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a b s t r a c t

The presence of the eutectic phase (delta ferrite þ M23C6) in martensitic stainless steels

brings significant deterioration of the in-service mechanical properties of the critical

components such as turbine shaft made of these alloys. In the present study, thermody-

namic and kinetics of eutectic phase formation during solidification and the reheating

stages before forging of a large size X38CrMo16 martensitic stainless steel ingot are

investigated. Material characterization and microstructural evolution were characterized

in three different zones of a large size ingot. It was observed that the forging temperature

and the solidification rate were the two most effective parameters influencing the volume

fraction of the eutectic phase and its morphology. Optical and electron microscopy ob-

servations along with Energy Dispersion Spectroscopy (EDS) and Electron Backscatter

Diffraction (EBSD) measurements were used in the investigation. The results showed that

the eutectic phase precipitated primarily at the grain boundaries. Furthermore, a clear

evolution on the morphology and volume fraction of the eutectic phase including thin film-

like and skeleton-like carbides was found from the outer surface to the center of the ingot

along the radial direction. EDS analysis revealed the substantial presence of chromium,

molybdenum, and carbon within the M23C6 along the grain boundaries. Phase trans-

formation and the precipitation phase sequences were analyzed as a function of temper-

ature and composition of eutectic transformation using the Thermo-Calc software and the

predictions were validated with experimental findings.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Martensitic Stainless Steels (MSS) belong to the family of high

strength alloys and are widely used for rotors, turbine shafts,

and pump bodies due to their good balance of high strength,

ductility, and corrosion resistance [1]. The casting process of

the large size ingots of a metallic alloy is an industrial chal-

lenge due to the occurrence of macrosegregation during so-

lidification especially at the center of the ingot [2]. Besides,

variablemacrostructures including very fine grains in the chill

zone, columnar grains, and equiaxed grains can be seen along

the radial direction of the cast ingot [3]. These in-

homogeneities of alloying elements distribution and macro-

structure can modify thermophysical properties [4] and

microstructure [5,6].

MSS are rarely used in the as-cast state and the cast ingots

generally go through an open-die forging process carried out

at temperatures about 0.75 of the melting point of the alloy.

Finally, normalization, quenching and tempering treatments

followed by machining operations are applied to obtain the

final component (e.g. Turbine shafts). Prior to the open die

forging operation, cast ingots are reheated for tens of hours, in

the case of large size ingots, to reach the forging temperature.

Therefore, the selection of the reheating/forging temperature

is of critical importance to achieve the full breakdown of the

as-cast dendritic structure, eliminate solidification porosities,

and reduce the chemical (macrosegregation) inhomogeneity

[7,8].

The post forge microstructure is generally composed of

martensite, delta ferrite, and carbides [9]. Among these pha-

ses, delta ferrite is formed at high temperatures and its vol-

ume fraction, morphology and distribution could have a

significant impact on the quality of the final product. For

example, it has been reported that increasing the content of

the delta ferrite deteriorates the impact properties, decreases

tensile strength, ductility, and toughness [10e13]. In addition

to delta ferrite, carbides formed during solidification of MSS

and coarse carbides in themicrostructure act as a preferential

site for crack initiation and deteriorates the corrosion resis-

tance of the alloy. Finally, the combined presence of delta

ferrite and coarse carbides could significantly reduce the

formability of the alloy during high temperature forming op-

erations [14]. Specifically, Qi et al. reported that the size,

morphology, volume fraction, and distribution of the eutectic

phase are always a big challenge in heavy forging of MSS and

are often associated with crack propagation during deforma-

tion, which may result in scrapping of large size components

[15]. The present research work was initiated following

observation of cracks after forging of a 21 metric tons

X38CrMo 16 martensitic stainless steel ingot with the view to

understand the fundamental relations between process pa-

rameters and microstructure evolution and prevent future

cracking.
Table 1 e Chemical composition of X38CrMo16 used in this in

Element C Mn P S S

Content 0.37 0.88 0.03 0.024 0.
The eutectic phase precipitation is the result of the

decomposition of liquid to two solid phases at the final so-

lidifying phase [16]. Boccalini et al. investigated the effects of

the chemical composition and cooling rate on the develop-

ment of the solidifiedmicrostructure of high-speed steel. They

reported that the solidification sequence started with the

precipitation of primary delta ferrite from liquid followed by

the formation of austenite through a peritectic reaction and

then proceeded to the formation of eutectic carbides, M2C,

M6C, and MC, through a eutectic reaction. It has also been

reported that the total eutectic volume fraction increaseswith

increasing the carbon content, W/Mo ratio, V content, and

decreasing cooling rate [17]. Guo et al. investigated the pre-

cipitation sequence of different phases during the solidifica-

tion of a high chromium steel ingot. The DSC curve and

isopleth diagram revealed that the primary austenite formed

in the liquid at 1380 �C, then the eutectic reaction occurred in

the residual liquid with the eutectic phase composed of

austenite þ carbide and distributed along the grain boundary

[18]. Zhou et al. studied the effect of cooling rate during so-

lidification on the characteristics of the eutectic phase. They

reported that at a low cooling rate, 0.9 K/s, eutectic carbides

presented a needle-like or lamellar shape while with

increasing cooling rates, the carbides developed into a rod-like

shape [19]. It must be mentioned that the solidification

sequence in MSS is off eutectic, which means that first delta

ferrite phase forms from liquid followed by the formation of

austenite then carbide [20]. Off-eutectic solidification starting

with the initial formation of g dendrites, followed by a eutectic

reaction of L/ g þMC has also been reported for other alloys,

such as IN718 [21]. Some investigations have shown that the

precipitation of eutectic carbides could only occur under slow

cooling rates or during aging treatments and that fast cooling,

suppresses its formation [22,23].

Despite the significant impact of the formation and

characteristics of the eutectic phases during solidification of

martensitic stainless steels, there is very little data available

in the literature on macro and microstructural character-

ization of the above phases in the cast state of these steels.

The present work addresses this aspect and investigates the

influence of forging temperature on the characteristics of

eutectic phases in a large casting made of X38CrMo16

martensitic stainless steel. More specifically, the investiga-

tion focuses on establishing possible correlations between

the characteristics of the eutectic phases and the cracks

observed during the forging of the ingot. For this purpose,

advanced characterization techniques were used to deter-

mine the phase distribution, chemical composition, phase

identification, and morphology in three different zones of

the ingot. Moreover, a thermodynamic simulation was

utilized to determine the formation region of each phase at

the forging temperature and the corresponding eutectic

composition. The experimental investigation results were

then correlated with the thermodynamic simulation to
vestigation (wt. %).

i Ni Cr Mo Cu Fe

32 0.48 15.21 1.1 0.042 Bal.
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optimize the selection of the forging temperatures and

minimize defect generation.
2. Method

The chemical composition of the samples, X38CrMo16 MSS,

were determined using a SPECTROMAXx, Optical Emission

Mass Spectrometer. Three measurements were made for

each sample and the average value was used, Table 1. The

microstructural characterization was carried out for two

different forging temperatures, 1204 �C and 1260 �C. These
temperatures were selected based on a preliminary study

that allowed to narrow the ‘optimum’ temperature for the

reheating stage of the castings before the open-die forging

operation.

The samples were provided by Finkl Steel-Sorel, Quebec,

Canada. The production cycle starts with melting using a

45-ton electric arc furnace followed by ladle metallurgy

degassing and refining processes along with tight control of

the chemical composition. The casting process is bottom

pouring the molten steel at about 1570 �C into the mold. The

solidified ingot is then taken to the forge furnace and heat up

to the forging temperature (1200 �Ce1260 �C). The next step

after forging is heat treating of the sample through the quench

and tempering cycle.

The samples used for the present investigation were cut

from the center (C), quarter (Q), and surface (S) of the final

round product forging at 1204 �C and from the center of the

final round product forging at 1260 �C in the as-annealed

condition, as shown in Fig. 1. Two different forging temper-

atures were used on two different ingots but with the same

chemical composition, forge plan, and heat treatment. The

heat treatment for both ingots started with holding the
Fig.1 e (a), As-cast ingot. (b), As-forged ingot. (c), Schematic illu

characterization.
ingots at 537.77 �C for 65 h then followed by annealing at

954.44 �C for 17 h and cooling approximately 14.17 �C/h until

343.33 �C. Finally, tempering was done at 648.88 �C with

1.5hr/in.

The specimens were individually mounted and polished

from 600 to 1200 grade SiC paper, then finished with 1 mm

diamond grain paste. To reveal the microstructure, as-

annealed samples were etched with Villela solution

composed of 1 gr (O2N)3C6H2OH, 5 ml HCL, and 100 ml C2H5OH

for approximately 25 s. For microstructural characterizations,

an Olympus LEXT OLS4100 laser confocal microscope was

used. For scanning electron microscopy characterizations, a

Hitachi SU8230, at 10 kV and 5 kV equipped with Brukers

energy-dispersive spectroscopy EDS Quad detector (QUAN-

TAX FlatQUAD) was employed. The phase identification of the

microstructure was examined by a SU-8230 HITACHI equip-

pedwith a Bruker e�FlashHRþ electron backscatter diffraction

(EBSD) detector using 10 kV and a pixel size of 64.9 nm. The

total map size and working distance were 3158 mm2 surface

area and 15 mm respectively. The EBSD data were post-

processed using QUANTAX ESPRIT software. For the EBSD

analysis, the specimens were mechanically polished down to

0.5 mm. Then, the residual fine scratches and deformed sur-

faces were eliminated using an IM4000Plus ionmilling system

under 6 kV accelerating voltage and 25 rpm rotation speed for

40 min.

The XRD measurement was carried out using X'Pert3 MRD

PANalytical with Cu Ka radiation (l ¼ 1.541 A�) with an angle

between 20 and 90� (2-theta), the step size of 0.02� and use of

monochromator. Also, Thermo-Calc thermodynamic soft-

ware with steel and Fe-Alloy database and 2020a version was

employed to simulate the phase diagrams and phase pro-

portions over a wide range of temperatures and chemical

compositions.
stration depicting the sample location used in material

https://doi.org/10.1016/j.jmrt.2021.04.075
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Fig. 2 e Microstructure of deformed X38CrMo16 at 1204 �C etched by Villela (aec): Center (def): Quarter (gei): Surface.
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3. Results

3.1. Microstructure analysis

Optical microscopy observation of the ingot forged at 1204 �C,
Fig. 2, revealed the presence of a white phase, primarily

precipitated along the grain boundaries. The volume fraction

of thewhite phasewas different from the surface to the center

regions. The highest amount was found in the center region

and a notable decrease towards the surface. As shown in Fig. 2

(a-c), in the center region, the blocky and coarse white phase

can be seen clearly, while in the quarter region, Fig. 2 (d-f), a

few blocky precipitates as well as film-like phase along the

grain boundary are present. As the distance from the center

increases, the quantity of the white phase decreased in favor

of a thin film-like along the grain boundary, Fig. 2 (g-i). The

thickness of the film-like phase varied along the grain

boundaries and was between 0.5 and 1 mm.

Fig. 3 shows illustrative examples of the microstructure of

the three regions for the ingot which was forged at 1260 �C.
Microscopic observation revealed the presence of coarse
white phases, which were discontinuous and distributed

locally, as opposed to what was observed when the forging

was carried out at 1204 �C (Fig. 2).

Elemental analysis by EDS was conducted for ingots forged

at 1204 �C and 1260 �C and the results are reported in Figs. 4

and 5, respectively. The analyses revealed that in both cases,

a significant enrichment of alloying elements such as Cr, Mo,

and C in the white phase as compared to the original

composition of the steel (0.37% C, 15.21% Cr, and 1.1% Mo

(wt.%)). The carbon contents reported in Figs. 4 and 5 could be

compared with the nominal composition (0.37% C). However,

it must be noted that although the EDS analyses were done

using a high-resolution EDS detector (QUANTAX FlatQUAD)

the obtained values are not absolute and should be regarded

as relative only for comparison purposes.

In order to better identify the formation and composition of

the white zones, simulation of phases formed between 500 �C
and 1500 �C was carried out using Thermo-Calc software, and

the results are reported in Fig. 6. It can be seen that during

equilibrium solidification, the start temperature for M23C6

carbides precipitation is around 1100 �C and the stable phases

at room temperature are ferrite, M23C6, M2P, andMnS. As well,

https://doi.org/10.1016/j.jmrt.2021.04.075
https://doi.org/10.1016/j.jmrt.2021.04.075


Fig. 3 e Microstructure of deformed X38CrMo16 at 1260 �C etched by Villela.
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the eutectic temperature is 1243.42 �C with 20.5 %Cr and the

primary ferrite structure starts to be formed when the tem-

perature decreases to 1468.39 �C. The diagram would be more

discussed in the next section.
Fig. 4 e Chemical composition analysis measured by EDS for th

(b), White phase.
X-ray diffraction data of the center of both ingots forged at

1260 �C and 1204 �C, extracted from a computer-controlled

system, is presented in Fig. 7. The data were plotted in the

form of the square root of x-ray intensity [Sqrt (counts/sec)]
e ingot with 1204 �C forging temperature (a), Matrix.

https://doi.org/10.1016/j.jmrt.2021.04.075
https://doi.org/10.1016/j.jmrt.2021.04.075


Fig.5 e Chemical composition analysis measured by EDS for the ingot with 1260 �C forging temperature.
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versus 2q (degrees) to better reveal the weaker peaks. The 2q

range for the specimens of this study was between 20 and 90�

with a step size of 0.02�. In Fig. 7, the peakswere indexed using

highScore Plus software with standard database (PLU2020).

SEM micrograph and elemental map of the white phase by

EDS is reported in Fig. 8 for both testing conditions. The figure

depicts the significant reduction of Fe and a sharp increase in

Cr and Mo. This observation confirms that the alloying
Fig. 6 e Thermo-Calc phase diagram simulation between
element enrichment detected in the white phase is present

along the interface between the matrix and the white phase.
4. Discussion

In ingot casting, the macrostructure of the as-cast material

along the radial direction is composed of three distinct zones
500 �C and 1500 �C using the composition of Table 1.

https://doi.org/10.1016/j.jmrt.2021.04.075
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from the mold wall to the center of the ingot [24]. The signif-

icant magnitude of the temperature difference between the

mold wall and the melt leads to the rapid cooling of the zones

in contact with the wall resulting in the nucleation of equi-

axed and fine grains forming what is commonly called the

“chilled zone”. With the advancement of the solidification

interface, the temperature gradient decreases, and the crys-

tals gradually grow dendritically in certain crystallographic

directions. In this zone, the grains grow along a preferred

orientation parallel to the heat flow direction, resulting in the

formation of columnar grains. The third zone at the center of

the ingot is called “equiaxed zone”which consists of equiaxed

grains oriented randomly [25]. The above distinction of the

three zones in the cast ingot will be used in the following to

analyze the obtained results.

4.1. Off- eutectic non-equilibrium solidification

The non-equilibrium solidification process of large castings

with off-eutectic composition may lead to two types of

segregation [26]. There is macrosegregation which causes

compositional variations over large distances (tens of centi-

meters), and there is microsegregation that takes place on the

scale of grain boundaries and secondary dendrite arm spacing

[2]. The extent of microsegregation depends on solidification

conditions such as local cooling rates, thermal gradients, and

changes in chemical composition. These factors control the

migration of solutes at the solid/liquid interface so that by

increasing the distance from the mold wall, the thermal

gradient ahead of the solidification interface is gradually

decreased and more solutes are released into the liquid. With

the advancement of solidification, the residual melt, rich in

solutes, primarily congregates in the root zones of the
Fig. 7 e XRD pattern of as polished X38CrMo16
dendrites due to lower thermal dissipation in these zones.

Consequently, the eutectic transformation takes place at the

final solidification zones, dendrites, and grain boundaries and

produces two composite solid phases (Ferrite þ M23C6)e.

As shown in Fig. 6, the equilibrium phase diagram pre-

dicted by Thermo-Calc, the phase sequence during the solid-

ification process of X38CrMo16 includes:

L/ L þ Ferrite/ Lþ gþ Ferrite / Lþ gþ Ferrite þ MnS / gþ
Ferrite þ MnS / gþ MnS / gþ M23C6 þ MnS/ g

þFerrite þ M23C6þMnS / Ferrite þ M23C6þMnS /

Ferrite þ M23C6þMnS þ M2P

And the eutectic transformation that occurs along the

grain boundaries is:

L / Ferrite þ M23C6

It is shown in Fig. 6 that X38CrMo16 is an off-Eutectic alloy

with 15.20 %Cr in nominal composit14ion and 21.5 %Cr in

eutectic composition. By solidification proceeding, the solute

distribution depends on the advancing rate of the solidifica-

tion interface and the diffusion coefficient of the solute in the

liquid phase. According to the Scheil equation [27], the solute

distribution in a definite volume can be described by the

following equation:

CL ¼ C0 f
ðKE�1Þ
L

where CL

�
mol
L

�
is the solute concentration in the residual

melt, C0

�
mol
L

�
represents the initial solute concentration, fL is
specimen forged at (a), 1260 �C (b), 1204 �C.

https://doi.org/10.1016/j.jmrt.2021.04.075
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Fig. 8 e SEM micrograph and elemental map by EDS of the white phase of forging temperature (a), 1204 �C (b), 1260 �C.
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the fraction of residual melt, and KE (the ratio of the concen-

tration of a substance in one medium or phase to the con-

centration in a second phase) describes the effective partition

coefficient. On the other hand, KE and solidification rate could

be related to each other using the following relation reported

by Burton et al. [28]:

KE ¼ K0

K0 þ ð1 � K0Þexp
�
� RdN

DL

�

where k0 is the equilibrium partition coefficient of solute,

R
�
m
s

�
is the solidification rate; dN ðmÞ the thickness of diffusion

boundary layer in advance of the solidification interface;

DL

�
m2

s

�
the diffusion coefficient of solute in a liquid phase. It
is clear that the higher the KE, the lower the CL or the smaller

the solute concentration in the residual melt.

In the chill zone, the cooling rate (R) is the highest, and a

large number of grains nucleate simultaneously. The higher

R leads to smaller CL because of increasing KE. Therefore, the

solute partition during solidification is nearly suppressed.

Under these conditions, most of the solutes are trapped in

the pre-solidified grains and lower number of solute atoms

are rejected into the melt in front of the solidification front.

It can be seen in Fig. 2 (g-i) that the thin film-like eutectic

carbides are precipitated along the grain boundaries. By

taking distance from the mold wall (in the columnar zone),

the thermal and constitutional supercooling as well as R

becomes smaller and CL increase correspondingly. So, more

solutes are rejected into the bulk melt from the solidification

https://doi.org/10.1016/j.jmrt.2021.04.075
https://doi.org/10.1016/j.jmrt.2021.04.075


Fig. 9 e EBSD orientation mapping of the specimen: (a), band-contrast image; (b), phase map (blue-M23C6 phase, red-ferrite

phase).
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front. As shown in Fig. 2 (d-f), the liquid metal in the dendrite

and grain boundary zones reaches the eutectic composition.

At the center of the ingot (i.e. in the equiaxed zone), the

thermal transfer is much smaller as compared with the

two other zones and therefore after complete solidification,

the eutectic carbides precipitate in the center of the

ingot along the dendrite and grain boundaries, as revealed in

Fig. 2 (a-c).

4.2. Identification of the eutectic phase

To detect and identify the eutectic phase, EBSD measure-

ments were conducted by considered phases including

Austenite-fcc, Ferrite-bcc, and chromium carbide. To iden-

tify the type of Carbide and other phases, we selected

different types of chromium carbides and M23C6 was the

best well-matched carbide with minimum zero solution

percentage.

The results show that the chromium-rich regions could be

related to M23C6 carbide (in blue) precipitated in a matrix of

delta ferrite (in red), Fig. 9.

The distribution and volume fraction of the eutectic phase

plays a crucial role in changing the mechanical properties,

which may lead to cracking and part rejection during the

forging operation. Therefore, the forging temperature must

be adjusted in a way to do not reach the eutectic phase

composition. Specifically, in the present study, the formation

temperature of the eutectic phase is 1243.42 �C and thus the

forging temperature of 1260 �C is higher than the eutectic

temperature transformation. This means that the eutectic

phase precipitated along the grain boundaries would be

liquid when forging was carried out at 1260 �C. In contrast,

when forging at 1204 �C, no liquid phase is expected to be

present.

Very little or no data is available in the literature on the

forging of high strength steels in presence of a liquid phase

and its impact on crack initiation. Higashi et al. studied the

effect of liquid phase on tensile elongation of superplastic

aluminum alloys and reported that macroscopic melting

begins to occur when forging temperature is higher than the

eutectic temperature. They also found that, as the presence

of the eutectic phase was increasing at the grain boundaries,
the shear stress could not be transferred across them

resulting in crack initiation [29]. In another study, Vaandr-

ager and Pharr reported that by applying the stress, the liquid

phase quickly redistributed and squeezes out of highly

stressed boundaries and flows into less highly stressed

boundaries. If the volume fraction of the liquid is increased,

deformation proceeds by grain boundary sliding accommo-

dated by the formation of cavities in the liquid which

adversely affects the formability of the material [30]. Finally,

in a recent publication, Yongnan et al. [31] investigated the

effect of temperature on the segregation and deformation

mechanism of aþTi2Cu alloy during semi-solid forging. They

found that by increasing the forging temperature, a contin-

uous liquid layer is formed at the grain boundaries that

moves along the grain boundary during deformation and a

significant amount, similar to amacrosegregated zone, of the

Ti2Cu phase is formed.

In the present study, as reported in Fig. 3, at the higher

forging temperature, the higher amount of the eutectic phase

present in thematerial, results in the formation of continuous

bands of large macrosegregated zones which could be the

source of cracking; while at the lower forging temperature, a

more discontinuous phase distribution is observed thereby

reducing any cracking risk.
5. Conclusion

This research investigated the characteristics of eutectic

phase precipitation as a function of the forging tempera-

ture in a large diameter ingot made of X38CrMo16

martensitic stainless steel and the following conclusion

were obtained:

1. The eutectic carbides in the off-eutectic X38CrMo16

martensitic stainless steels primarily precipitated at the

grain boundaries.

2. The morphology and distribution of the eutectic phase

varied from the outer wall to the inner wall along the radial

direction of the mold. Different morphologies consist of

thin film-like carbides, skeleton-like and blocky carbides

were revealed.
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3. The volume fraction of the precipitated eutectic phase was

affected by the cooling rate during solidification. Increasing

the cooling rate suppressed the solute migration to the

liquid phase which led to decreasing the amount of eutectic

carbide. In contrast, a significant amount of eutectic phase

precipitated along the grain boundaries at the center of the

ingot which experiences the lowest cooling rate.

4. The type and composition of eutectic phases were deter-

mined through EBSD. The results indicated that alloying

elements such as Cr, Mo, and C were aggregated remark-

ably on the eutectic carbide and the eutectic phase is a

mixture of M23C6 þ delta ferrite.

5. The equilibrium phase diagram of X38CrMo16 was simu-

lated by Thermo-Calc software that was consistent with

experimental results.
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