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• Formation of the χ phase in the Fe-25Cr-
7Mo-0.8C alloy was established.

• Phase and microstructural evolution of
the alloy was determined.

• Annealing temperature has a significant
effect on the χ phase morphology.

• Annealing temperature affects the χ
phase nucleation sites.

• The χ phase is beneficial for hardness
and wear resistance enhancement.
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In this work, the effect of topologically close-packed χ phase on the microstructure and properties of the rapidly
solidified hypoeutectic iron-based Fe-25Cr-7Mo-0.8C alloy was investigated. The novelty of thework is based on
the introduction of χ phase into the Fe-based hypoeutectic alloy with the aim of reducing the mean free path of
the matrix and increasing abrasive resistance. The phase composition was studied using in situ neutron and ex
situ X-ray synchrotron diffraction. The microstructural evolution was analyzed via scanning and transmission
electron microscopy and modelled using CALPHAD thermodynamic calculations. The mechanical behavior of
the evolving microstructure was quantified using high-speed nanoindentation mapping. At low temperatures
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Fe-Cr-Mo-C system
Hardfacing
M23C6 carbides
TCP phase
Wear
(650 °C), the χ phase nucleates mainly in dendrite areas and exhibits a needle-like morphology caused by high
misfit with the ferritic matrix. At higher temperatures (800 °C), the χ phase nucleates on carbide/matrix inter-
faces and in dendrites and is characterized by a blocky morphology. Simultaneously, the evolution of M23C6 car-
bide morphology towards a continuous and solid network of precipitates was observed. Such changes in the
alloy's microstructure induced an increase in hardness of about 16% and resulted in the reduction of the average
scratch depth in comparison to as-cast state.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Table 1
Chemical composition of the investigated alloy (wt%).

Cr Mo C Si Mn P S Fe

24.9 6.8 0.815 0.203 0.121 0.016 0.023 Bal.
1. Introduction

Hardfacing is a process in which an alloy with superior properties
(e.g. hardness, tribological wear resistance and corrosion resistance) is
deposited onto a substrate or worn surface to increase their perfor-
mance and, consequently, operational lifetime. Hardfacing alloys work-
ing at elevated temperatures are typically heterogeneous materials and
their performance depends on the properties of the constituent phases.
Such alloys dedicated to high-temperature applications contain a tough
matrix and are typically strengthened by hard phases, such as carbides,
borides or topologically close-packed (TCP) phases, also referred to as
Frank-Kasper (FK) phases [1–3]. These phases exhibit high thermody-
namic stability and are embedded mainly in high alloyed iron-, nickel-
or cobalt-basedmatrices [4]. To sustain long-term operation, themicro-
structure of the hardfacing alloy should be stable in terms of phase com-
position andmorphology of each phase over time [5]. Hardfacing alloys
can be deposited via conventional spraying or arc welding methods, as
wells as via sophisticated laser-based and additive manufacturing-
based approaches [2,4,6,7]. The major difference between the previ-
ously mentioned deposition techniques is the amount of heat input,
which affects the thermal gradient and solidification conditions of the
deposited material. Consequently, the microstructure and properties
of such materials are strongly dependent on deposition parameters
and technique. The properties of hardfacing alloys in many cases can
be enhanced through heat treatment, which causes changes in phase
composition and/or morphology of the strengthening phases [8–10].
In terms of alloys dedicated for high-temperature applications, long ex-
posure to elevated temperatures can also induce changes in their prop-
erties [11]. To determine the potential and limitations of commercial or
newly designed hardfacing alloys, it is, therefore, necessary to under-
stand the effect of temperature on their phase composition and the
morphology of the strengthening phases.

This paper focuses on themicrostructural and phase evolution in the
rapidly solidified hypoeutectic Fe-25Cr-7Mo-0.8C alloy with a ferritic
matrix. Within this work, emphasis was placed on the investigation of
the χ phase formation in the above-mentioned alloy and its effect on
the microstructure and properties. The selected alloy is strengthened
by eutectic, chromium-rich carbides and contains a high amount of χ
phase formers, namely chromium and molybdenum. It was designed
by following the previously reported concept of hypoeutectic iron-
based alloys, additionally strengthened by TCP phases [12]. The χ
phase with a I43m space group and 58 atoms in the unit cell belongs
to the TCP phase family [13]. It exhibits relatively high hardness at
room and at elevated temperature, similarly to chromium-rich carbides
[14]. For instance, Westbrook [14] reported the hardness of the χ phase
from the Fe-Cr-Mo system at room temperature (RT) and at 800 °C,
equal to 1000 and 440 HV, respectively. Gwalani et al. [15], who inves-
tigated the Al-Ti-Co-Cr-Fe-Ni high entropy alloy, found the χ phase as
the matrix of the alloy with a measured hardness at room temperature
of 1090 HV, similar to the value reported byWestbrook [14]. Therefore,
it seems that the χ phase is a promising candidate to enhance hot hard-
ness. Furthermore, if it is precipitated in a controlled manner, it should
reduce the free path of thematrix, thus most probably increasing tribo-
logical properties, especially abrasive wear resistance at elevated tem-
peratures [12,16].
The alloy from the Fe-Cr-Mo-C system selected for this studywasde-
signed to exhibit good corrosion, oxidation and tribological wear resis-
tance [12]. Good physicochemical properties in Fe-based hardfacing
alloys can be achieved through the addition of chromium, typically in
the range between 10.5 and 30% (all compositions in this work except
Table 2 are given in wt%) that allows for the formation of a protective
passive film on the surface. The addition of molybdenum can enhance
localized corrosion resistance, particularly in acidic conditions, and si-
multaneously increase the tendency for TCP phase precipitation
[17–19]. The addition of carbon into the Fe-Cr-Mo system enables the
precipitation of eutectic carbides [20]. As carbides and TCP phases ex-
hibit high hardness, they should enhance the alloy's wear resistance if
their volume fraction and morphology are properly designed [21,22].
TCP phases are mostly undesirable in metallic materials, such as
nickel-based superalloys, cobalt-based alloys and most stainless steels,
as they deteriorate the mechanical (e.g. toughness) and physicochemi-
cal (e.g. corrosion resistance) properties [23–26]. Nevertheless, in the
case of hardfacing alloys containing a significant volume fraction of
hard phases, the toughness is naturally reduced in comparison to
single-phase alloys with a comparable chemical composition of thema-
trix [27]. In terms of corrosion resistance, precipitation of hard primary
or secondary phases causes a depletion of the matrix in alloying ele-
ments (Cr, Mo, etc.) that are important from the corrosion resistance
point of view. After solidification, such depleted regions can be found
in the vicinity of strengthening phases containing high amount of
alloying elements [28]. Therefore, when designing the chemical compo-
sition of the alloy, the aforementioned phenomena were taken into
account.

2. Experimental

2.1. Material synthesis

The selection of the Fe-25Cr-7Mo-0.8C alloy for investigation was
made using previously reported thermodynamic calculations [12]. The
alloywas synthesized using arcmelting and suction casting. The suction
casting technique allows obtaining solidification conditions, similar to
those observed in arc welding processes. Furthermore, the major
advantage of the suction casting technique is the lack of substrate and
dilution effect, which facilitates microstructure analysis. The synthesis
procedure was analogous to that of [29]. The alloy composition was de-
termined using the Foundry-Master (WAS) optical emission spectrom-
eter. The results are summarized in Table 1.

2.2. Phase composition simulations

To predict the equilibrium phase composition of the Fe-25Cr-7Mo-
0.8C alloy, thermodynamic calculations were carried out using
ThermoCalc software [30] with the database for Fe-alloys TCFE7. Fig. 1
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Fig. 1. Phase volume fraction vs temperature simulations for the Fe-25Cr-7Mo-0.8C alloy.
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presents results of thermodynamic simulations of the volume fraction
of equilibrium phases vs temperature for the investigated alloy. The
phase composition of the alloy lies outside the face-centered cubic
(FCC) austenite field, which is influenced by the high contents of ferrite
stabilizers: chromium and molybdenum. Consequently, body-centered
cubic (BCC) ferrite is the only solid solution phase that is stable up to
the liquidus temperature. The occurrence of the L→ α+M7C3 eutectic
reaction can be observed. Subsequently, the M7C3 carbide undergoes
transformation into M23C6 in solid phase. It is predicted that with de-
creasing temperature, the precipitation of TCP phases from the ferritic
matrix, such as the χ phase, σ phase and μ phase, will occur. Below
330 °C, the partial transformation of M23C6 into M6C takes place.

2.3. Phase analysis

2.3.1. High temperature in situ neutron diffraction
The phase composition analysis of the alloy at selected temperatures

was performed using neutron diffraction studies carried out at the BERII
Research Reactor in Helmholtz-Zentrum Berlin using the E6 diffractom-
eter. The incident neutron wavelength was 2.421 Å. The powder pro-
duced via milling of the suction-cast rod was used for the experiment.
The milling was carried out in wet mode using ethanol in a commercial
Mixer Mill MM 400 from Retsch. The sample was placed in an amor-
phous quartz tube, which was purified (evacuated and flushed with
Ar) and finally filled with high purity Ar (6 N) at 0.2 bar of overpressure
(the overpressurewas kept constant during the entire experiment). The
tube containing the samplewas installed in a high-temperature furnace.
Prior to the experiment, calibration measurements were performed
using Y2O3 (20 °C) and an empty quartz tube (200–1250 °C) to estimate
profile parameters and the sample environment contributions to the
diffraction patterns. The diffraction patterns were collected at a step of
50 °C and a 10 °C/min ramp was used to reach the required tempera-
ture, which was next held for 15 min for temperature stabilization.
The measurement time for each temperature was 2 h.

2.3.2. Ex situ X-ray diffraction
The phase composition analysis of the alloy in as-cast state and after

heat treatmentwas performed using high energy synchrotron X-ray ra-
diation. Samples were prepared from the suction cast rod with the di-
mensions of 10 (height) × 3 (diameter) mm. Heat treatment was
performed on three samples under a high purity argon atmosphere in
the Linseis L78 RITA dilatometer. The samples were heated with a rate
of 5 °C/s up to 650, 800 and 1000 °C, respectively, then annealed at
the selected temperatures for 4 h, followed by rapid cooling at the rate
of 100 °C/s until reaching room temperature. XRD measurements
were carried out using the HZG beamline (P07B) located at PETRA III
(electro storage ring operating at an energy of 6 GeVwith beam current
equal 100 mA) at DESY, Hamburg, Germany. During the experiment,
high-energy synchrotron radiation with a wavelength of 0.153495 Å
was applied. The obtained 2D patternswere integrated using Fit2D soft-
ware and presented in a graph of relative intensity as a function of 2Θ
angle. To eliminate the effect of crystallographic texture, the samples
were continuously rotated 180 degrees around the ω-axis during the
measurement [31]. Such an approach allowed collecting all diffraction
reflections onto one image. To determine lattice parameters of the iden-
tified phases, the XRD data, similarly as neutron diffraction data, were
analyzed using the profile-fitting software TOPAS 5 [32], based on the
Rietveld method [33].

2.4. Microstructure investigations

Microstructural observations were carried out using the FEI VERSA
3D scanning electron microscope (SEM), equipped with an Apollo XP
SDD energy dispersive spectroscopy (EDX) detector. Experiments
were performed on the same samples as for ex situ XRD experiments.
Analysis was performed on polished samples, as well as after selective
electrolytic etching in the A2 solution provided by Struers. EDX analysis
was performed using an accelerating voltage of 15 kV. Quantitative
chemical analysis was carried out using the ZAF correction.

The transmission electron microscopy (TEM) studies were per-
formed on TEM lamellae, prepared via focused ion-milling (FIB tech-
nique) using the FEI QUANTA 3D 200i system. The TEM experiment
was conductedusing the FEI TECNAI TF 20X-TWINelectronmicroscope,
equipped with a field emission electron gun (FEG), operated at 200 kV.

2.5. Vickers hardness and nanoindentation analysis

Vickers hardness tests were performed on polished samples using
the TUKON 2500 hardness tester by Wilson Hardness. Testing was car-
ried outwith a 9.8 N load (HV1) and a 10 s indentation timewith amin-
imum of five measurements on each specimen.

Nanoindentationmappingwas performed using theNanoBlitzmod-
ule on an iNano nanoindenter (Nanomechanics, Inc., Oak Ridge, USA).
An indentation array of 200 × 200 indents (total 40,000) was made on
each sample. Indentations were spaced at an interval of 1 μm to ensure
the suggested indentation depth/spacing ratio of 10 was maintained
[34] for the applied load of 1mN. Testswereperformed at room temper-
ature using a Berkovich diamond indenter.

2.6. Scratch tests

Scratch tests were carried out to determine the effect of the χ phase
on the fundamental interaction between a sliding abrasive particle
(spheroconical diamond indenter of 10 μm radius) and the surface of
the investigated iron-based alloy [35]. The experiment was performed
using the MTS Nano Indenter XP. Five 500 μm long scratches were
made on each sample using increasing load from 0 to 500 mN. The ve-
locity used to perform the test scratch cycle was 50 μm/s. The morphol-
ogy of scratches was analyzed via the Sensofar 3D optical Profilometer
in confocal mode. Displacement into surface (scratch depth) results
were corrected by the specimens' topographic profile.

3. Results and discussion

3.1. In situ measurements of phase evolution vs temperature

High-temperature neutron diffraction patterns are presented in
Fig. 2. The studies reveal that at low temperatures, only ferrite (BCC
solid solution) and M23C6 carbides are present in the investigated
alloy, in agreement with thermodynamic simulations in Section 2.2.
However, the formation of the σ phase, predicted in abovementioned



Fig. 2. (a) Neutron powder diffraction patterns collected in situ at high temperatures for the Fe-25Cr-7Mo-0.8C alloy. (b) Enlarged range of the main reflections group. The map of main
reflection intensities and position change vs temperature was plotted based on 22 measurements, collected at a step of 50 °C in the temperature range 200–1250 °C.
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calculations, was not observed. As the chemical composition of the σ
phase is significantly different than ferrite or M23C6 carbides, its precip-
itation requires diffusion of substitutional elements between phases.
The occurrence of the σ phase is predicted at lower temperatures com-
pared to the χ phase (Fig. 1). It is well known that the diffusion of ele-
ments slows down as the temperature decreases, therefore the
absence of the σ phase is most likely related to its precipitation kinetics.

It can be seen that up to 700 °C, both ferrite and M23C6 carbides are
stable. However, starting from 700 °C, additional reflections associated
with the χ phase rapidly appear. In Fig. 2b, one can notice that the
Fig. 3. Quantitative neutron powder diffraction analysis for the Fe-25Cr-7Mo-0.8C alloy. (a) L
fraction for the χ phase in the Fe-25Cr-7Mo-0.8C alloy vs temperature. (c) Lattice misfit betwe
intensity of the (330) reflection of the χ phase reaches its highest inten-
sity at 800 °C. The χ phase formation is related with some anomalous
behavior of the reflections of M23C6 carbides. For instance, the (420) re-
flection suddenly moves towards higher 2θ angles, while during disso-
lution of the χ phase, it goes back to expected position (Fig. 2a). The
(420) reflection position change above theM23C6 carbide indicates a de-
crease in the lattice parameter of this phase (Fig. 2a). Although the
(420) reflection is relatively weak, it is possible to spot a splitting of
the reflection above 850 °C. This is related to changes in metal stoichi-
ometry in the carbide during the χ phase dissolution. On the other
attice parameter and strain for ferrite vs temperature. (b) Lattice parameter and volume
en ferrite and the χ phase.
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hand, when the χ phase is establishing themain (110) reflection, ferrite
loses some of its intensity. Taking all this into account, it can be con-
cluded that the transfer of atoms between ferrite and the χ phase is me-
diated via M23C6 carbides.

The lattice parameter of ferrite increases with temperature, how-
ever, at ~600 °C, its value saturates (Fig. 3a). It is interesting to note
that linear growth of ferrite's lattice parameter can be observed in two
regions, i.e. between 200 and 400 °C and between 650 and 1050 °C.
However, the progression of the lattice parameter in both regions signif-
icantly varies. In the first region (200–400 °C), the coefficient of thermal
expansion (CTE) is reported to be 11.67 × 10−6C−1, while in the second
region its value is significantly greater: 21.18 × 10−6C−1. The noticeable
changes in crystal lattice growth behavior vs temperature are most
likely related to the magnetic transformation of ferrite from ferromag-
netic to paramagnetic that occurs in the range of 500 and 650 °C. Such
a wide range of magnetic transformation temperatures can be expected
for materials that exhibit clear intradendritic segregation, e.g. rapidly
solidified hypoeutectic alloys [28]. Additionally, the effect of atomic
transfer between nonequilibrium phases and the onset of the χ phase
formation on changes in ferrite lattice parameter should be noted. It
should be therefore concluded that changes in magnetic properties
and chemical composition of ferrite are reflected in its phononic proper-
ties and consequently in CTE. Clear signs of χ phase formation can also
be noticed in a strain dependence on temperature for ferrite (Fig. 3a).
It is clear that stress is released, due to possible atomic diffusion during
χ phase formation.

Fig. 3b shows the lattice parameter and volume fraction for the χ
phase in the Fe-25Cr-7Mo-0.8C alloy vs temperature. It is visible that
the lattice parameter progressively increases with temperature up to
950 °C. Deviations from the linearity of the lattice parameter growth
are most likely related to changes in the chemical composition of the
χ phase. During in situ neutron experiment maximum volume fraction,
15.3% of the χ phase was found at 800 °C which is in good agreement
with thermodynamic simulations (Fig. 1, Table 2). Such observations
also suggest that the kinetics of the χ phase formation is the fastest at
around 800 °C. Above 950 °C, the χ phase lattice parameter decreases,
caused by an advanced dissolution process. The CTE of the χ phase, esti-
mated to be between 750 and 900 °C, is 13.75 × 10−6C−1 and is signif-
icantly lower in comparison to ferrite in the same temperature range.
The CTE of the M23C6 carbide was not determined, due to relatively
low intensity of its reflections. Nevertheless, according to Zhang and
Komizo [36], who investigated heat-resistant steel, the CTE of the
M23C6 carbide is around 9 × 10−6C−1 below 800 °C and 16 × 10−6C−1

above this temperature. The authors explained the distinct CTE change
above 800 °C by coarsening and changes in the chemical composition
of M23C6 carbides. In general, materials expand or contract as the tem-
perature changes, therefore:

εT ¼ α ΔTð Þ ð1Þ
Table 2
ThermoCalc predictions of the volume fraction (Vv) and chemical compositions of phases
present in the Fe-25Cr-7Mo-0.8C alloy at 650, 800 and 1000 °C.

Phase Temperature
(°C)

Vv

(%)
Atomic [%]

C Cr Mo Fe

Ferrite 650 62 3.08E-04 16.12 0.60 Bal.
800 68 8.82E-03 18.42 1.30 Bal.

1000 83 0.13 20.48 3.21 Bal.
M23C6 650 16 20.69 61.15 9.72 Bal.

800 16 20.69 58.13 8.77 Bal.
1000 15 20.69 54.60 7.02 Bal.

χ phase 650 22 0 26.76 8.92 Bal.
800 16 0 24.29 9.91 Bal.

1000 2 0 22.88 12.54 Bal.
where εT is a thermal strain, α is the CTE and ΔT is the temperature
change. If thermal-induced changes of dimensions are inhibited for
some reason, then thermal-mechanical stresses can arise. In the case
of the investigated Fe-25Cr-7Mo-0.8C alloy, changes in the dimensions
of the strengthening phases (i.e. carbides and the χ phase) induced by
thermal effects are counteracted by the surrounding ferritic matrix.
Therefore, these strengthening phases together with the ferritic matrix
would be expected to lead to residual stresses on cooling from forma-
tion temperature caused bymismatch of CTE. The greater the difference
in CTE between phases the greater the thermal-mechanical stresses and
local strain of the phases' crystal lattice. In terms of wear-resistant
materials, local stresses (if they are tensile) can facilitate micro-crack
propagation and spalling of strengthening phases [37].

The crystallographic relationship between ferrite and χ phase,
observed in duplex stainless steels, has been suggested by Nilsson
et al. [38] to be:

001h iχ== 001h iα :

Based on neutrondiffractiondata, itwas found that interplanar spac-
ing of ferrite and χ phase follows d(001) ferrite ≈ d(003) χ phase, with misfit
presented in Fig. 3c. The lattice misfit δ, can be calculated by following
equation:

δ ¼ d 003ð Þ χ phase−d 001ð Þ ferrite
a 001ð Þ ferrite

ð2Þ

where: d(003) χ phase and d(001) ferrite are the interplanar spacing of the
(003) χ phase and (001) ferrite, respectively. The lattice misfit is in
the range of 3.58 and 3.82% and decreases with the increase in temper-
ature. When the χ-phase is fully dissolved above 1050 °C (Figs. 2 and
3b), the lattice parameter of ferrite saturates again. This time, it seems
to be connected to the vicinity of the solidus of the alloy (Fig. 1),
which is confirmed by the sudden drop in the (110) ferrite reflection,
presented in Fig. 2b.

3.2. Ex situ analysis of the alloy

3.2.1. Phase composition
Fig. 4 presents XRD results of the alloy in as-cast state and after heat

treatment for 4 h at 650, 800 and 1000 °C. In as-cast state, the alloy con-
tains ferrite and M23C6 carbides. This observation suggests TCP phase
formation in the alloy is hampered during rapid cooling after solidifica-
tion. After annealing at 650 °C, the formation of the χ phase was ob-
served. Simultaneously, the blurring of carbide peaks and a decrease
in their intensity in comparison to as-cast state was noted. Interestingly,
according to thermodynamic simulations (Fig. 1), the precipitation of χ
phase should not affect the volume fraction of M23C6 carbides, however,
changes in their chemical composition can be expected. Predictions
concerning the chemical composition of equilibrium phases at 650,
800 and 1000 °C are given in Table 2. It is visible that the equilibrium
contents of elements in each phase clearly varies with temperature.
The χ phase contains a high amount of chromium and molybdenum.
In the case of the investigated alloy, the phase fractions and their chem-
ical composition in the as-cast state of the rapidly solidified Fe-25Cr-
7Mo-0.8C alloy is shifted from equilibrium state. Therefore, thermally-
activated processes during alloy annealing, such as atomic diffusion
and precipitation of the χ phase during annealing, cause significant
changes in the chemical composition of ferrite and M23C6 carbides.
Most probably, the blurring of M23C6 carbide peaks on the XRD pattern
is related to the widened spectrum of their chemical composition and
lattice parameters, especially in comparison to as-cast state, which is
in agreement with the in situ experiment, discussed in Section 3.1.
After annealing at 800 °C, ferrite, both M23C6 carbide and χ phase
peaks are visible. Nevertheless, the position of the χ phase's peaks
change in comparison to those after annealing at 650 °C, which suggests



Fig. 4. (a) X-ray synchrotron diffraction patterns of the Fe-25Cr-7Mo-0.8C alloy in as-cast state and after heat treatment for 4 h at 650, 800 and 1000 °C. (b) Enlarged range of the (110)
ferrite's reflection for different states. (c) Enlarged range of the strengthening phases' reflections group. (d) Unit cell models of phases, observed in the alloy, generated using the VESTA
software [39].

6 K. Wieczerzak et al. / Materials and Design 188 (2020) 108438
changes in chemical composition, lattice parameters and, consequently,
misfit with the ferritic matrix. The misfit between ferrite and χ phase is
reported to be 4.39 and 3.01% for samples after annealing at 650 and
Fig. 5. Microstructure of the Fe-25Cr-7Mo-0.8C alloy in (a) as-cast state and after heat treatm
samples – SEM-BSE, etched samples – SEM-SE.
800 °C, respectively. Heat treatment at 1000 °C caused a shift in ferrite's
peaks to lower values of 2Θ angle. This corresponds to an increase in fer-
rite lattice parameter values, which most probably is related to the
ent for 4 h at (b) 650, (c) 800 and (d) 1000 °C. PFZ – precipitation-free zone. Polished



Fig. 7. STEM/EDX line scan across the χ phase precipitate, marked in Fig. 6b.

Fig. 6.Microstructure of the Fe-25Cr-7Mo-0.8C alloy in (a) as-cast state and after heat treatment for 4 h at (b) 650, (c) 800 and (d) 1000 °C revealed by TEM-BF and SAED.
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enrichment of ferrite in chromium and molybdenum (Table 2), as they
possess greater atomic diameters in comparison to iron [40]. According
to the thermodynamic simulations (Fig. 1) at 1000 °C, approximately 2%
of the alloy's volume fraction is expected to consist of the χ phase. How-
ever, no χ phase peaks were detected, suggesting either the absence of
this phase or the amount being below the detection limit of the XRD
technique. It is important to note that rapid cooling at the rate of
100 °C/s, after annealing at 1000 °C was fast enough to hamper the for-
mation of a detectable amount of χ phase during the cooling process.

3.2.2. Microstructure evolution
Figs. 5 and 6 show the evolution of the microstructure after heat

treatment. In as-cast state, the eutectic carbides of the M23C6 type
have amorphology of interconnected plates that form a continuous net-
work. The carbides in the outer region of the eutectic are clearly thicker
in comparison to other carbides (Figs. 5a and 6a), which is associated to
solid state nucleation and growth of secondary carbides on the primary
carbide/ferrite interface [20,28]. The following orientation relationship
was noted between ferrite and M23C6 type carbides (Fig. 6a):

101
� �

ferrite
== 111
� �

M23C6

which is consistentwith the previously reported Kurdjumow-Sachs ori-
entation relationship for these phases [41,42].

Annealing at 650 °C caused significant change in the morphology of
the eutectic carbides in comparison to as-cast state. On polished
samples, it seems that interdendritic regions exhibit a continuous
form of M23C6 carbides (Fig. 5b), the presence of which was confirmed
using selected area electron diffraction (SAED) (Fig. 6b). As the A2 solu-
tion dissolves M23C6 carbides, the plate-like morphology of the eutectic
ferritewas revealed after electrolytic etching. The χ phase, which nucle-
ated in dendrites with a morphology of interconnected needle-shaped
precipitates, was also observed (Figs. 5b and 6b). The specific morphol-
ogy of the χ phase is associated to its high misfit with the matrix (see
Section 3.1). In principle, in the case of TCP phases, such as the χ



Fig. 9. (a) Graphical illustration of the chemical driving force for nucleation (ΔGm
α→β) standard

driving force for nucleation of the χ phase at 650 °C for the model Fe-xCr-xMo-0.8C alloy.

Fig. 8. SEM/EDX line scan across the primary branch of dendrites after annealing for 4 h at
650 °C. PFZ– precipitation-free zone, CDR - chromiumdepleted regions, IZ– interdendritic
zone.

8 K. Wieczerzak et al. / Materials and Design 188 (2020) 108438
phase, specific morphologies, i.e. plate- or needle-like, are a conse-
quence of a need to minimize the misfit energy of crystal lattices at
the coherent boundaries between the precipitation and the matrix
[43–46]. In other words, if the precipitate has a low misfit value with
thematrix in only one direction, it will tend to exhibit needle-like mor-
phology, due to the desire to minimize its size in the two other direc-
tions, where the misfit is large. In the situation when the precipitation
has a low misfit in two non-parallel directions, it will increase in size
and form a plate-like shape, defined by these two directions. Once
again, the phase will aim to minimize the lattice strain energy in the
third direction where there is a large misfit of crystal lattices. Further-
more, if different crystallographic relationships between the precipitate
of one phase and the matrix are observed, then various lattice parame-
ters within the precipitations can be expected [47].

Fig. 7 clearly demonstrates that the χ phase is enriched in molybde-
num in comparison to the surrounding ferrite, which is in agreement
with thermodynamic predictions (Table 2). However, no significant dif-
ferences in chromium contents between the χ phase and ferrite were
found. This suggests that the nucleation and growth of the χ phase is
mainly controlled by the mobility of molybdenum atoms at 650 °C. Be-
tween the carbides in the interdendritic zone (IZ) and the χ phase
within the dendrites, a precipitation-free zone (PFZ) is visible
(Fig. 5b). The presence of the PFZ indicates the occurrence of depleted
regions in alloying elements, i.e. chromium and possibly molybdenum,
which are χ phase formers. Fig. 8 shows chemical distribution profiles,
collected across the primary branch of dendrites after annealing for
4 h at 650 °C. It should be taken into account that experimental data
can be slightly overestimated, especially in the vicinity of primary or
secondary phases, due to a greater interaction volume between the
electron beam and sample in comparison to the step size [28]. Never-
theless, chromium depleted regions (CDR) can be observed in the vicin-
ity of carbides located in interdendritic zones. The presence of CDR is
relatedwith the precipitation of secondary carbides on the interface be-
tween primary carbides and the matrix [28,29]. Clear peaks, related to
the χ phase, are visible on the chemical distribution profiles.

Fig. 9a presents a graphical illustration of the standard calculation
method of the maximum chemical driving force for nucleation, i.e. in
the absence of capillarity. If elastic strain is excluded, ΔGm

α→β is the
chemical driving force for nucleation. From Fig. 9a it is visible that the
ΔGm

α→βcan be determined by finding the vertical distance between the
extrapolated tangent to Gα at XBmatrix andGβ [48]. Fig. 9b shows the effect
of chromiumandmolybdenumon the driving force for nucleation of the
χ phase at 650 °C for the model Fe-xCr-xMo-0.8C alloy. Calculations
were performed using ThermoCalc software and TCFE7 database. Dur-
ing the simulations, ferrite and the M23C6 carbide were selected as en-
tered phases. The obtained results should be considered as an
approximation of the general trends, as simulations were carried out
for the modelled alloy, whereas the tested alloy has a slightly different
calculation method, adapted from [48]. (b) Effect of chromium and molybdenum on the



Table 3
Vickers hardness, nanoindentation hardness and indentation modulus of the Fe-25Cr-
7Mo-0.8C alloy. The units are in GPa.

Load 9.8 N 1 mN

Vickers
hardness

Nanoindentation
hardness

Indentation
modulus

As-cast 3.06
± 0.03

4.84 ± 2.28 205 ± 19

650 °C/4 h 3.55
± 0.05

5.30 ± 2.51 194 ± 18

800 °C/4 h 3.58
± 0.04

6.32 ± 4.16 210 ± 24

1000 °C/4 h 2.73
± 0.06

5.74 ± 3.28 230 ± 23
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chemical composition. Additionally, in the case of the synthesized alloy,
casting stresses and configuration of the matrix crystal lattice defects
can also play some role in terms of nucleation of secondary phases.
With increasingmolybdenum contents, the driving force for nucleation
of the χ phase successively increases. However, in the case of chromium,
it initially increases to the field of maximum value of around 300 J, and
then gradually decreases with the increase in chromium contents.
Above approx. 12.2% of molybdenum contents, the chromium in the in-
vestigated range directly increases the driving force for nucleation.
Therefore, it seems that the best conditions in terms of local chemical
composition to overcome the nucleation barrier for the χ phase occur
in some distance from the eutectic carbides located in the IZ. The evi-
dence of the χ phase precipitation in some distance from the eutectic
carbides is visible in the microstructure of the alloy in the form of PFZ
(Figs. 5b and 8).

After annealing at 800 °C, the χ phase was observed in both den-
drites and the IZ (Fig. 5c). Its presence was confirmed by XRD (Fig. 4)
and SAED (Fig. 6c). In Fig. 5c, it can be observed that the χ phase nucle-
ated on the carbide/matrix interface and grew at the expense of the eu-
tectic ferrite and ferrite near the IZ. On the etched sample, it is visible
Fig. 10.Nanoindentation hardnessmaps performedwith a 1mN load on the Fe-25Cr-7Mo-0.8C
that the distribution of the χ phase in the IZ is not uniform and regions
with lower or greater volume fraction can be found. This phenomenon
is most probably related to the micro-segregation of alloying elements
during solidification. The chemical composition of the χ phase was de-
termined using point EDX analysis. It contains approx. 29% of Cr and
11% of Mo (in at. % ± 1 at. %). The contents of chromium and molybde-
num is slightly higher in comparison to thermodynamic predictions
(Table 2). In the case of eutectic carbides, significant change in their
morphology in comparison to as-cast state was observed. They form a
continuous network and individual carbide plates are no longer visible.

Annealing at 1000 °C caused the coarsening of M23C6 carbides
(Figs. 5 and 6). Consequently, the continuous network of carbides, ob-
served in the previously described states, is interrupted. After etching,
a small amount of the χ phase was also found, which is in agreement
with thermodynamic predictions (Table 2).

3.2.3. Hardness analysis
The results of Vickers hardness, nanoindentation hardness and in-

dentation modulus of the Fe-25Cr-7Mo-0.8C alloy in different states
are summarized in Table 3. In as-cast state, the Vickers hardness of the
alloy is 3.06 GPa. After heat treatment for 4 h at 650 and 800 °C, the
Vickers hardness of the alloy increases to 3.55 and 3.58 GPa, respec-
tively. The increase in hardness with respect to as-cast state is related
to the precipitation of the χ phase, the evolution of carbide morphology
and changes in the phases' chemical composition. A significant change
inmorphology of eutectic carbides andmost probably reduction of cast-
ing stresses after heat treatment at 1000 °C, caused a Vickers hardness
reduction to 2.73 GPa.

As the alloy contains up to three phases with different properties, it
is clear that the local hardness is not uniform, visible in the nanoinden-
tation hardness maps (Fig. 10). The regions with high hardness can be
easily distinguished. The shape of these regions corresponds to the
shape of the IZ, where eutectic carbides and the χ phase, in the case of
samples after annealing at 650 and 800 °C, were observed. Relatively
large, high hardness regions were formed after annealing at 800 °C
alloy in (a) as-cast state and after heat treatment for 4 h at (b) 650, (c) 800 and (d) 1000 °C.



Fig. 11. 2D histogrammaps of nanoindentation hardness vs indentationmodulus of the Fe-25Cr-7Mo-0.8C alloy in (a) as-cast state and after heat treatment for 4 h at (b) 650, (c) 800 and
(d) 1000 °C.
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(Fig. 5c), due to the coarsening of the carbides and precipitation of the χ
phase, visible in Fig. 10c. A similar situation can be observed after an-
nealing at 1000 °C (Fig. 10d), however, in this case, hard “islands” are
only related to the presence of coarsened carbides (Fig. 5d).

Fig. 11 shows 2D histogram contour plots of nanoindentation hard-
ness as a function of indentation modulus with color density represen-
tation, performed using the kernel density estimation approach [49,50].
The regions in the graph corresponding to the matrix exhibit an elon-
gated shape in the direction of the indentation modulus. Hardness
points with high values correspond to regions containing hard phases
(carbides and the χ phase). Between the “hard phases” and soft matrix,
a transition region can be observed. In this region, the indentation plas-
tic zone likely contained a composite of both hard and matrix phases.
The hardness and indentation modulus histograms are presented in
Fig. 12. It is clear that during measurements, most of the indents
interacted with the ferritic matrix, as it is the dominating phase in
terms of volume fraction in the alloy (Table 2, Fig. 5). Consequently,
peaks corresponding to the matrix hardness are significantly higher in
comparison to hard regions where carbides or the χ phase were
found. However, the nanoindentation hardness distributions are not in
agreement with Vickers hardness measurements, where the lowest
hardness was noted for the state after annealing at 1000 °C. Nanoinden-
tation hardness gives the lowest average value for the as-cast state
(Table 3). Such differences are most probably related to the anisotropy
of this property and localized characteristics of nanoindentation tests
with very small loads (e.g. 1 mN) [51–53]. Furthermore, nanoindenta-
tion hardness values exceed Vickers hardness values due to the
Fig. 12. Nanoindentation hardness (a) and indentation modulus (b) histograms of the Fe-25Cr
indentation size effect, which is commonly observed at small indenta-
tion depths (in this case, depths were between 50 and 150 nm)
[54,55]. The full width at half maximum of the ferritic matrix hardness,
observed in different states, is approx. 1 GPa. The relatively wide distri-
bution of hardness is related tomany overlapping factors, such as chem-
ical inhomogeneity, presence of grain or subgrain boundaries, non-
uniform dislocation density in thematrix, presence of secondary phases
(e.g. the χ phase) and the effect of surrounding phases on the plastic
zone.

From indentation modulus histograms (Fig. 12b), it is visible that
their distribution for different states is similar except the histogram
for the state after annealing at 1000 °C, which is shifted to higher values.
Such an observation can be related to a change in chemical composition
and properties of the phases after annealing (Table 2) and/or low statis-
tics in terms of number of investigated grains. As the grain sizes in the
investigated alloy are in the range from several dozen to several hun-
dred μm and the investigated area was 200 × 200 μm, it can be con-
cluded that only a few grains were analyzed. It is therefore possible
that hardness maps for the analyzed states were performed on grains
with different orientations and properties. That would explain the dif-
ferences between macroscopic Vickers hardness and nanoindentation
hardness trends and different indentation modulus values, especially
after heat treatment at 1000 °C in comparison to other states.

Ferrite is an iron-based solid solution and exhibits a clear anisotropy
of elastic properties [56]. However the elastic properties of M23C6 car-
bides are almost isotropic [57]. In Table 4, the elastic constants, calcu-
lated Young's modulus using the Voigt-Reuss-Hill [58–60]
-7Mo-0.8C alloy in as-cast state and after heat treatment for 4 h at 650, 800 and 1000 °C.



Table 4
Elastic constants taken from Ref. [56, 57], calculated Young's modulus E and Zener's
(A) anisotropy factor of pure Fe and the Cr23C6 compound. The Zener's anisotropy factor
was calculated using formula A = 2C44 / C11 − C12 [61]. The units are in GPa.

Phase C11 C12 C44 E E〈100〉 E〈110〉 E〈111〉 A

Fe 233.1 135.4 117.8 213.2 133.6 222.7 286.4 2.41
Cr23C6 471.6 215.7 135.1 345.9 336.2 348.3 352.6 1.06
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approximation and Zener's anisotropy factor (A) for pure iron and
Cr23C6 compound in selected directions, are summarized. The Zener's
anisotropy factor compares the (100)[001] and ð110Þ½110� shearmoduli
[61]. The anisotropy of mechanical properties was also characterized by
plotting Young's modulus vs crystallographic orientation in three-
dimensional space using spherical coordinates (Fig. 13). The directional
dependence of Young's modulus can be written as:

E n!
� �

¼ 1
S11− 2S11−2S12−S44ð Þ n2

1n
2
2 þ n2

1n
2
3 þ n2

2n
2
3

� � ð3Þ

where Sij is the elastic compliance constant and n1, n2 and n3 are the di-
rectional cosines. The projections of Young's modulus at (100) and
(110) crystal planes were also plotted. The anisotropy of Young's mod-
ulus is clearly visible and is consistent with the calculated Zener's an-
isotropy factor. The major phases in the investigated alloy have a
different chemical composition in comparison to pure iron and the
Cr23C6 phase, which can affect their properties [57]. Nevertheless, the
data presented in Table 4 and Fig. 13 provide a valuable insight into
the anisotropy of these phases. The Young's modulus for pure iron ex-
hibits clear anisotropy, reflected in a high value of the Zener's factor,
Fig. 13. The surface constructions of Young's modulus for (a) Fe and (b) Cr23C6 carbide a
i.e. 2.41. The Young's modulus for iron in the softest 〈100〉 directions is
133.6 GPa, while for the 〈111〉 hardest directions it is 286.4 GPa. In the
case of the Cr23C6 compound, the Young's modulus anisotropy is much
lower (1.06 Zener's anisotropy factor) and varies between 336.2 and
352.6 GPa for the softest and the hardest directions, respectively. There-
fore, the orientation dependence of indentation modulus for the Fe-
basedmatrix can be expected. Nevertheless, it is known that the anisot-
ropy of the indentation modulus, determined using the nanoindenta-
tion method, is much lower than the theoretical one due to the
complex redistribution of the stress/strain field in different directions,
fromwhich themechanical response derives from [51,52]. Furthermore,
the indentation modulus can also be affected by material behavior (e.g.
piling up of the soft matrix) [62].

3.2.4. Scratch tests
Fig. 14 depicts an example morphology of a groove obtained after

scratch testing and the relation between the average scratch depth for
five scratches with error bands vs load of the Fe-25Cr-7Mo-0.8C alloy
in as-cast state and after heat treatment for 4 h at 650, 800 and
1000 °C. The highest scratch depth was noted for as-cast state. Interest-
ingly, after heat treatment, clear changes in scratch depthwere found. A
clear difference in average scratch depth between investigated states is
visible above the load of 100 mN. The alloy after heat treatment at
650 °C has a comparable hardness to the state after heat treatment at
800 °C. The average scratch depth for states after heat treatment at
650 °C and 800 °C is lower for almost the entire load range when com-
pared to as-cast state and state after heat treatment at 1000 °C with
lower hardness. Such observations suggests a correlation betweenmac-
roscopic hardness (Table 3) and scratch depth.With increasing temper-
ature, the volume fraction and morphology of the χ phase changes
nd (c) (100) and (d) (110) planes projections of Young's modulus for these phases.



Fig. 14. (a) Example morphology of a groove obtained after scratch test using
spheroconical diamond indenter of 10 μm radius with a marked red line along the
scratch depth was measured. The groove was analyzed via confocal microscopy.
(b) Average scratch depth for five scratches with error bands vs load of the Fe-25Cr-
7Mo-0.8C alloy in as-cast state and after heat treatment for 4 h at 650, 800 and 1000 °C.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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(Figs. 1 and 5). Simultaneously, themorphology of the eutectic carbides
also changes to form a continuous network of hard phases. In our previ-
ouswork [63], it was found that the presence of a continuous, solid net-
work of hard precipitations within interdendritic regions can lead to an
increase in shear stress, necessary for their micro-cutting. In the case of
states after heat treatment at 650 °C and800 °C, the increase in hardness
in comparison to as-cast state is mainly related to the precipitation of
the χ phase and evolution of carbide morphology. These observations
suggest that the volume fraction and morphology of the hard phases
in the alloy plays the most important role in terms of wear resistance.
However, it is very difficult to isolate the effect of the χ phase on this
property. Undoubtedly, the presence of a high volume fraction of χ
phase, formed after heat treatment at 650 °C and 800 °C on carbides/
Fig. 15.Wear grooves after scratch tests of the Fe-25Cr-7Mo-0.8C alloy (a) in as-cast state and (
SE.
matrix interface and in dendrites, reduces themean free path of thema-
trix and, consequently, can have a positive effect on scratch depth
reduction.

Fig. 15 presents selected wear grooves after scratch tests of the Fe-
25Cr-7Mo-0.8C alloy in as-cast state and after heat treatment for 4 h
at 800 °C. It is visible that thematrix is plastically deformed and pushed
to both sides of the groove via themicro-ploughingmechanism. In hard
regions, i.e. containing carbides and/or the blocky χ phase, micro-
cutting was the dominant wear mechanism. Such regions can be easily
found due to the lack of plastically deformed material along the groove
edges, which was marked in Fig. 15. In the case of the state after heat
treatment at 800 °C, it is visible that the amount of material pushed to
the groove's sides is lower in comparison to as-cast state. Furthermore,
it seems that micro-chip formation is facilitated due to the presence of
high volume fraction of hard phases. The presence of interfacial
decohesion betweenmatrix and carbides or χ phase is related to tensile
stresses caused by tangential frictional forces, formed when the in-
denter slid over carbides [64,65]. The presented results suggest that mi-
crostructural evolution and increase in hard phases' volume fraction
after heat treatment in the investigated alloy have a positive effect on
the reduction of the average scratch depth. On the other hand, a higher
volume fraction of hard phases facilitate themicro-chip formation and it
changes the balance between main wear mechanisms from micro-
ploughing to micro-cutting.

4. Conclusions

In the presented work, the Fe-25Cr-7Mo-0.8C alloy was synthesized
using the suction-casting technique. It was designed to investigate the
effect of the χ phase on the microstructure and properties of a rapidly
solidified Fe-based hypoeutectic alloy. The alloy was studied in situ
and ex situ in as-cast state and after heat treatment for 4 h at 650, 800
and 1000 °C. The following conclusions were formed:

1. Rapid cooling after solidification or heat treatment at 1000 °C sup-
presses the χ phase formation.

2. The χ phase at low temperatures (650 °C) nucleates mainly in den-
drites and exhibits a needle-like morphology, which is related to
high misfit energy of crystal lattices at the coherent boundaries be-
tween the precipitation and the matrix. A precipitation-free zone
was observed between eutectic carbides and the χ phase. This zone
b) after heat treatment for 4 h at 800 °C (b). CM – confocal microscope, other images SEM-
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overlaps with regions depleted in χ phase forming elements (mainly
chromium),where a reduced χ phase driving force for nucleation can
be found.

3. At higher temperatures (e.g. 800 °C), the χ phase nucleates on the
carbide/matrix interface and grows at the expense of eutectic ferrite
and ferrite near the interdendritic zone. The precipitations of the χ
phase in dendrites have a blocky morphology. Simultaneously, with
the precipitation of the χ phase, the eutectic carbides undergo a sig-
nificant change in morphology to form a continuous and solid net-
work of precipitates.

4. Heat treatment at temperatures (650 and 800 °C) at which a high
volume fraction of χ phase precipitates was observed, induced an in-
crease in hardness of about 16% in comparison to as-cast state. The
formation of the χ phase on the carbides/matrix interface andwithin
dendrites after heat treatment at 650 and 800 °C caused a clear re-
duction in themean free path of thematrix. Simultaneously, the for-
mation of the continuous, solid network of eutectic carbides was
observed. Microstructural evolution of the alloy was reflected in
the reduction of the average scratch depth.
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