. In AF-B, up to 45% of the primary IMCs were mobile

regardless of thermal gradient or cooling rate, suggesting that they nucleated on

TiB2 particles. This provides evidence that TiB2 can nucleate Fe-rich IMCs (at

least as primary phase), as suggested by earlier researchers based on extraction and275

microscopy [29, 44, 45].

4.2 IMC formation

The IMC density and average formation rate decreased as the thermal gradient

increased, from a near isothermal condition to 5 K mm−1, and then further to

8 K mm−1 (Fig. 8). Reduced grain formation events with increasing thermal gradi-280

ent was also reported by Xu et al. [42] for equiaxed α-Al dendrites in an Al-20Cu

(wt%) alloy for near isothermal, 5 K mm−1 and 10 K mm−1 conditions.

The IMC formation behaviour under near isothermal and directional solidifica-

tion can be explained by considering the undercooling conditions experienced by

nucleants during cooling. Within the melt, potential nucleants are assumed to be285

more or less uniformly distributed, and according to the free growth model [46] they

have a distribution of efficiencies related to the distribution of diameters. It follows

that the larger the undercooled zone, the greater the probability that it contains

an efficient nucleant particle, and larger undercoolings have a greater probability of

activating a nucleant and forming a new IMC.290
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4.2.1 The undercooled zone (UZ) in front of a growing IMC

The size of the UZ and the magnitude of undercooling experienced by a potential

nucleant for an IMC in the UZ relates to the distribution of temperature and solute

in the liquid [47]. Solute fields are particularly important in the vicinity of pre-

existing IMCs, whereas the liquid solute field is generally flat (well-mixed) far from295

regions of prior solidification (as shown experimentally later).

To investigate the solute fields, 60 solute profiles around 7 IMCs were measured

from a solidification sequence using synchrotron X-ray radiography at 0.5 Ks−1 and

5 K mm−1. The image quality of this sequence was sufficiently high as to be able

to extract solute concentration from pixel intensities. More detail of the method to300

calculate solute field from X-ray intensities can be found in S1.2 in the Supplemen-

tary Materials (and in [48, 49]). A video of the evolution of solute concentration in

the liquid is also available in the Supplementary Materials.

Fig. 10(a) shows the solute measurement approach in more detail using a radio-

graph at an early stage of solidification when IMCs were well-separated, Fig. 10(b)305

shows a map of the solute field around IMC A, visualised as a polar image centred

on A, and Fig. 10(c) is a plot of the measured Fe concentration along the radial

direction as indicated by the red arrow in Figs. 10(a) and (b) (Θ =18◦).

The solute concentration Cl in the liquid in front of a growing phase in a binary

alloy follows [50, 51]:310

Cl = C0 + ∆C0 e
−x

v

Dl (1)

where C0 is the bulk liquid composition, ∆C0 is the composition difference between

the bulk liquid and the liquid at the interface, Dl is the solute diffusion coefficient

in the liquid, v is the interface velocity, and x is the distance from the interface.

The pre-exponential term ∆C0 is defined as C0
1−k
k . For hypereutectic Al-Fe alloys

where the partition coefficient is k > 1, ∆C0 is negative meaning that the solute315

segregates preferentially into the IMC, depleting the liquid ahead of the interface,

as shown experimentally in Fig. 10(c), and the liquid concentration is the nominal
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alloy composition of 3 wt% Fe further than ∼1 mm from the solid/liquid interface.

(a)

(b)

(c)

500 µm

A Θ = 0

Figure 10: (a) A radiograph (t = 37 s) of AF-B solidifying at 0.5 Ks−1 and 5 K mm−1. (b) The solute
field around IMC A visualised as a polar image centred at A. Θ increases anticlockwise. The y-axis is the
radial distance from the IMC centre. (c) The solute profile with a best-fit (R2 = 0.996) to Eq. 1 along
the direction indicated by the red arrow in (a) and (b).

The Cl profile was fitted to Eq. 1 as shown in Fig. 10(c), with R2 = 0.996,

indicating an excellent fit to Eq. 1. Assuming Dl = 2.82× 10−9 m2s−1 [52], the best-320

fit parameters were: C0 = 3.0007 wt%, ∆C0 = −0.0061 wt%, v = 28 µms−1 and δc =

204 µm. δc = 2Dl
v is the equivalent boundary layer, which is a measure of the extent

of the solute field. The averages for all 60 solute profiles were: R
2

= 0.940± 0.062,

C0 = 3.0004± 0.0006 wt%, ∆C0 = −0.0053± 0.0023 wt%, v = 33± 25 µms−1 and

δc = 244± 148 µm. C0 agreed with the nominal alloy composition, while ∆C0 was325

significantly smaller than might be expected because of the quasi-3D experimental

set-up i.e. IMCs are only a few microns in thickness but sit in a 200 µm thick sample

volume. Because measured concentrations at each pixel were an average of the

Fe concentration through the sample thickness, the measured solute concentration
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close to the solid/liquid interface will inevitably be higher than actual due to the330

relatively more concentrated surrounding liquid. IMC growth velocities in the same

solidification sequence were also measured directly by hand from the radiographs

[36], and were 27 ± 7 µm s−1 for non-constrained IMCs (i.e. IMCs growing with

no physical or solute field impingement) and 7 ± 3 µm s−1 for constrained IMCs.

The best-fit velocities to Eq. 1 (based on the solute profile only) were thus in good335

agreement with those measured directly from the videos.

From Eq. 1, the equilibrium liquidus temperature Tl in the solute field ahead of

a growing IMC is:

Tl = T0 +m∆C0 e
−x

v

Dl (2)

where T0 is the liquidus temperature at composition C0, and m is the slope of

the liquidus. The temperature field Tq at a thermal gradient G imposed in the340

x-direction is:

Tq = Tl(x=0) + xG = T0 +m∆C0 + xG (3)

Fig. 11(a) is a 1-D schematic representation of the liquid ahead of a growing

IMC under the three conditions studied in this work. The undercooled regions are

shaded for the isothermal condition and two thermal gradient conditions (G1 < G2).

From Eqs. 2 and 3, the magnitude of undercooling ∆T in the shaded region is given345

by:

∆T (x,G, v) = Tl − Tq

= T0 +m∆C0 e
−x

v

Dl − (T0 +m∆C0 + xG)

= m∆C0(e
−x

v

Dl − 1)− xG

(4)

Assuming no interactions between variables, the resulting form of ∆T (x,G, v) is

shown schematically in Fig. 11(b). It is helpful to clarify that Eq. 4 describes the
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Figure 11: (a) A schematic of the undercooled zone (UZ) in front of a growing IMC in the isothermal
condition, and with thermal gradients of G1 and G2 (G2 > G1). Tl is the equilibrium liquidus tempera-
ture, and T0 is the bulk liquidus. TqISO, TqG1 and TqG2 are the imposed temperature profiles under the
isothermal condition, G1 and G2 respectively. (b) Undercooling curves at the isothermal condition, G1
and G2. UZG1 and UZG2 denote the size of UZ at G1 and G2, respectively. ∆TmaxISO, ∆TmaxG1 and
∆TmaxG2 are the maximum available undercooling at the isothermal condition, G1 and G2 respectively.
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available undercooling, not necessarily the actual undercooling that might be mea-

sured in an experiment for an individual IMC formation event, which is different350

and better termed the nucleation undercooling. Under idealised isothermal condi-

tions, UZ extends across the entire volume of the melt. Under a thermal gradient,

the UZ is only adjacent to the growing IMC. As the thermal gradient is increased,

the UZ width is reduced from UZG1 to UZG2 as shown in Figs. 11(a) and (b).

The size of the undercooled zone UZ(G, v) is given by imposing the condition355

∆T = 0 in Eq. 4 and solving for x:

UZ(G, v) = − 1

G

[
∆C0 m−

Dl

v
G W0

(∆C0m

G

v

Dl
e

∆C0m
G

v
Dl

)]
(5)

where W0 is the principal branch of the Lambert W function [53]. A further deriva-

tion of Eq. 5 can be found in S1.3 in the Supplementary Materials.

The maximum undercooling ∆Tmax(G, v) can be obtained by setting the first

derivative of Eq. 4 to zero and yields:360

∆Tmax(G, v) = G
Dl

v

[
ln

(
− G

m∆C0

Dl

v

)
− 1

]
−m∆C0 (6)

For this hypereutectic Al-Fe alloy, the term −m∆C0 is positive. As already

shown schematically in Fig. 11, the largest ∆Tmax is obtained at G→ 0 (isothermal)

as limG→0G
Dl
v

[
ln
(
− G

m∆C0

Dl
v

)
− 1
]

= 0, and is:

∆TmaxISO = −m∆Co (7)

Eqs. 5 and 6 show that for a given alloy composition the volume of the liquid

undercooled and the magnitude of the undercooling are functions of the imposed

thermal gradient and the growth velocity, which in turn is related to cooling rate.

The following sections use these expressions to rationalise the experimental effect

of increasing the thermal gradient and cooling rate on IMC formation.365
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4.2.2 Effect of thermal gradient

Figs. 12(a) and (b) show plots of UZ and ∆Tmax as a function of thermal gradient

from Eqs. 5 and 6 respectively for a range of v representative of the experiments.

Fig. 12(a) shows that increasing the thermal gradient had a strong non-linear effect

on reducing UZ. For example, at a growth velocity of 30 µm s−1, UZ decreased370

from ∼15 mm at G = 2 K mm−1 to 6 mm at G = 5 K mm−1 and further to 3.7

mm at G = 8 K mm−1. The growth velocity v had a comparatively weak effect

on UZ, and was only influential at low growth velocities <10 µms−1. Note that

as previously described, ∆C0 was not available from experiment and a value of

∆C0 = −1 wt% was assumed, which was consistent with previous observations of375

the non-equilibrium concentration profiles of Fe-rich IMCs.
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Figure 12: (a) UZ and (b) ∆Tmax calculated from Eqs. 5 and 6 as a function of the thermal gradient
G and for growth velocities v between 1µms−1 and 30 µms−1. The following parameters were used:
∆C0 = −1 wt%, Dl = 2.82× 10−9 m2s−1, m = 30 K wt%−1. The triangles in cyan in (a) and (b) denote
5 K mm−1 and a typical growth velocity of 30µm s−1, and the squares in magenta denote 8 K mm−1 and
a typical growth velocity of 10 µm s−1.

∆Tmax was similarly reduced by increasing G, especially at low growth velocities.

It should be noted that there is an inter-dependency of growth velocity on the

thermal gradient. At a cooling rate of 0.5 Ks−1, unconstrained (isolated) IMCs had

an average growth velocity of 27 ± 7 µm s−1 at 5 K mm−1, which reduced to 9 ± 3380

µm s−1 when the thermal gradient increased to 8 K mm−1. These two points from
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experiment are superimposed on the plots, showing the corresponding estimated

values of UZ and ∆Tmax. ∆Tmax estimates of 20 - 30 K in Fig. 12(b) are the largest

available undercooling. In practice, nucleation likely occurs at a lower undercooling,

and consistent with an undercooling of 15 K at 0.7 Ks−1 measured by calorimetry385

[54]. UZ estimates of several millimetres are in good agreement with analysis for a

solidifying Al-7Si (wt%) alloy under a thermal gradient [47].

4.2.3 Effect of cooling rate

In the near isothermal condition, increasing the cooling rate led to a higher IMC

density (Fig. 8(a)), but this effect was much less pronounced when a thermal390

gradient was applied, and then increased.

Fig. 13(a) shows again schematically the liquidus temperature Tl ahead of a

growing IMC at two cooling rates, Ṫ1 and Ṫ2 (Ṫ1 < Ṫ2) according to Eq. 2. At a

higher imposed cooling rate, the growth velocity v increased [36], which gives rise

to a steeper liquidus profile according to Eq. 2, i.e less diffusion to flatten the solute395

profile occurs per unit time. For a given thermal gradient G, the undercoolings at

Ṫ1 and Ṫ2 can be calculated using Eq. 4 and are represented schematically in Fig.

13(b). The black horizontal dashed line exemplifies a particular undercooling ∆Tn

required for IMC nucleation on the most potent nucleant. Nucleation of an IMC

on this nucleant is only possible in the region where ∆T > ∆Tn. The difference in400

the available undercooling between Ṫ1 and Ṫ2 is shaded in Fig. 13(b), showing that

a higher cooling rate only slightly increases the volume of liquid that is sufficiently

undercooled to initiate nucleation.

Evidence to support this analysis is shown in Fig. 14(a) that plots the measured

solute profile in front of two IMCs growing at 19 µms−1 and 165 µms−1, which cor-405

responded to equivalent boundary layer thickness of 300 µm and 34 µm respectively.

Using Eq. 4 and the best estimates for the solidification parameters as previously

described, the available undercoolings for the two cases are plotted in Fig. 14(b).

The difference in undercooling between these two cases is indicated by an orange

dashed curve in Fig. 14(b). By increasing the growth velocity by 9 times from410
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Figure 13: (a) Schematic of the equilibrium liquidus temperature profiles at Ṫ1 and Ṫ2 (Ṫ2 > Ṫ1) and
thermal gradient G. (b) Undercooling curves at Ṫ1 and Ṫ2. The black horizontal dashed line indicates
the minimum undercooling required by the most potent nucleant to form a new IMC.

19 µm s−1 to 165 µm s−1, ∆Tmax increased by only ∼9%, from 26.5 K to 29 K, while

the UZ remained essentially unchanged at ∼6 mm.

In summary, near isothermal solidification showed the highest IMC density at

each cooling rate (Fig. 8), because these conditions provided the largest UZ and the

largest ∆Tmax. Under directional solidification, the IMC density showed a strong415

dependence on the thermal gradient and a weak sensitivity to cooling rate (Fig.

8), because while both UZ and ∆Tmax were strongly sensitive to thermal gradient,

they have been shown analytically to be only weakly affected by cooling rate.

5 Conclusions

The formation of primary Al13Fe4 IMCs and the effect of TiB2 and TiC inocula-420

tion during the solidification of a hypereutectic Al-3Fe alloy has been investigated

systematically using in-situ laboratory and synchrotron X-ray arrangements. With

4,531 IMCs studied in 56 experiments, the key findings are summarised as follows.

1. TiB2 and TiC inoculation consistently increased the number density and av-

erage formation rate of primary Fe-rich IMCs under all conditions.425

2. In vertical, directional cooling, IMCs primarily nucleated on the sample oxide

skins in the non-inoculated alloy, but nucleated preferentially on the TiB2
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Figure 14: (a) Measured solute profile (wt%Fe) for two IMC growing at 19 µms−1 and 165 µms−1. (b)
Calculated undercooling distribution in the liquid ahead of the IMC for the profiles shown in (a) using
Eq. 4. The orange dashed curve represents the difference in the undercooling for the two cases. The
following parameters were used: ∆C0 = −1 wt%, G = 5 K mm−1, Dl = 2.82× 10−9 m2s−1, m = 30
K wt%−1.

particles when TiB2 was added.

3. Near isothermal solidification showed the highest IMC number density and

average formation rate, and both increased with increasing cooling rate. Under430

directional solidification, the IMC density was dominated by thermal gradient,

and had a weak sensitivity to cooling rate.

4. A model for IMC formation was proposed to explain the experimental findings

qualitatively and quantitatively, accounting for the effect of thermal gradient

and cooling rate on the volume of the undercooled liquid and the magnitude of435

the available undercooling. The probability of nucleation was controlled by the

size of the undercooled liquid volume and the magnitude of the undercooling
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within this volume, both of which were dominated by thermal gradient.

These findings may have implications for commercial practices to promote con-

ditions that maximise the number of IMC formation events, and so minimise their440

average size and detrimental effect on alloy ductility and toughness.
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