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A B S T R A C T

A combination of time-resolved synchrotron X-ray diffraction (XRD), high-speed video and electromagnetic 
levitation (EML) enabled revealing the solidification path and phase transformations in Fe60Co25Ni10Mo5 and 
Fe63Co26Ni11 alloys during heating and cooling. High-speed XRD provided direct evidence for nucleation of 
metastable δ-ferrite in undercooled liquid state and its quick transformation to γ-austenite. Addition of Mo 
clearly favours nucleation of δ-ferrite in Fe60Co25Ni10Mo5 melts undercooled by ΔT of about 100 K and more. In 
contrast, primary crystallisation of any of δ and γ phases appears to be possible in Fe63Co26Ni11 melts at all levels 
of undercooling. Neither Ni nor Mo exhibit any notable effect on the growth behaviour of δ and γ phases, which 
remains close to the one in the Fe60Co40 base alloy. Alloying with Mo has a strong impact on the microstructure 
and solid state transformations in the Fe60Co25Ni10Mo5 samples such as grain refinement at ΔT < 200 K, 
incomplete transformation of γ-austenite to α-ferrite, and formation of martensite at ΔT ≥ 330 K.

1. Introduction

Following the introduction of high-entropy alloys (HEAs) in 2004 [1,
2], multi-principal element alloys (MPEAs) and complex concentrated 
alloys (CCAs) have attracted significant attention. Being not limited by 
equiatomic concentrations, quantity of phases or magnitude of entropy, 
concepts of MPEAs and CCAs offer a new paradigm in alloy design [3–9]. 
High interest to these alloys is primarily driven by extended possibilities 
for tailoring the structural and functional properties, although high cost 
due to large concentrations of often quite expensive constituents re
mains an issue.

Recently, Kwon et al. [10] proposed the Fe60Co25Ni10Mo5 (at.%) 
maraging alloy, exhibiting ultra-high yield strength and strain hard
ening in tensile tests. The excellent mechanical properties have been 
obtained by creating the microstructure consisting of austenite, 
martensite and Mo-rich nanoprecipitates. Considering the application 
potential of Fe60Co25Ni10Mo5 alloy, it is worth to explore its solidifica
tion, phase constitution and phase transformations in detail. This is also 

interesting from a fundamental point of view since this composition 
could be considered as a derivative of the binary Fe60Co40 (at.%) alloy. 
The latter has been found to exhibit nucleation and growth competition 
between stable γ phase (austenite, face centred cubic structure – fcc) and 
metastable δ phase (ferrite, body centred cubic structure – bcc) while 
solidifying from undercooled liquid state [11–16].

The reports on primary solidification of δ phase and its subsequent 
transformation to γ in Fe-based alloys, e.g. Fe-Co [11–16], Fe-Ni 
[16–19], Fe-Cr-Ni [16,20–22], have been made on the base of micro
structure analysis of rapidly quenched samples, high-speed pyrometry 
data and video observations. A direct evidence on δ→γ transformation 
has been provided by Shuleshova et al. [23] for Fe80Co20 (at.%) and 
Matson et al. [24] for Fe72Cr16Ni12 (wt.%) by combining electromag
netic levitation (EML) and in situ high-energy X-ray diffraction (XRD) at 
the German Electron Synchrotron DESY, Hamburg. This was possible 
due to a relatively large delay time τ (order of seconds) between 
nucleation of the two phases. In contrast, δ phase could not be registered 
by in situ XRD for CrFeNi, CoCrNi and CoCrFeNi medium- and 
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high-entropy alloys because the delay time was three orders of magni
tude smaller [25].

In this work, we have studied solidification behaviour and phase 
transformations by using high-speed video camera running at 30,000 
frames per second and photon counting X-ray detector taking up to 1000 
patterns per second. It enabled recording the phase competition during 
near-equilibrium and non-equilibrium solidification of Fe60Co25

Ni10Mo5 and Fe63Co26Ni11 alloys as well as phase transformations 
occurring upon heating and cooling in solid state. The ternary compo
sition has been chosen in order to clarify the role of Ni and Mo when 
added to the base Fe60Co40 alloy. The thermal properties and micro
structure of the as-cast and EML processed samples have been analysed 
by using differential scanning calorimetry (DSC), XRD phase analysis, 
scanning electron microscopy (SEM), energy-dispersive X-ray spectros
copy (EDS) and electron backscatter diffraction (EBSD).

2. Materials and experimental procedures

Fe60Co25Ni10Mo5, Fe63Co26Ni11 and Fe60Co40 master alloys (at.%) 
have been prepared from high-pure (99.99 wt.%) Fe, Co, Ni and Mo 
elements under Ar atmosphere by using an arc melter from Edmund 
Bühler. To ensure alloy homogeneity, each ingot was melted and so
lidified five times with inverting in-between. At the last stage, the melt 
was suction-cast into a Cu mould attached to a Cu hearth at the bottom. 
The obtained rods (6 mm diameter, 80 mm length) were ground with SiC 
paper up to P4000 grit and cut into cylindrical samples of about 1.2 g 
weight for the solidification studies. Cutting has been done by using an 
Accutom 50 machine from Struers. These samples were similarly ground 
on circular faces and cleaned in an ultrasonic bath with Ethanol for 10 
min. This way it was possible to significantly reduce the appearance of 
oxides on the surface of molten samples during processing in the EML 
facility.

Slices with the thickness of approx. 0.5 mm were cut out from the as- 
cast rods for the XRD phase analysis. The measurements have been 
carried out in Bragg-Brentano geometry by using an X’Pert Pro X-ray 
diffractometer with Co-Kα radiation from PANalytical. The XRD in
tensities have been analysed by using the HighScore Plus software from 
PANalytical [26] and ICDD PDF-5+ data base [27].

Thermal analysis has been carried out by using the differential 
scanning calorimeter DSC 404 C from Netzsch. Specimens of 10–15 mg 
weight taken from the as-cast rods have been investigated during 
heating and cooling at a rate of 20 K⋅min− 1 under Ar gas flow.

Solidification studies have been carried out by using the electro
magnetic levitation (EML) facility at Leibniz IFW Dresden [23]. The 
samples were processed in a high-vacuum chamber which was pre
liminary evacuated to below 5⋅10− 6 mbar rest air pressure and back
filled with high purity He (6 N) to 600 mbar. The induction coil used for 
levitation and heating of samples was powered by the high-frequency 
generator TruHeat HF 3010 from Hüttinger Elektronik. Cooling was 
realised by decreasing the electric current in the coil and applying two 
He jets blown onto a sample from opposite sides. The solidification was 
recorded at a rate of 30,000 frames per second with a high-speed video 
(HSV) camera FASTCAM SA5 775K-M3 from Photron. Spatial calibra
tion of the HSV digital images was performed by using an image taken 
from a Ti-6Al-4V sphere of known size which was levitated at 1148 K. 
The images were analysed by using ImageJ software [28].

The temperature of levitated samples was measured with an optical 
pyrometer from Dr. Mergenthaler which was focused on the top of the 
sample. The pyrometer was operated in a single wave mode in the 
spectral range of 1.65–2 μm. In experiments at IFW Dresden, the py
rometer data were saved with a 50 Hz frequency. As the emissivity of 
alloys was not known, the temperature Tpyro was measured with ε = 0.25 
and corrected by using the liquidus temperature from DSC as a refer
ence. The correction has been done according to Eq. (1) which follows 
from Wien’s law [29] 

1
T
=

1
Tpyro +

(
1

TDSC
l

−
1

Tpyro
l

)

, (1) 

where TDSC
l is the liquidus temperature measured by calorimeter and 

Tpyro
l is a pyrometer reading. The melt undercooling ΔT was calculated 

as the difference between the liquidus temperature Tl and apparent 
nucleation temperature Tn determined by the lowest point on corrected 
T(t) curve before recalescence. Considering the systematic and statistical 
uncertainties of the pyrometer and calorimeter, the total uncertainty of 
Tl and Tn was estimated to be ±7 K and ±3 K, respectively. With this, the 
uncertainty of ΔT is equal to ±10 K.

In situ high-energy XRD has been carried out with the EML facility of 
Leibnitz IFW Dresden installed at the Swedish Materials Science Beam
line P21.1 at PETRA III, DESY Hamburg. The measurements were car
ried out in transmission mode. The energy and the size of the 
monochromatic X-ray beam were 101.5 keV and 1×1 µm2, respectively. 
Two-dimensional (2D) diffraction patterns were collected with the 
hybrid pixel detector EIGER2×4M from DECTRIS at a rate between 10 
and 1000 Hz. The recording frequency of the pyrometer signal was 
synchronised with the X-ray detector. Powder diffraction intensities 
were obtained by azimuthal integration of 2D images in pyFAI [30]. An 
XRD pattern of LaB6 standard powder placed in the middle of the in
duction coil was used to calibrate the sample-to-detector distance and 
detector orientation.

The solidification studies have been carried out on 35 samples of 
Fe60Co25Ni10Mo5 and 10 samples of Fe63Co26Ni11 composition. In total 
33 samples (29+4) could be preserved after the EML experiments. 
Weighing of the processed samples revealed an average mass loss of 
Δmav = 0.01 % in one heating-cooling cycle and Δmav = 0.05 % in three 
cycles (see Table S1 in Supplementary Material). The mass of the two 
samples with two processing cycles was found to increase by 0.01 %. 
This could be due to surface oxidation, although it is not clear at what 
stage this happened.

Representative samples solidified at different levels of melt under
cooling were chosen for the microstructure and phase examination. 
They were cross-sectioned in the middle by using an electric wire 
discharge machine Agie Charmilles FI 440 ccS from GF Machining So
lutions. One half of each sample was embedded into conductive 
mounting compound by using SimpliMet 3000 press from Buehler. The 
embedded samples were ground with SiC paper up to a grit size of P4000 
and polished with diamond suspensions (particle size: 3, 1, 0.25 µm) and 
0.05 µm colloidal silica. The microstructural studies were conducted by 
using Gemini scanning electron microscope from ZEISS equipped with 
EDS and EBSD detectors from Bruker. Backscattered electrons (BSE) 
images were taken at the acceleration voltage of 10 kV while EDS 
element distribution maps were recorded at 20 kV. The working distance 
was approx. 10 mm in both methods. EBSD patterns were collected at 20 
kV accelerating voltage at 70◦ sample tilt angle and 18 mm working 
distance. The acquired EDS and EBSD data have been analysed by using 
the programme Esprit 2.3 from Bruker. XRD phase analysis has been 
carried out on ~0.5 mm thin slices cut out from the second halves of the 
cross-sectioned spherical samples. The slices were ground by using SiC 
paper with a grit size between P500 and P2400 after the electric wire 
discharge cutting. The XRD measurements have been carried out by 
using an X’Pert Pro diffractometer with Cu-Kα radiation from PAN
alytical. The quantitative phase analysis has been performed by using 
the HighScore Plus software [26].

3. Results

3.1. XRD and DSC analysis of as-cast alloys

XRD measurements of the as-cast samples (Fig. 1) only revealed the 
bcc phase (α-ferrite) in Fe63Co26Ni11. α-Ferrite is also the major con
stituent of Fe60Co25Ni10Mo5 alloy. However, additional Bragg reflexes of 
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an fcc lattice, even if very weak, point to the presence of minor γ phase 
(austenite) in the sample.

DSC scans measured from Fe60Co40, Fe63Co26Ni11 and Fe60Co25

Ni10Mo5 samples are shown in Fig. 2. The temperatures of the identified 
thermal events are listed in Table 1.

The binary Fe60Co40 alloy exhibits two thermal events in the solid 
state. According to the Fe-Co phase diagram [31], the weak peak 
appearing at about 975 K is associated with the order-disorder trans
formation. The second peak with an onset temperature of Tons = 1255 K 
is related to the magnetic as well as structural (α→γ) transformations 
which coincide. Although the solid-liquid transformation could not be 
fully accessed, the peak on melting, which corresponds to the liquidus 
temperature as shown by Boettinger et al. [32], has been reached. It has 
to be noted that the peak temperature depends on the heating rate Φ and 
the apparent liquidus temperature is higher than the equilibrium value 
[32,33]. For example, it has been shown [33] that the melting peak 
measured on low alloy steels shifted by up to 10 K when Φ increased 
from 1 to 20 K⋅min− 1. The liquidus temperature of the Fe60Co40 alloy 
(1770 K) obtained at Φ = 20 K⋅min− 1 in present work is in a good 
agreement with earlier publications [31,34], although lying 9–13 K 
above.

Similarly, the measured liquidus temperature of the Fe63Co26Ni11 
alloy (1761 K) conforms to the experimental data and thermodynamic 
calculations for the Fe-Co-Ni system [35,36]. It is 16 K higher than the 
predicted value, obtained by digitising Fig. 24 from Ref. [36].

Adding 5 at.% Mo to the ternary alloy results in a further decrease of 
the liquidus temperature of Fe60Co25Ni10Mo5 alloy to 1734 K. This 
relatively small decrease of Tl correlates with the effect of Mo in Fe-Mo 
[37], Co-Mo [38] and Ni-Mo [39] solid solutions.

The DSC data measured for Fe63Co26Ni11 and Fe60Co25Ni10Mo5 
samples in the solid state show essential differences compared to the 
binary composition. Firstly, no thermal signal could be detected which 
would correspond to the structural ordering in the lower temperature 
range for the multicomponent alloys. Secondly, two endothermic events 
appeared on the heating curves of Fe60Co25Ni10Mo5 and Fe63Co26Ni11 
alloys between approx. 1000 and 1200 K, in contrast to the just 

mentioned single peak of Fe60Co40 alloy. Although, only one exothermic 
peak is observed on the cooling curves.

3.2. High-speed video observation of crystal nucleation and growth

Selected digital images visualising solidification of Fe60Co25Ni10Mo5 
and Fe63Co26Ni11 samples at different levels of melt undercooling are 
presented in Fig. 3 and Fig. 4, respectively. Due to a higher temperature 
of rapidly growing solid it appears bright on a dark background of 
undercooled liquid or primary crystalline phase and can be distin
guished clearly. Representative video clips created from full image se
quences can be found in the Supplementary Material.

For the Fe60Co25Ni10Mo5 sample solidifying at low undercooling (ΔT 
= 34 K) only one crystallization event was identified on the HSC record 
as shown in Fig. 3a and Video 1. The small bright particles dispersed 
over the sample surface are assumed to be oxides. They likely had no 
effect neither on nucleation nor propagation of the solid phase. In all 
other experiments with Fe60Co25Ni10Mo5, covering the range of melt 
undercooling between 97 and 306 K, the formation of two crystalline 
phases which appeared shortly after each other (delay time τ < 1 ms) 
was observed (e.g. panels (b) – (e) in Fig. 3 and Video 2). The secondary 
phase always nucleated at multiple sites within the pre-existing crys
talline phase. It quickly overtook the primary solidification front at ΔT 
up to about 130 K and grew behind it at higher undercoolings. According 
to the in situ XRD measurements, described in the next section, the 
metastable δ-ferrite was competing with the stable γ-austenite. For 
convenience, this phase designation is used in Fig. 3 and in following.

Nucleation and growth competition between δ-ferrite and 
γ-austenite was also observed for Fe63Co26Ni11 samples. In contrast to 
Fe60Co25Ni10Mo5, experiments with the ternary alloy revealed γ 
appearing as a primary phase, not only at small but also at large 
undercoolings. For example, Fe63Co26Ni11 solidified by the formation of 
a single γ phase at ΔT = 106 K (Fig. 4a, Video 3) and 257 K (Fig. 4c) and 
with two crystalline phases at ΔT = 208 K (Fig. 4b, Video 4) and 294 K 
(Fig. 4d). This is similar to the results of Kreischer [16] who observed the 
nucleation of single γ phase in deeply undercooled Fe60Co40 melt too. 
The distribution of primary nucleation events for δ and γ in dependence 
on the temperature of the undercooled melt for Fe60Co25Ni10Mo5 and 
Fe63Co26Ni11 from this work and Fe60Co40 from Ref. [16] is shown in 
Fig. 5. For consistence, datapoints from Ref. [16] are plotted in respect 
to the liquidus temperature of Fe60Co40 alloy measured in the present 
work.

The two exothermic events associated with the release of latent heat 
during solidification could not be distinguished on the pyrometer curves 
(Fig. 6a and c) as the sampling rate was too low. In order to obtain high- 
resolution T(t) data, the temperature was extracted from the HSC re
cords of given crystallisation events. Conversion was done based on the 
relationship (Eq. (2)) between grey level H of a pixel and temperature T 
of a corresponding point on the sample surface [40] 

H = A⋅e−
a
T , (2) 

where A and a are constants. Thereby, the nucleation temperature Tn 
and maximum recalescence temperature measured by the pyrometer 
were taken as reference points. High-resolution T(t) data are plotted in 
Fig. 6b and d for Fe60Co25Ni10Mo5 and Fe63Co26Ni11, respectively.

The dendrite growth velocity v was obtained from high-speed video 
data under the assumption that the recorded thermal front represents 
the propagating solidification front. If the solid phase grew into an 
undercooled liquid, e.g. as γ in Fig. 3a and b or δ in Fig. 3c and d, v was 
calculated from the distance ΔS travelled by the thermal front in a time 
interval Δt. The latter was calculated from the HSC frequency and 
considered number of video frames. The growth velocity of the γ phase 
in the mushy-zone was evaluated from the change in size of individual 
crystallites. The estimated average uncertainty of the growth velocity 
was 13 % for the first method and 21 % for the second method as 

Fig. 1. XRD intensities of as-cast Fe60Co25Ni10Mo5 and Fe63Co26Ni11 samples 
measured with Co-Kα radiation. Inserts are plotted to highlight presence of the 
fcc γ phase in quaternary alloy.
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described in Ref. [41].
The delay time τ between nucleation of δ and γ was determined by 

visual inspection of HSC records. Thereby, only videos showing nucle
ation of both phases could be used for analysis. The uncertainty of the 
delay time ranged between 20 % at low undercooling (ΔT = 97 K, τ =
0.5 ± 0.1 ms) and 207 % at the highest undercooling (ΔT = 306 K, τ =
0.03 ± 0.062 ms). The delay time for the ternary alloy Fe63Co26Ni11 
could not be evaluated since the primary δ phase nucleated on the back 

side of the samples in all experiments carried out.
The calculated values of growth velocity v of δ and γ phases and delay 

time τ for the δ→γ transformation are plotted as functions of melt 
undercooling in Fig. 7. Also shown are the corresponding data for the 
binary Fe60Co40 alloy measured by using EML technique in works 
[14–16] for comparison.

3.3. Time-resolved synchrotron XRD measurements

Fig. 8a presents a 2D contour plot of the XRD intensities taken at 
1000 Hz detector frequency and a corresponding time-temperature 
profile for a Fe60Co25Ni10Mo5 sample during heating and cooling in 
the EML facility. The full line in the lower panel shows the corrected T(t) 
data, acquired by the pyrometer starting from 625 K. The dashed line 
between room temperature and 625 K is a linear interpolation. Since the 
measurement ended at 1190 K, an additional experiment has been car
ried out with the same sample in order to capture the γ→α trans
formation upon cooling. In this case, the X-ray detector frequency was 
reduced to 10 Hz and the sample was processed without melting. The 
contour plot elucidating the solid-state transformation during cooling is 
added to Fig. 8a. The dashed part of T(t) line below 621 K is a linear 
projection to room temperature.

In agreement with the phase analysis of the as-cast Fe60Co25Ni10Mo5 
sample (Fig. 1), strong reflexes of the main α phase (bcc) and weak re
flexes of the minor γ phase (fcc) are present on the high-energy XRD 
intensities of the as-prepared sample (Fig. 8a). Only the positions of the 
peaks shift to smaller 2θ values due to thermal expansion as temperature 

Fig. 2. DSC scans for as-cast Fe60Co25Ni10Mo5, Fe63Co26Ni11 and Fe60Co40 alloys measured during heating (a,b) and cooling (c,d) at a rate of 20 K⋅min− 1. The curves 
are shifted on vertical axis for clarity. Tonset, Tp and Tend denote the onset, peak and end temperature for a given thermal event. Ts and Tl are solidus and liquidus 
temperatures. Vertical arrows at the heating and cooling curves for Fe63Co26Ni11 indicate transformation temperatures for the alloy Fe61.3Co29Ni9.7 (Fe60Co30Ni10 in 
wt.%) measured by Kasé [35] (the data obtained by digitising Fig. 13 from Ref. [36]).

Table 1 
Characteristic temperatures (in Kelvin) of phase transformations for Fe60Co25

Ni10Mo5 and Fe63Co26Ni11 alloys determined by DSC (Fig. 2). Tons, Tp and Tend – 
onset, peak and end temperature of a thermal event; Ts and Tl – solidus and 
liquidus temperature.

Alloy Heating

Solid-state transformation Melting

Tons Tp1 Tp2 Tend Ts Tl

Fe60Co25Ni10Mo5 1038 1062 1117 1151 1711 1734
Fe63Co26Ni11 1084 1109 1156 1173 1746 1761
Fe60Co40 1255 1268 1293 1755 1770
Alloy Cooling

Solid-state transformation Solidification
Tons Tp1 Tend Tn Tp

Fe60Co25Ni10Mo5 650 620 549 1693 1690
Fe63Co26Ni11 927 922 864 1684 1681
Fe60Co40 1255 1250 1236 1731 1730
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continuously increases. When the sample temperature reaches 1052 K it 
jumps to 1118 K and remains nearly constant for some time. The steep 
temperature rise is associated with the transformation from α ferrite to γ 
austenite as highlighted by a vertical dashed line in Fig. 8a. It has to be 
mentioned that virtually simultaneously with the onset of structural 

transformation, the magnetic properties of the sample change too. 
Further, the sample which had to be kept on a ceramic support during 
the initial heating began to levitate inside the induction coil.

The high-temperature fcc γ phase remains stable until melting, which 
sets in at t ≈ 37 s. With this, the intensity of Bragg peaks begins to 

Fig. 3. Digital images showing solidification of Fe60Co25Ni10Mo5 at different undercoolings ΔT. For convenience, time is set to zero for the images of undercooled 
liquid shortly before crystallisation.
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decrease and diffuse scattering from the liquid phase appears around 
crystalline reflexes (Fig. 8a). The temperature remains nearly constant 
during melting and increases quickly again when it is completed at t ≈
47.5 s. This point on the T(t) curve is considered as the liquidus tem
perature Tpyro

l and is used for the temperature correction according to 
Eq. (1).

XRD intensities with broad diffuse peaks have been measured for the 
liquid sample during heating up to 1878 K and subsequent cooling into 
the supercooled state. A single XRD pattern showing the liquid structure 
right before crystallisation is plotted in Fig. 8b, t = 59.466 s.

Crystallisation is indicated by strong reflexes of the fcc γ phase 
appearing along with a weak diffuse scattering from the melt (Fig. 8a). 
However, a closer look at the individual XRD profiles (Fig. 8b) reveals 
the coexistence of the three phases – liquid, bcc δ and fcc γ – at the very 
beginning of solidification (t = 59.467 s). The lifetime of metastable δ is 
less than 1 ms. Therefore, only reflexes of the γ phase can be identified 
on the next XRD pattern (t = 59.468 s). The solidification ends within a 
short time interval at t ≈ 60.324 s. The growth of δ and γ phases in this 
Fe60Co25Ni10Mo5 sample can be seen in Fig. 3e and Video 5.

The reverse γ→α transformation started at T = 645 K as can be seen 
on the XRD and T(t) data measured during cooling of the Fe60Co25

Ni10Mo5 sample in another processing cycle. It sets in at significantly 
lower temperature, compared to α→γ on heating, and keeps going until 
room temperature. Furthermore, a minor fraction of the γ phase was 

Fig. 4. Digital images showing solidification of Fe63Co26Ni11 at different undercoolings ΔT. For convenience, time is set to zero for the images of undercooled liquid 
shortly before crystallisation.

Fig. 5. Nucleation statistics for δ and γ phases emerging as a primary crystal
line phase in Fe60Co40 [16], Fe63Co26Ni11 and Fe60Co25Ni10Mo5 under
cooled melts.
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found to remain untransformed.
Only formation of the γ phase could be caught for Fe63Co26Ni11 

samples. This might be due to a limited number of the experiments, a 
lower probability for nucleation of δ-ferrite or short delay time between 
nucleation of δ and γ in this alloy. Contour plot of the XRD intensities 
measured from the Fe63Co26Ni11 sample in a whole heating-cooling 
cycle is shown in Fig. 9. The high-temperature range of T(t) curve be
tween approx. 1280 and 2060 K, drawn in grey, was impacted by oxides 
appearing on the sample’s surface.

The α→γ transformation occurred upon heating between 1047 and 
1120 K, which is nearly the same as in the alloy with Mo. However, it 
went notably faster as indicated by a short thermal arrest on the T(t) 
curve. Magnetic properties of Fe63Co26Ni11 samples were observed to 
change simultaneously with the structural transformation. The reverse 
γ→α transformation in the Fe63Co26Ni11 alloy began at a notably higher 
temperature (946 K vs. 645 K) and ended at 678 K.

3.4. Microstructure and phase analysis after EML processing

The SEM backscattered electrons images taken from cross-sections of 
the EML processed Fe60Co25Ni10Mo5 and Fe63Co26Ni11 samples are 
presented in Fig. 10. Despite the similarities in growth kinetics of crys
talline phases in both alloys, the resulting microstructures are strikingly 
different. Fe60Co25Ni10Mo5 alloy (Fig. 10a) exhibits dendritic pattern 
with pronounced microsegregation of Mo at ΔT up 249 K at least. At the 
highest achieved undercooling of 330 K the grain morphology changes 
to a lath-like one. Since Fe, Co and Ni are neighbors in the periodic 
system, the BSE micrographs of the Fe63Co26Ni11 samples are rather 

blurred (Fig. 10b). The apparent contrast on the images could be related 
to the electron channeling effects in dendrites or dendrite branches with 
different orientation.

More comprehensive information on the microstructure of the so
lidified samples has been obtained by using EDS and EBSD analysis. The 
element distribution maps (Figs. 11, 12) show that Fe60Co25Ni10Mo5 and 
Fe63Co26Ni11 alloys are characterized by micro-segregation of solute 
atoms at the melt undercooling up to approx. 250 K. However, the 
composition of dendritic and interdendritic regions is essentially 
different. In Fe60Co25Ni10Mo5 samples, dendrites are enriched with Fe 
and Co, whereas interdendritic regions are enriched with Mo. Ni atoms 
are rather homogeneously dispersed over the scanned areas. In 
Fe63Co26Ni11 samples, it is Ni that segregates into interdendritic regions, 
while dendrites are enriched with Fe and Co similarly to the quaternary 
alloy. Microsegregation is found to be essentially reduced for both alloys 
if melt undercooling increases to 295 K.

Microstructure analysis also revealed the presence of minor hole-like 
structures on the examined Fe60Co25Ni10Mo5 cross-sections. The loca
tions of these holes on the SEM micrographs correspond to the Mo- 
enriched spots on the EDS maps (Fig. 11). This is particularly well 
seen on the SEM images taken with larger magnification (Fig. S1 in 
Supplementary Material). Presumably, the holes were formed under 
mechanical impact during metallographic preparation by pulling out 
Mo-rich inclusions. This assumption is supported by finding Mo-eniched 
particles with similar morphology on untreated surfaces of the samples 
solidified at large undercooling as shown in Fig. S2 in the Supplemen
tary Material (ΔT = 249 K, ΔT = 295 K and ΔT = 330 K).

The EBSD analysis showed that grain morphology and size greatly 

Fig. 6. Time-temperature curves for Fe60Co25Ni10Mo5 and Fe63Co26Ni11 samples at the solidification stage: (a,c) measured by pyrometer; (b,d) extracted from digital 
images taken by high-speed camera. The curves are shifted on the time axis for clarity. Tl – liquidus temperature measured by DSC. ΔT – melt undercooling. Tn(δ) – 
nucleation temperature of the δ phase. Tn(γ) – nucleation temperature of the γ phase.
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differ for both compositions (Fig. 13). Fe63Co26Ni11 samples are pre
dominated by coarse, equiaxed, several hundreds of microns large 
grains. It appears that the melt undercooling has no significant effect on 
the microstructure of this alloy. In Fe60Co25Ni10Mo5 samples, the grain 
size in general is significantly smaller and grain morphology is largely 
dependent on undercooling. In the lower undercooling range up to ΔT =
148 K, microstructure is characterised by equiaxed grains with a mean 
size of about 15 µm. When undercooling increases up to 184 K and 

further to 295 K, grains become columnar, extending more than 150 μm 
in length. At the largest achieved undercooling, ΔT = 330 K, grains 
change again, getting a lath-shaped morphology typical for martensite.

Room temperature XRD intensities for the Fe60Co25Ni10Mo5 samples 
solidified at different undercoolings and the results of Rietveld refine
ment are presented in Fig. S3 and Table S2 in the Supplementary Ma
terial. In agreement with the phase analysis of the as-cast alloy and in situ 
high-energy XRD measurements, Bragg peaks of the main α phase (bcc) 
and minor γ phase (fcc) could be clearly identified. The intensity of the 
diffraction peaks of the γ phase shows a very small change for samples 
solidified at ΔT up to 184 K, decreases to virtually zero at ΔT of 249 K 
and 295 K and notably increases at the largest undercooling of 330 K 
(Fig. S3a). The volume fraction of γ obtained by Rietveld refinement 
exhibits a similar dependence on melt undercooling, decreasing from ~9 
% at ΔT = 34 K to ~2 % at ΔT = 295 K and increasing to ~19 % at ΔT =
330 K (Fig. S3b, Table S2).

4. Discussion

4.1. Nucleation competition between metastable δ and stable γ phase

The distribution of nucleation temperatures Tn for bcc (δ) and fcc (γ) 
as a primary phase (Fig. 5) revealed that alloying Fe60Co40 with Ni and 
Mo has a significant but different impact on phase competition.

Kreischer [16] analysed the temperature dependence of the activa
tion energy ΔG* ∼

(
σ3 /ΔG2

V
)
⋅fcat (σ – solid-liquid interfacial energy; 

ΔGV – Gibbs free energy difference per volume; fcat – catalytic factor for 
heterogeneous nucleation) for the nucleation of δ and γ in Fe60Co40. 
Since the Gibbs free energy difference ΔGV is larger for stable γ, the 
preferred nucleation of metastable δ suggests a lower interfacial energy 
for a bcc structured crystal compared to fcc as predicted by models 
[42–44]. Assuming heterogeneous nucleation with the same catalytic 
factor fcat for both phases it was found that the formation of metastable δ 
is favourable at melt undercoolings larger than 76 K. The solidification 
experiments [16] have shown, however, that any phase (either δ or γ) 
can nucleate in a wide range of ΔT between 43 and 177 K (Fig. 5). The 
observation that there is no sharp transition with rising undercooling at 
a critical value can be understood as a distribution of inoculants (e.g. 
oxides) with a spectrum of fcat-values as discussed by Kelly and Vander 
Sande [45]. The distribution of heterogeneous nucleation sites may 
depend on melt purity and processing conditions such as maximum 
temperature or thermal hold. As the catalytic factor fcat can be different 
for fcc and bcc, nucleation of the stable or metastable phase can be 
promoted within a transition range of ΔT.

Substitution of Co with fcc Ni in the ternary alloy apparently extends 
the range of undercooling where nucleation of both phases is possible. In 
contrast to that, alloying Fe63Co26Ni11 with 5 at.% Mo clearly favours 
nucleation of metastable δ in undercooled Fe60Co25Ni10Mo5 melts. 
Starting at ΔT = 97 K, all quaternary samples solidified through 
formation of the primary δ phase. This might have two explanations: 
i) Mo-rich particles found in the microstructure of solidified samples 
(Fig. 11) provide heterogeneous nucleation sites for δ, and ii) adding Mo 
with the bcc crystal structure decreases the activation energy for 
nucleation of the bcc δ phase.

The assumption on heterogeneous nucleation in Fe60Co25Ni10Mo5 is 
supported by a fine-grained microstructure of processed samples 
(Fig. 13). Although not detected by high-temperature XRD, it is likely 
that Mo-enriched particles precipitate in the undercooled melt and act as 
inoculants for δ as well as for γ phase. Indeed, fine-grained micro
structure has been formed in the samples solidified with primary γ 
(Fig. 13a, ΔT = 34 K) and primary δ phase (Fig. 13a, ΔT = 149 K). The 
preferred nucleation of metastable δ at ΔT ≥ 97 K might be associated 
with additional reduction of the nucleation barrier as discussed above.

High-speed photography records (Figs. 3, 4 and video clips in Sup
plementary Material) showed that growth of γ as the secondary phase 

Fig. 7. Nucleation and growth competition of δ and γ phases during solidifi
cation of Fe60Co25Ni10Mo5, Fe63Co26Ni11 and Fe60Co40 [15,16] undercooled 
melts: (a) growth velocity of the δ phase; (b) growth velocity of the γ phase; (c) 
delay time τ for the δ→γ transformation in Fe60Co25Ni10Mo5. The uncertainty 
bars for the growth velocity data are only shown if they are larger than the size 
of symbol.

S. Liu et al.                                                                                                                                                                                                                                       Acta Materialia 292 (2025) 121017 

8 



always started within the primary δ. This behaviour conforms to the 
earlier reports on double recalescence in Fe-rich alloys [14–16,22–24] 
as well as in CrFeNi, CoCrNi and CoCrFeNi medium- and high-entropy 
alloys [25].

Koseki and Flemings [20] analysed possible configurations for the 
nucleation of γ phase at presence of the solid δ and undercooled liquid in 
Fe-Cr-Ni alloys. It was concluded that the fcc phase most likely nucleates 
at the bcc/bcc grain boundaries. The observation of the correlation be
tween the dependences of delay time τ on melt undercooling (similar to 
that in Fig. 7c) as well as on the fraction solid of primary bcc was sup
posed to support that. The delay time for nucleation of fcc was suggested 
to steeply decrease when bcc/bcc boundaries form in a sufficient 
amount of primary bcc, occurring at ΔT between approx. 100 and 150 K 
in Fe-Cr-Ni.

Kreischer and Volkmann [15] also related delay time τ to the fraction 
of the primary δ, although under assumption of the heterogeneous 
nucleation of the γ phase at the interface between δ and undercooled 
liquid. In their approach, based on classical theory, the nucleation rate 
of γ was considered to be proportional to the number of possible het
erogeneous nucleation sites and consequently to the area of the δ/liquid 
interface.

Matson [46] recently proposed the retained damage model (RDM) to 
explain the dependence of delay time τ on melt undercooling and con
vection. The main idea of RDM is that lattice defects (dislocations, tilt 
low angle grain boundaries) and lattice strain introduced during growth 
of primary δ make an additional contribution to the driving force for 
δ→γ transformation. The number of defects essentially depends on 
growth velocity and on undercooling of the melt, respectively. On the 
other hand, the driving force caused by the difference in free energy of δ 
and γ phases at Tn(γ) does not vary. Indeed, high-resolution T(t) data 
(Fig. 6) show that independently of nucleation temperature Tn(δ), the 
δ→γ transformation sets in at a constant temperature: Tn(γ) = 1700±7 K 
in Fe60Co25Ni10Mo5 and Tn(γ) ≈ 1730 K in Fe63Co26Ni11.

4.2. Dendrite growth kinetics

In general, the measured v(ΔT) dependences for δ and γ phases 

Fig. 8. (a) Compilation of XRD contour plots and time-temperature profiles for Fe60Co25Ni10Mo5 samples processed in EML facility. Dashed parts of the T(t) lines are 
linear interpolations between room temperature and a lowest point measured by pyrometer. Vertical dashed line at t = 13.92 s denotes onset of the α→γ trans
formation during heating. (b) Subsequently recorded XRD patterns showing (i) undercooled liquid L at t = 59.466 s; (ii) coexistence of the L, δ and γ phases at t =
59.467 s; (iii) coexistence of the L and γ phases at t = 59.468 s.

Fig. 9. XRD contour plot and time-temperature profile for Fe63Co26Ni11 sample 
solidified at ΔT = 208 K. T(t) curve in light grey corresponds to the pyrometer 
readings impacted by oxides on sample surface. Vertical dashed line at t = 8.26 s 
denotes onset of the α→γ transformation during heating.
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growing into undercooled liquid exhibit continuous growth upon 
increasing undercooling (Fig. 7). In the lower range of ΔT up to approx. 
200 K, there is a good agreement of vδ(ΔT) in Fe60Co25Ni10Mo5, 
Fe63Co26Ni11 and Fe60Co40 alloys (Fig. 7a). Similarly, vγ(ΔT) of all three 
alloys agree at ΔT below 120 K (Fig. 7b). At higher undercoolings, 
vδ(ΔT) and vγ(ΔT) in ternary and quaternary alloys appear to deviate to 
smaller values compared to Fe60Co40 binary. This behaviour correlates 
with microstructural changes occurring at similar levels of under
cooling, particularly with the remarkable homogenisation observed on 
EDS element distribution maps in Figs. 11 and 12. Probably, the present 
results on dendrite growth rate can be explained by an increasing dif
ference between temperature dependences of atomic mobility of the 
three molten alloys upon increasing undercooling. On the other hand, 
trapping of solute atoms (Ni and Mo) into growing dendrites might 
result in decreasing mobility at the solidification front.

In contrast to the dendrite growth in undercooled melts, the growth 

rate of γ during the transformation of metastable δ exhibits a very weak 
dependence on initial ΔT. As shown in Fig. 6, the δ→γ transformation 
occurs at the same temperature Tn(γ) independently on Tn(δ). Hence, the 
driving force due to the free energy difference between two phases is 
constant. Matson and Hyers [47] proposed a growth model for stable γ 
into a mushy-zone consisting of primarily solidified metastable δ den
drites and remaining liquid. Rodriguez and Matson [48] have further 
developed the model and found a unique relation between growth ve
locity of γ and the undercooling ΔTγ = Tl(γ) − Tn(γ). Accordingly, the 
growth rate of the secondary phase is independent on the bulk under
cooling prior to solidification as observed in the experiments.

4.3. Phase transformations and microstructure evolution

The temperature of the solid-state transformations for the 
Fe63Co26Ni11 alloy obtained by DSC in the present work shows a good 
agreement with the dilatometric measurements by Kasé [35] and Cal
phad calculations by Guillermet [36]. We refer to Ref. [36] which pre
sents the data of Kasé. Considering the vertical section of the Fe-Co-Ni 
diagram at 10 wt.% Ni [36] the endothermic events registered upon 
heating of solid Fe63Co26Ni11 and Fe60Co25Ni10Mo5 can be assigned to 
the α→γ and ferromagnetic-to-paramagnetic transformation. The 
exothermic signals on the cooling curves are also related to these 
transformations, which set in simultaneously upon reaching a certain 
undercooling of the solid below equilibrium. The temperatures of the 
structural and magnetic transformations for the ternary alloy with an 
approximate composition of Fe61.3Co29Ni9.7 (Fe60Co30Ni10 in wt.%), 
obtained by digitising Fig. 13 from Ref. [36], are indicated on DSC 
curves for Fe63Co26Ni11 in Fig. 2. The decrease of the onset temperature 
for structural and magnetic transformations in the Fe63Co26Ni11 alloy 
can be explained by extending the stability range for γ as well as a lower 
Curie-temperature of Ni [49].

Molybdenum has much stronger impact on the microstructure as 
well as structural and magnetic transformations in the Fe60Co25Ni10Mo5 
alloy. Although interdiffusion of Mo in α-Fe and γ-Fe is higher than that 
of Co and Ni and higher than self-diffusion of Fe [50,51] it readily 
segregates to the interdendritic regions during solidification (Fig. 11). 
Addition of Mo significantly decreases the onset temperature of the 
solid-state transformation occurring on cooling and leads to appearance 
of retained austenite in the as-cast and EML processed Fe60Co25Ni10Mo5 
samples. This phenomenon can possibly be assigned to the solute drag 
effect known to occur in Mo-alloyed steels [52–55]. Segregation of Mo to 
the γ/γ or α/γ interface essentially retards its migration, slows the 
transformation kinetics or even causes incomplete transformation. This 
provides the effective means to control austenite transformation and 
tailor the microstructure and performance of high-strength steels.

The change from pronounced microsegregation of Mo at ΔT ≤ 249 K 
(Fig. 11a–d) to rather a homogeneous distribution at larger under
coolings (Fig. 11e,f) can be explained by solute trapping. The subsequent 
cooling of the supersaturated γ phase results in formation of lath 
martensite (Figs. 10a and 13a, ΔT = 330 K). This transformation is 
presumably favoured by dislocations and/or other lattice defects 
generated during rapid solidification. The dislocations in austenite are 
known to be conducive to the martensitic transformation [56,57].

5. Conclusions

In this work, the solidification of undercooled Fe60Co25Ni10Mo5 and 
Fe63Co26Ni11 melts, phase formation and structural evolution have been 
studied in situ by using electromagnetic levitation, high-speed video and 
high-energy synchrotron XRD. Due to a high acquisition rate (1000 Hz) 
of the X-ray detector, it was possible to register the formation of the 
metastable primary phase with a lifetime below 1 ms. The in situ mea
surements have been complemented by microstructural analysis of so
lidified samples, conventional XRD, and differential scanning 
calorimetry. The results obtained for Fe60Co25Ni10Mo5 and Fe63Co26Ni11 

Fig. 10. SEM BSE images of cross-sectioned samples solidified at different 
undercooling ΔT: (a) Fe60Co25Ni10Mo5 composition; (b) Fe63Co26Ni11 
composition.
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alloys have been analysed with respect to reported data for the binary 
Fe60Co40 composition [15–17]. Key findings can be summarized as 
following. 

(1) At small undercoolings, up to about 50 K, only the stable γ phase 
(fcc structure) grew from the melt. At higher undercoolings, solidi
fication of the Fe60Co25Ni10Mo5 alloy always proceeded through 
formation of the metastable δ phase (bcc structure) which subse
quently transformed to γ. In the ternary Fe63Co26Ni11 as well as bi
nary Fe60Co40 melts, both solidification pathways have been 
observed at large undercoolings, despite a smaller activation energy 
for δ. The formation of primary γ might be explained by heteroge
neous nucleation.
(2) Dendrite growth of the δ and γ phases did not exhibit any obvious 
difference by changing from binary Fe60Co40 to ternary Fe63Co26Ni11 
and to quaternary Fe60Co25Ni10Mo5. The growth rate of both phases 
in the undercooled liquid continuously increased upon increasing 
ΔT, whereas growth velocity of γ in the mushy-zone was relatively 
small and independent on the initial melt undercooling.

(3) The delay time between nucleation of metastable δ and the 
transformation to stable γ showed a strong dependence on melt 
undercooling, quickly decreasing in the lower ΔT-range below 130 
K.
(4) Ni and Mo alloying had a notable impact on the phase trans
formations in ternary and quaternary alloys. Compared to binary 
Fe60Co40, structural and magnetic transformations occur separately, 
at a lower temperature, and with a larger hysteresis in heating- 
cooling cycles.
(5) The microstructure of ternary Fe63Co26Ni11 did not show any 
significant dependence on melt undercooling. Only a weak decrease 
of grain size and more homogeneous distribution of Ni atoms were 
observed in samples solidified at large ΔT.
(6) A fine-grained microstructure consisting of ferrite and minor 
fraction of retained austenite was observed in the Fe60Co25Ni10Mo5 
samples for ΔT up to approx. 200 K. The grain-refining was pre
sumably caused by heterogeneous nucleation on Mo-enriched par
ticles precipitating in the undercooled melt. A pronounced change 
from small equiaxed to large columnar grains occurred in a sample 
solidified at ΔT = 295 K. The microstructure has undergone another 

Fig. 11. SEM SE overview images and EDS element distribution maps for Fe60Co25Ni10Mo5 samples solidified at different melt undercooling: (a) ΔT = 34 K; (b) ΔT =
119 K; (c) ΔT = 184 K; (d) ΔT = 249 K; (e) ΔT = 295 K; (f) ΔT = 330 K.
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transformation in the sample solidified at ΔT = 330 K where lath 
martensite was formed. Furthermore, addition of Mo hindered the 
γ→α transition, causing the appearance of retained austenite in 
Fe60Co25Ni10Mo5 samples.

CRediT authorship contribution statement

Shilei Liu: Writing – review & editing, Writing – original draft, 
Visualization, Software, Investigation, Formal analysis, 

Fig. 12. SEM SE overview images and EDS element distribution maps for Fe63Co26Ni11 samples solidified at different melt undercooling: (a) ΔT = 46 K; 
(b) ΔT = 106 K; (c) ΔT = 208 K; (d) ΔT = 294 K.

Fig. 13. Crystal orientation maps for (a) Fe60Co25Ni10Mo5 and (b) Fe63Co26Ni11 samples solidified at different undercooling.

S. Liu et al.                                                                                                                                                                                                                                       Acta Materialia 292 (2025) 121017 

12 



Conceptualization. Victoria Kaban: Writing – review & editing, Inves
tigation. Olof Gutowski: Software, Investigation. Thomas Volkmann: 
Writing – original draft. Kornelius Nielsch: Writing – review & editing, 
Supervision. Ivan Kaban: Writing – review & editing, Writing – original 
draft, Resources, Methodology, Investigation, Formal analysis, Data 
curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

We acknowledge DESY (Hamburg, Germany), a member of the 
Helmholtz Association HGF, for the provision of experimental facilities. 
Parts of this research were carried out at PETRA III and we would like to 
thank J. Liu and P. Glaevecke for assistance in using beamline P21.1. 
Beamtime was allocated for proposal I-20241031. M. v. Zimmerman is 
acknowledged for valuable suggestions and discussions during prepa
ration of beamtime application as well as high-energy XRD measure
ments. S. Liu acknowledges financial support from China Scholarship 
Council (CSC) for his Ph.D. study. T. Volkmann acknowledges the sup
port from the European Space Agency ESA in the frame of the projects 
PARSEC and MAGNEPHAS (Grant No. 4200014980). S. Liu is indebted 
to B. Bartusch for the DSC measurements, B. Opitz for the help with 
laboratory XRD, S. Donath for the alloy melting guidance, and C. 
Schicker and N. Geißler for the introduction to metallographic sample 
preparation. T.G. Woodcock is gratefully acknowledged for the stimu
lating discussions and comments during preparation of the manuscript.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.actamat.2025.121017.

References

[1] J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin, T.T. Shun, C.H. Tsau, S.Y. Chang, 
Nanostructured high-entropy alloys with multiple principal elements: novel alloy 
design concepts and outcomes, Adv. Eng. Mater. 6 (2004) 299–303.

[2] B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Microstructural development in 
equiatomic multicomponent alloys, Mater. Sci. Eng. A 375-377 (2004) 213–218.

[3] D. Ma, M. Yao, K.G. Pradeep, C.C. Tasan, H. Springer, D. Raabe, Phase stability of 
non-equiatomic CoCrFeMnNi high entropy alloys, Acta Mater. 98 (2015) 288–296.

[4] K. Biswas, J.W. Yeh, P.P. Bhattacharjee, J.T.M. DeHosson, High entropy alloys: key 
issues under passionate debate, Scr. Mater. 188 (2020) 54–58.

[5] S.A. Kube, J. Schroers, Metastability in high entropy alloys, Scr. Mater. 186 (2020) 
392–400.

[6] E.P. George, W.A. Curtin, C.C. Tasan, High entropy alloys: a focused review of 
mechanical properties and deformation mechanisms, Acta Mater. 188 (2020) 
435–474.

[7] D.B. Miracle, O.N. Senkov, A critical review of high entropy alloys and related 
concepts, Acta Mater. 122 (2017) 448–511.

[8] E.P. George, D. Raabe, R.O. Ritchie, High-entropy alloys, Nat. Rev. Mater. 4 (2019) 
515–534.

[9] W. Li, D. Xie, D. Li, Y. Zhang, Y. Gao, P.K. Liaw, Mechanical behavior of high- 
entropy alloys, Prog. Mater. Sci. 118 (2021) 100777.

[10] H. Kwon, P. Sathiyamoorthi, M.K. Gangaraju, A. Zargaran, J. Wang, Y.U. Heo, 
S. Harjo, W. Gong, B.J. Lee, H.S. Kim, High-density nanoprecipitates and phase 
reversion via maraging enable ultrastrong yet strain-hardenable medium-entropy 
alloy, Acta Mater. 248 (2023) 118810.
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