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This paper deals with Hall-Petch strengthening of an Fe-based eutectic alloy that is applicable to the additive
manufacturing. This alloy consists of a dual-phase structure of a y-Fe (Ni) matrix and ~20 vol% of eutectic
chromium carbide rods. The distance between the eutectic carbide rods or rod spacing was varied over a wide
range from ~10" to ~10~2 um by varying cooling rate during solidification from ~10~" to ~10” °C/s. This wide
variety of the cooling rate was provided by a variety of cooling methods of the liquid alloy, including slow
furnace cooling of the liquid in an alumina crucible, arc melting and fast cooling of a button-like small ingot in a
graphite crucible, rapid cooling of small melt pools formed on the surface of the ingot samples using a TIG
welder, and extremely rapid cooling of fine melt pools formed on the surface of the ingot samples using a laser
scanner. As the rod spacing decreased from ~10' to ~1072 pm, Vickers hardness of the as-solidified alloy
increased from ~300 to ~600 HV. This considerable increase in hardness was due to the Hall-Petch effect, and
the relation between the Vickers hardness, HV, and the rod spacing, 1, was described as a regression equation of
HV = 67.4 A"Y2 4 305 with a high correlation coefficient of R> = 0.9009. When this alloy was applied to the
laser powder bed fusion, the as-built prototype exhibited a high Vickers hardness of ~720 HV, more than twice

that of Inconel 718 Ni-based superalloy produced using the same process.

1. Introduction

Ni-based superalloys are widely used in various kinds of industries
such as aerospace and automotive industries [1,2], due to their excellent
mechanical and chemical properties [3,4]. However, they are quite
expensive because of the extremely high price of nickel. If the Ni content
of the alloys can be reduced with the excellent properties remained, it
will lead to reduction of the production cost of the alloys, and such
cost-efficient materials will be more widely used in more kinds of
industries.

There are many kinds of Fe-based high-strength alloys containing
low concentrations of Ni compared with Ni-based alloys, and the
strengthening strategy of these Fe-based alloys generally involves plastic
deformation and/or heat treatment [5-7]. In the present study, in
contrast, we are developing a new Fe-based high-strength alloy that can
be used in as-solidified state without plastic deformation, like precise
castings and additive manufacturing products.

Generally, the finer the solidification structure, the higher the me-
chanical strength of the as-solidified alloy [8]. However, as-built Inconel
718 alloy processed by the laser powder bed fusion exhibits low Vickers
hardness of only 280-350 HV, in spite of an extremely small
inter-dendritic spacing of less than 1 pm [9]. The reason for this is
considered to be epitaxial growth at the interface between melt pools
during the additive manufacturing process. In general casting processes,
the inter-dendritic spacing determines the grain size due to the inho-
mogeneous nucleation and growth of dendrite crystals [10]. In additive
manufacturing processes, however, the melt pool formed by the laser
beam partially melts the formerly solidified melt pool and epitaxially
solidifies on the solid/liquid interface, which leads to the formation of a
huge grain structure despite a fine dendrite structure [11,12]. Therefore,
in conventional alloys that form dendritic solidification structures dur-
ing additive manufacturing, the Hall-Petch strengthening cannot be
expected.

In the present study, we thought that if an alloy in which slip
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Table 1 2. Experimental procedure
Dimensions and cooling rates of samples.

First of all, we performed phase diagram calculations to determine

Samples Dimension (mm) Cooling Rate (°C/s)

— the chemical composition of the Fe-C-Cr-Ni quaternary eutectic alloy to
Furnace-melted Ingot $20 x h 15 2 x 10 . . .
Arc-melted Ingot $10 x £6 ~102 be used in the present study, using the Thermo-Calc software (version
Arc-melted Pool $#3-6 x d 2-4 ~10% to ~10° 2024) and the TCFE9 database. After determining the alloy composition,
Laser-melted Pool 115 xw0.2 x d0.15 ~10° to ~107 we made small ingot samples from raw materials of a commercial

granular chromium with a purity of 99.9 mass% and a diameter of

deformation can be prevented at the phase boundaries of the multiphase
structure could be manufactured using additive manufacturing, the as-

built product would exhibit significantly high strength due to the s000 my
extremely small phase boundary spacing. In order to verify this idea, we 25001 n @ M.C
melted an Fe-C-Cr-Ni quaternary eutectic alloy consisting of the y-Fe e

(Ni) matrix and chromium carbide rods, and solidified the alloy at &, 20001

various cooling rates ranging between 107! to 107 °C/s to vary rod = —

spacing (the distance between the chromium carbide rods) ranging be- g

tween 10'-10~2 pm, and we investigated the relationship between the = 10001

rod spacing and Vickers hardness. One will see that when the present H

eutectic alloy has an ultrafine solidification structure, such as in addi- 500 U i A n u
tively manufactured products, it exhibits more than twice the hardness 5 I /\ A )

of additively manufactured Inconel 718 superalloy. 30 40 50 60 70 80 90 100
26/deg

Fig. 2. Results of XRD analysis of the furnace-melted sample.
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Fig. 1. Equilibrium phase diagrams of (a) Fe-2.0 %C-33.7 %Cr-6.6 %Ni (mass%) alloy, (b) Fe-2.25%C-31.7 %Cr-7.9 %Ni (mass%) alloy, (c) Fe-2.4 %C-27.4 %Cr-
9.2 %Ni (mass%) alloy, and (d) Fe-2.0 %C-33.1 %Cr-6.4 %Ni-1.0 %Si (mass%), calculated using Thermo-Calc.
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Fig. 3. Solidification structure images of an arc-melt pool of ~6 mm in diameter, showing (a) a few small primary dendrites, (b) fine eutectic colonies and (c) rod-like

eutectic structure in the colonies.

(a)
)

/bldc
rod

Fig. 4. Schematic illustration of the cross section of the rod-like eutectic
structure. (a) An arbitrary cross section, where the thickness of the carbide rod
is partially considerably thin, which leads to inaccurate results of STEM-EDS
analysis and overestimate of the volume fraction of the carbide when the
area fraction is measured based on the STEM-EDS analysis results. (b) A cross
section perpendicular to the longitudinal direction of the rods, where there are
no such problems.

~3 mm, a commercial nickel wire with a purity of 99 mass% and a
diameter of 2.0 mm, and a commercial cast iron rod with a composition
of Fe-3.35mass%C-1.67mass%Si and a diameter of ~25 mm. The ingot
samples were made by two different methods: one was arc melting of
raw materials using a TIG welder (YC-200TR6, Panasonic) with an Ar
shield gas atmosphere followed by cooling of the melted alloy in a
graphite crucible using the Ar cooling gas, and the other was remelting
of the arc-melted samples in an alumina crucible using an electric
furnace with an Ar atmosphere followed by controlled cooling of the
remelted alloy at a constant rate of 0.2 °C/s.

The arc-melted sample had a button-like shape with dimensions of
~10 mm in diameter and ~6 mm in thickness, while the furnace-melted
sample had a cylindrical shape with dimensions of ~20 mm in diameter
and ~15 mm in heigh. The cooling rate of the arc-melted button-like
sample was estimated to be ~102 °C/s based on temperature measure-
ment using a radiation thermometer. The solidification structure of the
arc-melted sample will be quite fine compared with the furnace-melted
sample due to the quite high cooling rate compared with the controlled
cooling rate of 0.2 °C/s. In order to add samples with more refined so-
lidification structures, we made small melt pools with a diameter of ~3
to ~6 mm and a depth of ~1 to ~3 mm by giving a short-time arc
discharge on the surface of both the button-like and cylindrical cold
ingots using the TIG welder mentioned above. The TIG arc discharge was
performed under conditions of 10 V, 10 A and 1-2 s, in voltage, direct
current and discharge time, respectively. The cooling rate of the arc-melt
pools was estimated to be ~10* to ~10° °C/s based on a relationship

between secondary dendrite arm spacing and cooling rate [14]. We also
made much smaller melt pools with a width of ~200 pm, a depth of
~150 pm and a length of ~1.5 mm by giving a laser scan on the surface
of the furnace-cooled ingot in an Ar atmosphere using a laser scanner
(JK200FL of JK Lasers a GSI Group Company, hurrySCAN 30 of SCAN-
LAB) with a CW (Continuous Wave) operating mode. The laser scan was
performed under conditions of 200 W in power, 50 mm/s in scan speed
and 40 pm in spot diameter. The formation of the melt pool was repeated
at 40 pm intervals to make a square scan mark of 4 mm in side length on
the surface of the ingot. The cooling rate of the laser-melt pools was
estimated to be ~10° to ~107 °C/s based on experimental results [15].
The solidification structure of the laser-melt pools will be much more
refined due to the much higher cooling rate. The difference in cooling
rate depending on the sample preparation method is summarized in
Table 1. For comparison purpose, we made another sample of Inconel
718 Ni-based superalloy with a cubic shape of 40 mm in edge length by
the laser powder bed fusion process (EOS M 290, EOS GmbH). The laser
powder bed fusion was performed in an Ar gas atmosphere under con-
ditions of 350 W in laser power, ~900 mm/s in scan speed, ~200 pm in
spot diameter, ~70 pm in scan interval and ~50 pm in thickness of the
powder bed with a powder diameter of ~10 pm.

The microstructures of the ingot samples and the melt pool areas
formed on the surface of the ingot samples were observed by using OM,
SEM (Phenom ProX, Thermo Fisher Scientific) and STEM (NEOARM,
JEOL). An analysis using X-ray diffraction (XRD, Ultima IV , Rigaku)
with Cu Ko radiation (1.54056 nm in wavelength) was performed to
identify the phases existing in the alloy samples at room temperature. A
Vickers hardness tester (FM-300e, FUTURE-TECH) was used with an
applied load between 0.05 and 1.00 kg to measure the hardness of the
carbide phase, the matrix phase and the eutectic area consisting of the
mixture of the carbide and matrix phases. The distance between the
eutectic carbide rods or rod spacing was measured inside or near the
Vickers indentation marks, and the relation between the rod spacing and
the hardness of the eutectic area was investigated.

3. Results and discussion

Three eutectic compositions were found through phase diagram
calculations, as shown in Figs. 1(a) to 1(c). Liquid alloy solidifies into
y-Fe and a chromium carbide at the same time. The type of chromium
carbide changes from Cry3Cg to CryCs, as C and Ni concentrations in-
crease and Cr concentration decreases. In the alloy with an intermediate
composition (Fig. 1(b)), the Cr;Cs-type carbide is produced during the
eutectic solidification, and it changes into the Cry3Cq-type carbide dur-
ing cooling after solidification. Because the alloy presented in Fig. 1(a)
has the highest volume fraction of the eutectic carbide, we chose this
alloy as the sample to be used in the present study, and we made samples
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Fig. 5. Microstructure images of the melt pool sample showing (a) an area selected for FIB milling in a colony of the rod-like eutectic structure near a Vickers
indentation mark indicated by a red arrow, (b) an FIB-milled lamellar, (c) a STEM image of the FIB-milled lamellar, (d), (e) and (f) STEM-EDS mapping results of Cr,

Fe and C, respectively.

from the raw materials as described in the Experimental procedure
section. The chemical composition of the samples made was Fe-2.0 %C-
33.1 %Cr-6.4 %Ni-1.0 %Si (mass%). Based on this composition, we
recalculated the equilibrium phase diagram, and depicted the results in
Fig. 1(d). According to Fig. 1(d), 8-Fe is formed as the primary solid
phase followed by the formation of the secondary solid phase of Cr;Cs.
When a eutectic solidification of L— y+ Cr;C3 occurs at 1293°C, the
volume fraction of Cr;Cs increases to 21.0 %. The §-to-y transformation
proceeds during cooling after the eutectic solidification, and it is
accelerated when the type of the chromium carbide changes from Cr;Cs

to Cry3Ce. The final equilibrium structure of this alloy after cooling to
room temperature will consist of a-Fe, y-Fe and Cry3Cg, based on the
equilibrium phase diagram of Fig. 1(d).

In order to identify the phases existing in the sample at room tem-
perature, we performed an XRD analysis using a furnace-melted sample.
The results shown in Fig. 2 reveal that the sample is composed of y-iron
and M;Cs-type chromium carbide, which means that although the 8-to-y
transformation occurred, the y-to-o transformation did not occur during
cooling, and the M;Cg type eutectic chromium carbide remained at room
temperature without transforming into My3Ce type, contrary to
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[

Fig. 6. Results of STEM-EDS analysis of the eutectic structure the melt pool of ~6 mm in diameter, showing nonexistence of fine precipitates of chromium carbide in

the matrix phase of y-Fe.

Solidification Front

Spacing

Solidification Direction

Fig. 7. Schematic illustration of a eutectic solidification, L- y + Cr;Cs,and
diffusion of atoms in the liquid which controls the rod spacing.

prediction based on Fig. 1(d). It is to be noted that the y-to-a trans-
formation and the change of the carbide type during cooling did not
occur even when cooled at an extremely slow rate of 0.2 °C/s. However,

when the furnace-cooled sample was subjected to a thermal cycle of 4
cycles of holding at 800 °C for 4 h, XRD analysis detected a-iron and
M33Ce-type chromium carbide in addition to y-iron and M;Cs-type
chromium carbide.

Results of microstructure observation are given in Fig. 3. The sample
used here was a melt pool of ~6 mm in diameter made by arc-discharge
for ~2 s on the surface of button-like ingot of room temperature. As seen
in Fig. 3(a) and (b), a small number of primary dendrites are formed, and
all the rest of the observed area is occupied by fine eutectic colonies. The
existence of the primary dendrites corresponds to the primary solidifi-
cation of §-Fe seen in the phase diagram (Fig. 1(d)). A SEM observation
reveals that the colonies have an extremely fine rod-like dual-phase
structure (Fig. 3(d)).

In order to analyze the chemical composition of the rods using the
STEM-EDS and estimate the volume fraction of the rod-like phase in the
eutectic colony, we observed a cross section perpendicular to the lon-
gitudinal direction of the carbide rods. This is because in arbitrary cross
sections, the results of STEM-EDS analysis are often inaccurate due to
the existence of considerably thin sections of the particle or the existence
of parts of the particles underneath the surface of the matrix phase
(Fig. 4). To observe the cross section perpendicular to the longitudinal
direction of the carbide rods using the STEM, a eutectic colony where
longitudinal direction of the rods is parallel to the observation surface
was chosen, and a thin plate of which thickness direction is parallel to
the longitudinal direction of the particles was FIB-milled (Fig. 5(a)), and
the thin plate was lifted out from the sample (Fig. 5(b)). The TEM
observation in the thickness direction of the FIB-milled lamellar reveals
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Fig. 8. Solidification structure images of different areas on a section of an ingot sample made by furnace melting and controlled cooling at 2 °C/s. Red arrows
indicate Vickers indentation marks with a loading force of (a) 0.05 kg and (b) 1.0 kg.

that the eutectic carbide rods have a polygonal cross-sectional
morphology (Fig. 5(c)). The results of the STEM-EDS analysis per-
formed on this cross section clearly show that the carbide rods contain
high concentrations of Cr and C and a negligibly low concentration of Fe
(Fig. 5(d) to (). Ni concentration was also negligibly low in the carbide
rods, according to the STEM-EDS analysis result, which is left out of this
figure. The results of the XRD and STEM-EDS analyses revealed that the
eutectic carbide is of Cr;Cs type and it has a rod-like morphology with a
polygonal cross-sectional morphology. The volume fraction of the
eutectic carbide was measured on the cross section, and it was found to
be 22.4 %, which is close to the calculated volume fraction of 21.0 %
(Fig. 1(d)). The y-Fe matrix area in Fig. 5(c) was observed and analyzed
at a higher magnification, and the results are given in Fig. 6. There are
no precipitates in the area of y-Fe matrix phase, which means that no
formation of carbide precipitates occurred during cooling after the
eutectic solidification.

From the results described above, it was confirmed that the present
alloy has a dual-phase eutectic structure consisting of y-Fe matrix and a
polygonal rod-like eutectic chromium carbide of M;Cs type with a vol-
ume fraction of approximately 20 %. It is well known that the strength of
the composite material rises with the increase in the volume fraction of
the strong phase and with the decrease in the distance between the
particles of the strong phase [12,13]. Because the volume fraction of the
eutectic carbide is fixed at approximately 20 % in the present alloy, the
parameter that controls the mechanical strength will be the distance
between the rod-like eutectic chromium carbide, or rod spacing. The rod
spacing will be controlled by the cooling rate during solidification,
because during the eutectic solidification, the atoms diffuse in the liquid
near the solidification front to form the dual-phase structure, as illus-
trated in Fig. 7, and the diffusion time or the cooling rate determines the
rod spacing, A. Therefore, we investigated the possibility of considerable
increase in strength due to dramatic refinement of eutectic structure that
will be obtained by extreme increase in cooling rate.

Fig. 8 shows solidification structure images of an ingot sample made
by the furnace melting followed by controlled slow cooling. The Vickers
hardness of the y-Fe matrix phase and the eutectic carbide phase were
190 HV( o5 and 1260 HV s, respectively, as indicated in Fig. 8(a). The
measured hardness of the y-Fe matrix phase is close to that of typical
austenitic stainless steels of SUS304 and SUS316 (~180 HV) [16]. The
hardness measured in the dual-phase area was 290 HV1 o, and the rod
spacing was 12 pm, as shown in Fig. 8(b). We also measured the Vickers
hardness and the rod spacing of other samples made by other methods.
Some results are given in Fig. 9, and it can be seen in the figure that the
rod spacing varies depending on the sample making method, and the
decrease in rod spacing brings about the increase in Vickers hardness.

The relation between the rod spacing, 4, and the Vickers hardness,
HYV, is summarized in Fig. 10(a). The decrease in rod spacing strongly
affects the increase in hardness, when 4 < 1 pm. The effect of the rod

spacing on hardness can be compared to the effect of the grain size on
strength, because the phase boundary between the rod-like carbide and
the matrix can interrupt the dislocation migration in the matrix phase
during plastic deformation like grain boundary. Therefore, we assumed
Hall-Petch relationship and performed a regression analysis. The result
is depicted in Fig. 10(b), where HV lineally increases with the inverse of
square root of 4,. The relation was described as a regression equation of
HV =67.4 2Y2 1305 with a high correlation coefficient of R?
= 0.9009, indicating a high accuracy of this regression equation. Vickers
hardness of this eutectic alloy increased from ~300 to ~600 HV as the
rod spacing of the eutectic chromium carbide decreased from ~10 to
~0.07 pm.

Such fine eutectic structure and high hardness as ~0.07 pm and 600
HV were obtained in a sample made by the laser-remelting method.
However, an Inconel 718 superalloy sample made by the laser powder
bed fusion process did not exhibit such high hardness, although it had a
quite fine solidification structure, as shown in Fig. 11. According to
Fig. 11(b), the distance between columnar dendritic cells is approxi-
mately 1 pm, which is quite fine compared with the dendritic structure
of the present alloy shown in Fig. 3(a). However, hardness of the Inconel
718 superalloy of Fig. 11 was ~350 HV; o, which means that the me-
chanical strength cannot be always significantly increased by only dra-
matic refinement of solidification structure. As seen in Fig. 11(b), the
grain size or cell colony size is huge, although the solidification structure
is quite fine. The formation of such huge cell colonies is due to the
epitaxial growth of the cells at the melt pool boundary, as seen in Fig. 11
(b). This means that in conventional alloys like Inconel 718 superalloy,
the ultrafine solidification structure formed by the additive
manufacturing cannot be utilized for the Hall-Petch strengthening. On
the other hand, it is expected based on the results shown in Fig. 10 that
the present alloy can be Hall-Petch strengthened when it is processed by
the additive manufacturing. To verify whether this expectation is valid
or not, we planned to build a small prototype of the present alloy using
the laser powder bed fusion process and measure the hardness of the
prototype. First, we produced powder of the present alloy using a gas
atomization process (Mitsubishi Steel MFG. Co., Ltd.). The chemical
composition of the powder was Fe-2.1%C-32.4 %Cr-6.5 %Ni-0.9 %Si
(mass%) with an average diameter of 39 pm and a range of diameter of
20-66 pm. Using this powder, we built a disc-like prototype of with a
diameter of 10 mm and a thickness of 0.3 mm using a laser powder bed
fusion system (TruPrint 1000, TRUMPF) under conditions of a laser
power of ~60 to ~115 W, a laser spot diameter of 55 pm, and a laser
scan speed of ~400 to ~700 mm/s.

The microstructure of the gas-atomized powder consisted of the
primary dendrites and the rod-like eutectic structure (Fig. 12). Vickers
hardness of the powder was measured on the cross section of the power
particles, and the results ranged between ~500 and 620 HVj gs. The
prototype sample had a scaly pattern formed by periodic solidification of
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melt pools (Fig. 13(a)) and ultrafine dendritic structure formed in the
melt pool (Fig. 13(b)). Vickers hardness of the prototype sample was 718
HV o, twice the hardness of an Inconel 718 superalloy sample produced
using the same process. Therefore, it was verified that the present alloy
can be Hall-Petch strengthened when processed by laser powder bed
fusion. and the hardness can reach ~720 HV.

Why can the present alloy be significantly Hall-Pech strengthened

when it is applied to the laser powder bed fusion process? The reason is
the existence of phase boundaries between y-Fe (Ni) matrix and eutectic
chromium carbide rods. The phase boundaries can interrupt dislocation
migration and strengthen the alloy. Although the volume fraction of the
eutectic carbide is fixed at ~20 % in the present alloy, the total area of
the phase boundaries increases with increasing cooling rate. The
extremely high cooling rate in the laser powder bed fusion process
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Fig. 13. Microstructures of the small prototype sample made of the present alloy by using the laser powder bed fusion process, showing (a) a scaly pattern formed by
periodic solidification of melt pools and (b) dendritic cells formed in the melt pool. Red arrows indicate a side of the square-shaped Vickers indentation mark. The

hardness of this sample was 718 HV.

(~10° to ~107 °C/s [15]) leads to an extremely large total area of the
phase boundary, which effectively interrupts dislocation migration and
significantly Hall-Pech strengthens the alloy. On the other hand, in the
laser powder bed fusion process of common alloys like the Ni-based
superalloy, the grain size becomes huge due to epitaxial growth at the
melt pool boundary, and Hall-Petch strengthening cannot be expected in
spite of the ultrafine dendritic structure. Therefore, it can be predicted
that many other eutectic alloys will also exhibit significantly high
strength, when they are applied to the laser powder bed fusion process.

4. Conclusions

An Fe-based alloy containing 2.0 % C, 33.1 % Cr, 6.4 % Niand 1.0 %
Si (mass%) was found to have an almost full eutectic structure with a
small amount of y-Fe dendrite after solidification. The eutectic structure
consisted of the y-Fe matrix and rod-like eutectic chromium carbide of
M;Cs type. The carbide rods had a polygonal cross-sectional
morphology, and its volume fraction was approximately 20 %. The
Vickers hardness of the y-Fe matrix and the eutectic chromium carbide
were 190 HV and 1260 HV, respectively. The hardness measured in the
dual-phase eutectic area increased from ~300 to ~600 HV, as the
interparticle distance or rod spacing of the eutectic chromium carbide
decreased from ~10 to ~0.07 pm. The relation between the Vickers
hardness, HV, and the rod spacing, 1, was described as a regression
equation of HV = 67.4 2'1/2 4 305 with a high correlation coefficient of
R? = 0.9009. When this alloy was applied to the laser powder bed fusion
process to make a small prototype, the as-built prototype exhibited a
considerably high hardness of ~720 HV, twice the hardness of an
Inconel 718 Ni-based superalloy sample produced using the same
process.
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