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A B S T R A C T

This paper investigates the effects of γ-Fe dendrite arm spacing and inter-dendritic eutectic Cr7C3 particle spacing 
on the hardness of an as-solidified hypoeutectic alloy (Fe-2.14mass%C-32.38mass%Cr-6.48mass%Ni-0.90mass% 
Si), as well as the effects of subsequent heat treatment on the hardness. When the cooling rate was varied be
tween 104 and 107 oC/s, the hardness of the as-solidified alloy increased exponentially with decreasing dendrite 
arm spacing and eutectic particle spacing. When this alloy was subjected to laser powder bed fusion (LPBF) 
process, the hardness exceeded 700 HV, more than twice that of Inconel 718 Ni-based superalloy fabricated using 
the same process. During subsequent heat treatment at 800 ◦C, extremely fine Cr23C6 particles precipitated in 
both the γ-Fe dendrite arms and the γ-Fe matrix phase of the eutectic structure, increasing the hardness of the 
alloy samples. Although the initial hardness of the dendrite arms was lower than that of the eutectic region, the 
increase in hardness was greater in the dendrite arms, indicating greater precipitation hardening in the dendrite 
arms than in the eutectic region. The average hardness of a large arear of the hypoeutectic structure, consisting of 
dendrites and eutectic regions, was always higher in the heat-treated samples with higher cooling rates during 
solidification. This is due to the higher supersaturation of Cr and C during cooling, which resulted in a higher 
number density and volume fraction of Cr23C6 particles precipitated in the γ-Fe.

1. Introduction

Ni-based superalloys have excellent mechanical and chemical prop
erties [1,2], and are widely used in various industries, including aero
space and automotive industries [3,4]. However, due to their high Ni 
content, these alloys are significantly more expensive than other alloys. 
The development of high-strength Fe-based alloys with reduced Ni 
content is expected to contribute to reducing material costs in many 
industries.

The present authors have recently developed an Fe-C-Cr-Ni eutectic 
alloy and applied it to a Laser Powder Bed Fusion (LPBF) process to 
fabricate a small prototype. The as-built prototype exhibited a signifi
cantly high hardness of ~720 HV, which is twice as hard as an Inconel 

718 Ni-based superalloy sample fabricated using the same process [5]. 
Generally, the finer the solidification structure, the higher the me
chanical strength of the as-solidified alloy [6]. However, the as-built 
Inconel 718 alloy fabricated by LPBF exhibited a hardness of only 
~350 HV, despite having an extremely small primary dendrite arm 
spacing of less than 1 μm [5]. In typical casting processes, the primary 
dendrite arm spacing indirectly determines the grain size due to the 
heterogeneous nucleation of dendrite crystals [7]. However, in LPBF and 
other additive manufacturing processes, such as Directed Energy 
Deposition (DED), the molten pool formed by the laser beam partially 
melts the previously solidified molten pool and solidifies epitaxially at 
the solid/liquid interface, resulting in the formation of a huge grain 
structure despite the fine dendritic structure [8]. Therefore, Hall-Petch 
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strengthening cannot be expected in conventional alloys like Ni-based 
superalloy that form dendritic solidification structures during additive 
manufacturing. In contrast, the LPBF-built Fe-C-Cr-Ni eutectic alloy had 
an extremely fine eutectic structure consisting of a γ-Fe matrix phase and 
rod-like chromium carbide particles, with the distance between the 
eutectic carbide rods being around 70 nm [5]. Due to this short dislo
cation travel distance in the γ-Fe matrix phase, this alloy exhibited such 
a high hardness of ~720 HV. This explains why the LPBF-built 
Fe-C-Cr-Ni eutectic alloy was much harder than the LPBF-built Inconel 
718 superalloy.

In our recent study on the Fe-C-Cr-Ni eutectic alloy [5], equilibrium 
thermodynamic calculations predicted the precipitation of Cr23C6 car
bide particles in the γ-Fe matrix phase, but no carbide precipitation was 
observed in the as-solidified samples. This suggests that the γ-Fe matrix 
phase is supersaturated with chromium and carbon, and 
post-solidification heat treatment is expected to introduce the precipi
tation of Cr23C6 carbide particles, further improving the strength of the 
alloy. The distance between the precipitated carbide particles will be 
much shorter than that between the eutectic carbide particles, and the 
strengthening effect of the former will be much greater than that of the 
latter. The presence of primary solidified γ-Fe dendrites is predicted to 
favor the carbide precipitation, as it provides a larger volume of the 
supersaturated matrix phase. Therefore, in this study, we developed an 
Fe-C-Cr-Ni hypoeutectic alloy consisting of γ-Fe dendrites and 

inter-dendritic eutectic chromium carbide particles, and investigated 
the effects of the cooling rate during solidification and holding time of 
the post heat treatment on hardness. One will see that the heat treatment 
is effective in increasing the hardness and the increased hardness is al
ways higher in the samples with the finer solidification structure even 
after heat treatment.

2. Experimental procedure

The chemical composition of this hypoeutectic alloy was determined 
based on a calculated equilibrium phase diagram [5]. The alloy powder 
was then produced using a gas atomization process (Mitsubishi Steel 
MFG. Co., Ltd.). Analysis of the alloy powder revealed its chemical 
composition to be Fe-2.14mass%C-32.38%massCr-6.48mass% 
Ni-0.90mass%Si. Based on this analyzed composition, the equilibrium 
temperature-volume fraction relationships of the phases in this alloy 
were calculated using Thermo-Calc software (version 2024) and the 
latest version of database (TCFE14, 2025).

Five types of samples were prepared using five different methods 
with cooling rates ranging from 2 × 10− 1 to ~107 oC/s, as summarized 
in Table 1. The details of the preparation of the five types of samples are 
as follows. (i) The alloy powder was remelted in an alumina crucible 
under an Ar atmosphere and cooled at a rate of 0.2 ◦C/s to obtain a small 
ingot with a diameter of 20 mm and a height of 15 mm. (ii) On the side 
surface of this ingot, small beads with a diameter ~6 mm and a depth 
~3 mm were created by applying a short-time arc discharge using a TIG 
welding machine (YC-200TR6, Panasonic) under an Ar shielding gas 
atmosphere. The TIG arc discharge was performed under the following 
conditions: voltage, DC current, and discharge time were 10 V, 10 A and 
2 s, respectively. The cooling rate of the arc-remelted beads was esti
mated to be ~104 - ~105 oC/s based on the relationship between sec
ondary dendrite arm spacing and cooling rate [9]. (iii) A prototype with 
a dimension of 50 × 50 × 70 (mm) was fabricated from the alloy powder 

Table 1 
Dimensions and cooling rates of samples.

Samples Dimension (mm) Cooling Rate (℃/s)

Furnace-remelted Ingot Φ 20 × h 15 2 × 10− 1

Arc-remelted Bead Φ 6 × d 4 ~104

DED Prototype 50 × 50 × 75 ~105

Laser-remelted zone l 4 × w 3 × d 0.15 ~106

LPBF Prototype Φ 10 × t 0.3 ~107

Fig. 1. SEM images of the gas-atomized powder. (a) appearance of powder particles, (b) a cross section of a powder particle showing the distribution of primary- 
solidified dendrites, (c) a cross section of a powder particle showing eutectic structures formed in inter-dendritic regions, and (d) the surface of a powder particle 
showing rod-like eutectic morphology.
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using the DED (Directed Energy Deposition) process. DED was per
formed in an Ar atmosphere using a DED system (LASER TEC 65 3D 
Hybrid, DMG MORI) under the following conditions: laser power 
2000 W, laser nozzle diameter 3 mm, nozzle scan speed 1000 mm/s, 
powder feed rate 12.5 g/min, carrier gas flow 3 L/min, and shield gas 
flow 5 L/min. The cooling rate of the molten pool was estimated to be 
~105 - ~106 oC/s based on the secondary dendrite arm spacing. (iv) On 
a vertical cross section of the DED prototype, small molten zones of 
~4 mm long, ~3 mm wide, and 0.15 mm deep were created by laser 
beam scanning using a laser scanner (JK200FL of JK Lasers a GSI Group 

Company, hurrySCAN 30 of SCANLAB) with CW (Continuous Wave) 
operating mode under an Ar atmosphere. The laser scanning was per
formed under the following conditions: power 200 W, scan speed 
50 mm/s, and spot diameter 40 μm. The formation of the molten pool 
was repeated at 40 μm intervals to create the molten zone. The cooling 
rate of the molten pool was estimated to be ~106 - ~107 oC/s based on 
the secondary dendrite arm spacing. (v) A prototype with a diameter of 
10 mm and a thickness of 0.3 mm was fabricated from the alloy powder 
using the LPBF (Laser Powder Bed Fusion) process. LPBF was performed 
using a LPBF system (TruPrint 1000, TRUMPF) in an Ar gas atmosphere 
under the following conditions: laser power of ~60 to ~115 W, laser 
spot diameter of 55 μm, and laser scan speed of ~400 to ~700 mm/s. 
The cooling rate of the molten pool was estimated to be ~107 oC/s based 
on an experimental result [10].

The samples fabricated using above methods were heat-treated at 
800 oC for 0.5–64 h in an Ar atmosphere. The heating and cooling rates 
were 0.2 oC/s. Microstructures of the samples were observed using Op
tical Microscopy (OM, VHX-6000, Keyence), Scanning Electron Micro
scopy (SEM, Phenom ProX, Thermo Fisher Scientific), and Scanning 
Transmission Electron Microscopy (STEM, NEOARM, JEOL). X-ray 
diffraction analysis (XRD, Ultima IV，Rigaku) using Cu Kα radiation 
(1.54056 nm in wavelength) was performed at room temperature and 
elevated temperatures to identify the phases present in the alloy sam
ples. A Vickers hardness tester (FM-300e, FUTURE-TECH) was used with 
an applied load between 0.05 and 1.00 kg depending on the micro
structural fineness. Five indentations were made to obtain the average 
hardness of each sample. Samples were prepared by cutting with a 
diamond wheel, grinding with emery paper, and polishing with colloidal 
silica (particle diameter 0.05 μm), and then subjected to OM and SEM 
observations and hardness tests. For STEM observations, samples were 
prepared using an FIB (Focused Ion Beam, JEM-9320, JEOL). The 
dendrite arm spacing, eutectic particle spacing, and number density and 
area fraction of precipitated particles were measured inside or near the 
Vickers indentation to investigate their relationships with hardness.

Fig. 2. XRD analysis results of (a) the as-atomized alloy powder and (b) the as- 
solidified furnace-remelted ingot.

Fig. 3. STEM-EDS analysis results of (a-d) the laser-remelted zone and (e-h) the DED prototype, showing that γ-Fe dendrite arms contain no carbide precipitates and 
that the inter-dendritic region is filled with a dual-phase structure consisting of rod-like eutectic chromium carbide particles and Fe matrix phase.
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3. Results and discussion

3.1. Effects of solidification structure

Fig. 1 shows SEM images of the gas-atomized alloy powder. The 
powder particles are spherical and ~50 to ~100 μm in diameter (Fig. 1

(a)). The solidification structure consisted of dendrites and fine dual- 
phase structures (Figs. 1(b) and 1(c)). The particles in the dual-phase 
structure have a rod-like morphology (Fig. 1(d)). In order to identify 
the phases existing in the powder, XRD analysis was performed at room 
temperature. The result shown in Fig. 2(a) indicates that the as- 
atomized powder is composed exclusively of γ-Fe and M7C3-type car
bide, which reveals that the rod-like particles seen in Fig. 1 are Cr7C3 
and the matrix phase including dendrites is γ-Fe. However, the as- 
solidified furnace-remelted ingot produced using this powder con
sisted of γ-Fe, M7C3-type carbide, and a certain amount of α-Fe, as shown 
in Fig. 2(b). This means that the γ-to-α transformation partially occurred 
during slow cooling in the furnace, but the transformation did not occur 
during powder atomization due to the extremely rapid cooling. Results 
of STEM-EDS analysis, shown in Fig. 3, reveal that the dendrites are 
composed of Fe, with eutectic chromium carbide particles in the inter- 
dendritic regions, a typical solidification structure for hypoeutectic al
loys. It should be noted that the Fe dendrites in the as-solidified samples 
were free of precipitates.

Fig. 4 shows examples of solidification structures of samples fabri
cated using different methods. The furnace-remelted ingot sample 
(Fig. 4(a)) has coarse dendrites and large eutectic carbide particles, 
whereas the samples fabricated at much higher cooling rates (Figs. 4(b)-
4(d)) have much smaller dendrites and extremely fine rod-like eutectic 
particles (Note the difference in scale bars). No precipitates were 
observed in the Fe dendrite arms even in the sample fabricated at the 
slowest cooling rate of 0.2 oC/s.

Vickers hardness measurements were performed on as-built samples 
of the DED and LPBF prototypes, and secondary dendrite arm spacing 
and eutectic particle spacing were measured inside or near each 
indentation to investigate the effects of these two spacings on hardness. 
The results are summarized in Fig. 5. As these two spacings decreased, 
hardness increased exponentially to over 700 HV, more than twice that 

Fig. 4. Solidification structures of (a) furnace-remelted ingot, (b) arc-remelted bead, (c) DED prototype, and (d) LPBF prototype. The square mark in (a) is a Vickers 
indentation.

Fig. 5. Effects of secondary dendrite arm spacing and eutectic particle spacing 
on Vickers hardness measured on as-built DED and LPBF prototypes.
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of Inconel 718 Ni-based superalloy fabricated using LPBF process [11]. 
The effect of eutectic particle spacing on hardness was stronger than that 
of secondary dendrite arm spacing. Both spacings decrease with 
increasing cooling rate. However, the mechanisms by which cooling rate 
affects the two spacings are different. As cooling rate increases, sec
ondary dendrite arm spacing decreases due to decreased diffusion time, 
while eutectic particle spacing decreases due to increased nucleation 
frequency caused by increased supercooling, as well as decreased 
diffusion time.

3.2. Effects of heat treatment

Fig. 6 shows microstructures of the heat-treated samples of the arc- 
remelted bead (Figs. 6(a) to 6(c)) and the furnace-remelted ingot 
(Figs. 6(d) to 6(f)). With increasing holding time, the eutectic carbide 
particles in both the bead and ingot became larger and more spheroi
dized, indicating that Ostwald ripening occurred during heat treatment. 
Ostwald ripening of the inter-dendritic eutectic carbide particles resul
ted in an irregular dendritic structure (Fig. 6(c)). In the arc-remelted 
bead samples held for 16 and 64 h (Figs. 6(b) and 6(c)), needle-like 
particles are observed in the Fe dendrite arms. Similar needle-like par
ticles were also observed in the Fe dendrite arms of the furnace-remelted 
ingot, and they grew during the heat treatment, as shown in Fig. 7(a) to 
(d). Extremely small dark dots are observed in the Fe matrix phase of the 
eutectic region of the furnace-remelted ingot sample held for 64 h (Fig. 6
(f)), and when observed under higher magnification, they were also 
found to have a needle-like morphology (Fig. 7(f)). The needle-like 
particles precipitated over a wide area within the Fe dendrites, and 
showed a regular distribution pattern indicating nucleation on specific 
crystallographic planes, suggesting that the formation of the needle-like 
particles occurred mainly via intragranular nucleation.

These needle-like particles are considered to be Cr23C6 precipitates 
based on the XRD analysis results shown in Fig. 8 and the equilibrium 
phase diagram calculations shown in Fig. 9. Before heat treatment, no 
needle-like precipitates were observed (Figs. 3 and 4), and no Cr23C6 
was detected (Fig. 8(a)). However, after heat treatment, the needle-like 
precipitates were observed (Figs. 6 and 7), and only M23C6 type carbide 
was detected (Fig. 8(b)). This means that Cr23C6 particles nucleated and 
grew, and the eutectic Cr7C3 particles transformed into Cr23C6 during 
heat treatment. The phase diagram calculation results indicated that 
Cr7C3 completely transforms into Cr23C6 at the heat treatment temper
ature of 800 oC.

Thus, both heat treatment experiments and theoretical calculations 
under the equilibrium condition indicated that Cr23C6 is more stable 
than Cr7C3 at the heat treatment temperature and at lower temperatures 
including room temperature. However, in the samples continuously 
cooled after solidification, only Cr7C3 carbide was detected at room 
temperature, which means that Cr7C3 carbide exits in a metastable state 
and formation of Cr23C6 during cooling is hard. We performed a simple 
experiment to promote the formation of Cr23C6 carbide. We reheated the 
as-built DED sample to 800 oC at 0.7 oC/s and cooled it to room tem
perature at the same rate, and we performed continuous XRD analysis 
during this thermal cycle. We detected α-to-γ transformation during 
reheating and γ-to-α transformation during cooling, but Cr7C3 carbide 
remained stable throughout and no Cr23C6 was detected by the contin
uous XRD analysis. Therefore, Cr7C3 carbide exits in a metastable state 
during and after cooling in the as-solidified alloy. Upon heat treatment, 
it gradually transforms into Cr23C6 and precipitates from the Fe matrix.

Vickers hardness measurements were performed on the Fe dendrite 
regions of the furnace-remelted ingot samples, and the area fraction and 
number density of Cr23C6 particles dispersed in the Fe dendrite region 
were measured inside or near each indentation. The results are 

Fig. 6. SEM images of heat-treated samples, held at 800 oC for (a, d) 1 h, (b, e) 16 h, (c, f) 64 h, showing (a-c) dendrites and inter-dendritic eutectic regions of the 
arc-remelted bead, and (d-f) eutectic regions of the furnace-remelted ingot. The large squares with diagonal lines seen in (d) to (f) are Vickers indentations.

K. Matsuura et al.                                                                                                                                                                                                                              Journal of Alloys and Compounds 1062 (2026) 187599 

5 



Fig. 7. SEM images of the furnace-remelted ingot, showing carbide precipitates formed during heat treatment (a-d) in the Fe dendrite and (e, f) in the Fe matrix phase 
of the inter-dendritic eutectic region.
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summarized in Fig. 10. Fig. 10(a) shows the increase in the area fraction 
and number density of Cr23C6 particles in the Fe-dendrite region during 
heat treatment of the furnace-remelted ingot. While the area fraction 
gradually increased, the number density increased sharply in the 
beginning of heat treatment and then showed little increase, suggesting 
that the concentrated nucleation of Cr23C6 particles occurred in the early 
stage of heat treatment, followed by gradual particle growth. Due to this 
precipitation behavior, as shown in Fig. 10(b), hardness increased 
rapidly in the early stage of heat treatment and then gradually increased.

Fig. 11 shows the relationship between eutectic Cr7C3 particle 
spacing and hardness for the heat-treated furnace-remelted ingot sam
ples and arc-remelted bead samples. The eutectic particle spacing was 
measured inside or near each indentation. A nearly linear relationship 

was observed between the inverse square root of eutectic particle 
spacing and the hardness, indicating that the Hall-Petch law still holds to 
this hypoeutectic alloy even after heat treatment. This means that the 
hardness of this alloy is predominantly controlled by the distribution of 
eutectic Cr7C3 particles, regardless of the presence of the Fe dendrites 
containing fine Cr23C6 precipitates. The influence of Cr23C6 particle 
precipitation in the Fe matrix on hardness can be seen in the change in 
the slope and the y-intercept of the linear relationship. For both the 
furnace-remelted ingot and arc-remelted bead samples, hardness in
creases with increasing holding time. However, the increase in hardness 
is more pronounced for the arc-remelted bead sample, indicating a 
stronger effect of precipitation in finer solidification structure. As the 
holding time increases, the plot marks of the arc-remelted bead sample 
shift to the left, indicating an increase in the eutectic particle spacing 
due to the Ostwald ripening, as seen in Figs. 6(a) to 6(c).

The effects of heat treatment on hardness are summarized in Fig. 12. 
Although only average values are shown in the figure, the data error 
ranged from 2.1% to 21.0%. Large error occurred in the furnace- 
remelted ingot sample, which is likely due to the coarse solidification 
structure. Although there is some degree of error, Fig. 12 clearly shows 
how the holding time affects the hardness of different samples fabricated 
using different processes. The laser-remelted zone formed on the surface 
of the DED prototype exhibited the highest hardness, rapidly increasing 
from ~530 HV to ~670 HV as the holding time increases to 4 h, and 
then gradually decreasing to ~630 HV. The DED prototype and the arc- 
remelted bead exhibited similar hardening behaviors, with hardness 
rapidly increasing from ~450 HV to ~560 HV in the early stage of the 
heat treatment, and then gradually increasing to ~620 HV. The hardness 
of the eutectic region of the furnace-remelted ingot increased slowly 
from ~ 400 HV, reaching ~485 HV in 64 h. Thus, the increase in 
hardness during heat treatment was greater when the cooling rate 
during solidification was higher. Rapid cooling increases the degree of 
supersaturation of chromium and carbon in Fe-matrix phase, resulting in 
an increase in the number density and volume fraction of Cr23C6 particle 
precipitates. This is considered to be the reason why the laser-remelted 
zone exhibited the highest hardness. In fact, the Cr23C6 particles formed 
in the Fe dendrites of the laser-remelted zone (Figs. 13(a) to 13 (d)) are 
extremely small and distributed in high number density compared with 
those in the DED prototype (Figs. 13(e) to 13 (h)) and the furnace- 
remelted ingot (Figs. 6(b) and 6(c)).

Fig. 8. XRD results of the DED prototype: (a) before and (b) after heat treat
ment for 64 h at 800 oC.

Fig. 9. Equilibrium temperature-volume fraction relationships of the phases existing in the present hypoeutectic alloy. A high-temperature part of (a) is enlarged and 
depicted in (b).
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4. Conclusions

An Fe-C-Cr-Ni hypoeutectic alloy powder with a composition of Fe- 
2.14mass%C-32.38%massCr-6.48mass%Ni-0.90mass%Si was produced, 
and five types of samples were fabricated from this powder at five 
different cooling rates ranging from 2 × 10-1 to ~107 oC/s. The effects of 
dendrite arm spacing and eutectic particle spacing on the hardness of the 
as-solidified samples were investigated, as well as the precipitation 
hardening behavior of the samples during post-heat treatment at 800 oC. 
The results indicated that the present alloy exhibited considerably high 
hardness when rapidly solidified, similar to additive manufacturing 
processes such as laser powder bed fusion process and directed energy 
deposition process, and that post-heat treatment was effective in further 
hardening the additive manufacturing products. The individual con
clusions are presented in more detail below.

(1) The hardness of the as-solidified samples increased exponentially 
with decreasing γ-Fe dendrite arm spacing and eutectic Cr7C3 particle 
spacing, with the latter effect being stronger than the former.

(2) A nearly proportional relationship was observed between the 
inverse square root of eutectic particle spacing and the hardness of the 
heat-treated samples, indicating that the Hall-Petch law still applies to 
this hypoeutectic alloy even after heat treatment at 800 oC.

(3) During heat treatment, extremely fine Cr23C6 particles precipi
tated in both the Fe dendrite arms and the Fe matrix of the eutectic 
region, increasing the hardness of the alloy samples. The increase in 
hardness during heat treatment was greater with higher cooling rates 
during sample solidification. This is because higher cooling rates in
crease the degree of supersaturation of alloying elements, leading to 
higher nucleation frequency of precipitates and consequently to 
enhanced precipitation hardening.
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