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Hot ductility behavior of a
high alloy steel
J.-H. Min, S.-H. Kwon, S.-D. Lee, S.-W. Moon, D-.K. Kim, J.-S. Lee, Y.-U. Heo, C.-H. Yim

Hot ductility behaviour is studied in a cast steel at the intermediate temperature range. A low carbon cast steel is heated to 1,673K
(1,400°C) and cooled to 673-873K at the heating and cooling rate of 10K/s. Tensile test is performed at the target temperature. Ductility decreases abruptly, shows the lowest at 823K (550°C), and then recovers gradually as the tensile testing temperature decreases.
Fracture surface shows the intergranular fracture with small craters at 823K. Further study on the fracture behaviour reveals that the
upper bainite structure existing the cementite at the prior austenite grain boundary is crucial for the embrittlement. Segregated phosphorus triggers the initial micro-crack generation at the grain boundary cementite/matrix interface. Detailed embrittlement mechanism and the fabrication way for sound cast iron are discussed.
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INTRODUCTION
Slab imperfection in the continuous casting process is one of
the major factors causing economical loss. Most of slab imperfection is related with the defects on the slab surface. Finding
the origin of those defects is important in views of understanding the detailed embrittlement mechanism in the academic
field as well as saving production cost in the industrial field.
Surface cracks occur mainly in the midface or corner region of
cast steel, and typically include transverse cracks and corner
cracks. One of the most important factors that affects transverse cracks is steel composition. Steel containing aluminum,
niobium, vanadium and over 1 pct manganese is particularly
susceptible to cracking. Hater et al. [1-7] have reported that the
cracks occur at the austenite grain boundaries (GBs) which are
enriched in aluminum, probably in the form of AlN. Similar to
the effects of Al, steel containing Nb and V also precipitates MC
carbide at GBs in between 973 K (700°C) and 1173 K (900°C),
and shows intergranular cracking. As the application condition
of the constructive steel moves to the harsh and severe environments, the needs for the production of high strength steels
are increasing. To achieve high strength, low carbon steel includes a large amount of alloying elements such as Mn, Ni and
Cu. However, the tendency of crack generation at the surface
or sub-surface increases as the contents of those elements increase.
In the fabrication of thick plate, quality control at the continuously-casted slabs is very important. To achieve the sound
slab, the secondary cooling condition is typically set as a hard
cooling condition, and so the slab surface temperature at the
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unbending zone is controlled below 873K (600°C) [8,9]. Generally, it is reported that the ductility decreases significantly in
the brittle zone between 873K and 1173K (900°C), and gradually
recovered in the intermediate temperature range (below
600°C) [10]. However, the unexpected increase of
crack generation in the slab containing large amount of alloying elements is observed at the intermediate
temperature range. The detailed reason and embrittlement mechanism are not clarified yet.
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It is the aim of this research that elucidates the embrittlement
mechanism of the continuously-casted slab at intermediate
temperature. Tensile properties are firstly obtained at the temperature range of 673K (400°C) ~873K (600°C).
The extensive analyses from fracture surface to grain boundary
precipitates are applied to clarify the detailed embrittlement
mechanism. On the bases of the experimental results, the fracture mechanism and the governing factor of brittle fracture
illuminate.

is fabricated by continuous casting process.
The slab was machined to the tensile specimen as shown in
Fig. 1(b). Tensile test was performed using a Caster&Thermomechanical simulator(40334, Fuji electronic industrial, Saitama). All the specimens were heated to 1673 K (1400°C) at a
heating rate of 10K/s for the dissolution of precipitates, held for
300Sec. at the temperature, and then cooled to the target temperature(673, 723, 773, 823, and 873 K) at a cooling rate of 10
K/s (Fig. 1(a)). Tensile test was performed at the target temperature after holding for 60sec.

Experiment
A slab specimen which has the chemical composition in Tab. 1

Fig. 1 – (a) Schematic drawing of heat treatment for tensile test. (b) Specimen size
Stress-strain curves were obtained during tensile test. Displacement of the specimen converted to strain by
dividing with total gage length. To confirm tensile behaviour,
the test was repeated to maximum 3 times at the
same target temperature. The reduction in area(RA) at the fractured specimen was measured [11].
Fracture surfaces were observed using a field-emission scanning electron microscope (FE-SEM, JSM-7100F, Japan Electron
Optics Ltd. (JEOL), Tokyo). The micro-cracks below the fracture surface was also investigated using a FE-SEM and an FE
electron probe micro analyzer (EPMA, JXA-8530F, JEOL, Tokyo).
To observe the micro-crack, the fracture part of tensile-tested
specimen was cut in half and the cross-sectional specimen was

prepared by micro-polishing and etching in a 3% Nital etchant.
Segregation behavior of the impurity elements was investigated using a nano secondary ion mass spectroscope (NANOSIMS, NANO-SIMS 50, CAMECA, Gennevilliers Cedex).Cs+ gun
maintained with current of 0.4 pA and impact energy of 16
keV was used for the detection of 12C-, 31P, 32S, 55Mn16O-, 63Cu.
Cementite formation at the prior austenite GB and in a grain
was also observed in an FE- transmission electron microscope
(FE-TEM, JEM-2100F, JEOL, Tokyo) equipped with
Oxford energy dispersive spectroscope (EDS, AZtec, Oxford instrument, Abingdon). Accelerating voltage for the observation
was 200 keV and the beam size for EDS analysis was about 1
nm.

Tab. 1 – Chemical Composition (wt%)

16

C

Mn

P

S

Cu

Nb

Ni

Fe

0.05~0.07

1.6~2.0

0.0054

0.0010

0.1~0.3

0.02~0.04

0.30~0.50

Bal.
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Results
Fracture behavior of the cast steel at intermediate
temperature
Stress-strain curves obtained from the tensile test are shown in
Fig. 2. Total elongation decreases, shows

minimum at 823 K, and then increases again as testing temperature decreases. Comparing tensile curves at 873 and 823
K, yield stress is 1.5 times larger at 823 K than that at 873 K.
There is the possibility of to bainite transformation at 823 K.

Fig. 2 – (a) Stress-strain curves and (b) RA values
RA value showed abrupt decrease as testing temperature decreases from 873 to 823 K. Ductility recovers again at the lower
temperature. Comparing the case [10] of low alloy steels which

show the recovery of ductility below 873 K, this is an unexpected result. To understand the reason of ductility variation,
fracture surfaces were observed in FE-SEM.

Fig. 3 – FE-SEM images of fracture surfaces: (a) 873 K, (b) 823 K, (c) 773 K, (d) 723 K, (e) 673 K, and (f) high magnification image of
fracture surface (823 K)
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Ductile fracture surfaces are shown at 673, 723, and 873 K
where RA values are relatively high (Fig.s 3(a), (d), and (e)).
However, intergranular fractures are observed at 773 and 823
K where RA values are low (Fig.s 3(b) and (c)). High magnification image reveals large number of small craters on the intergranular fracture surface at 823 K (Fig. 3(f)). Interestingly, small
particles which are probability GB precipitates are observed in
the core of craters.
Role of GB cementite on the micro-crack formation
Micro-cracks are observed at the tensile-fractured specimen
at 823 K. As shown in Fig. 4(a), crack forms along the prior
austenite GB (PAGB) at 823K. It was observed that GB cementite particles of 1μm or less in size distributed near the crack.

Martensite-austenite (M-A)constituent was present in the packet or block boundary.
Bright field (BF)-TEM image of this specimen shows cementite
formation at PAGB or lath boundary where the microstructure is close to upper bainite structure (Fig. 4(b)). On the other
hand, cementite is mainly distributed inside of a grain at 673 K
where ductile fracture occurs (Fig.s 4(c) and (d)). GB cementite
is hardly observed at the GB. This is a typical low bainite structure. EDS spectra of cementite and matrix are compared in Fig.
4(f). Cementite shows slightly higher Mn content than that of
matrix. It is considered that the GB cementite is related to GB
embrittlement at 823 K. The M-A phase which is mainly distributed in the inside of the grain has probably no relation with
intergranular fracture.

Fig. 4 – FE-SEM and BF-TEM images, and EDS spectra in the tensile-fractured specimen:(a) FE-SEM and (b) BF-TEM image of tensilefractured specimen at 823 K, (c) FE-SEM and (d) BF-TEM image of tensile-fractured specimen at 673 K, and (e) EDS spectra of GB
precipitate and matrix.
18
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The initiation of micro-crack at 823 K was investigated using
EPMA analysis. Secondary electron (SE) and back scattered
electron (BSE) images in Fig.s 5(a) and (b) show the formation
of multiple micro-cracks at PAGB. GB cementite position was
identified at the EPMA carbon map in Fig. 5(c). The correlation
between GB cementite and micro-crack positions is studied by

super imposing GB cementite positions on SE and BSE images.
Micro-cracks were formed at the GB cementite/matrix interfaces. EPMA sulfur map in Fig. 5(d) shows sulfur segregation
at the each micro-crack region. This segregation of sulfur will
further weaken the neighboring GB.

Fig. 5 – (a) SE and (b) BSE Image of micro-crack formed at 823 K. (c) and (d) are EPMA carbon and sulfur maps, respectively.

To clarify the origin of initial decohesion at the GB cementite/matrix interface, nano-SIMS analysis was conducted. Fig.6.
shows the nano-SIMS maps at the crack-free GB in the tensilefractured specimen at 823 K. GB cementite is clearly identified in the carbon and manganese map (Fig.s 6(a) and (d)).
Phosphorus is enriched around the GB cementite (Fig. 6(b)),
and the weak sulfur segregation around the GB cementite is
also observed(Fig. 6(c)). Copper also segregates around the GB
cementite. Detailed segregation behaviors at the GB cementite/

La Metallurgia Italiana - n. 7/8 2018

matrix interface and the cementite-free GB are shown in Fig.s
6(f) and (g), respectively.
Phosphorus segregation is dominant at the GB cementite/matrix interface. However, the cementite-free GB shows relatively
low level of segregation. Phosphorus segregation at the GB
cementite/matrix interface weakens cohesive strength at the
interface. Therefore, the formation of micro-crack initiates at
this weakest interface under tensile stress as shown in Fig. 5.
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Fig. 6 – (a)~(e) Nano SIMS maps at 823 K, and line scan results of (f) GB cementite/matrix interface and (g) cementitefree GB.
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Discussion
Intergranular fracture mechanism of a cast steel at
intermediate temperature
Up to now, the embrittlement of steels at the intermediate temperature was studied actively in the high strength low alloy
(HSLA) steel [12,13]. When the HSLA steel is isothermally held
in between673 and 873 K, the ductilebrittle transition temperature (DBTT) increases. The intergranular brittle fracture occurs
below the room temperature.
This behavior is known as temper embrittlement. There were
many attempts to interpret the origin of temper embrittlement.
Impurity segregation such as phosphorus, zinc, tin, and so on,
was explained as the possible origin of GB embrittlement. M. P.
Seah [12] reported that the nose of embrittlement was mainly
formed in between 773 and 873 K, and phosphorus segregation at the GB was maximized at the nose. This temperature
dependent segregation behavior is related to the segregation
kinetics. Even though the equilibrium GB segregation concentration of P increases as the holding temperature decreases,
actual segregation concentration decreases at the low temperature due to its low diffusivity. Matrix phase which defines the
diffusivity of impurity element is also an important factor for
GB segregation. Diffusivity of phosphorus in is one order of
magnitude smaller than that in [14]. GB phosphorus segre-

gation will be much smaller in -matrix than that in -matrix.
Therefore, phosphorus segregation could be maximized at the
upper bainite temperature region. In this study, the embrittlement behavior at intermediate temperature is related to the
distribution of cementite at PAGB as shown in Figs. 3 to 6.
Strong phosphorus segregation at the GB cementite/matrix
interfaces has triggered the decohesion of those interfaces.
Preferred segregation of impurities (P, S) at the GB precipitate/
matrix interface was reported in the several literatures [15-18].
This is understood as the higher interface energy at the phase
boundary.
On the base of experimental results, the intergranular fracture mechanism of a cast steel at intermediate temperature is
established in Fig. 9. Cementite is formed at the PAGB. Active
segregation of impurity (P) occurs at the GB cementite/matrix
interface (Fig. 6). Formation of micro-cracks initiates at the
weak GB cementite/matrix interface (Fig. 5). Micro-crack makes
a free surface for the segregation. Sulfur segregates actively
at the free surface which is formed by the decohesion of the
GB cementite/matrix interface (Fig. 5)[19]. Sulfur segregation
around the micro-cracks decreases the cohesive strength of
the neighboring un-cracked GB. Micro-crack grows and coalescences with the neighboring micro-crack. Finally, intergranular
fracture occurs by the linking of all the micro-cracks.

Fig. 8 – Intergranular fracture mechanism of a cast steel at intermediate temperature
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On the intergranular fracture surface, the small craters are remainders shown in Fig. 3(f). The crater is formed during accommodating deformation after the initial decohesion of GB
cementite/matrix interface for a considerable time
Conclusion
Embrittlement mechanism of a cast steel which contains relatively large amount of alloying elements (Mn, Cu, Nb, Ni)
was studied at the temperature range of 673~873 K. The characteristic embrittlement behavior was observed at the upper
bainite temperature range. RA values increased again at the
low bainite temperature range. Through the detailed studies on
the embrittlement mechanism at the intermediate temperature,
following conclusions have been reached:
1. Embrittlement of cast steels at the intermediate temperature
range is predominantly influenced by P segregation.

2. Active segregation of P at the GB cementite/matrix interface
is confirmed by nano-SIMS analysis.
3. Upper bainite structure where cementite precipitates at
PAGB accelerates the embrittlement by the easy decohesion of
GB cementite/matrix interface.
4. S segregation at the micro-crack area is confirmed by EPMA
analysis. S segregation at the micro-cracks promotes the
growth and coalescence of micro-cracks.
5. It is recommended that slab temperature is controlled to
avoid the upper bainite temperature range at the unbending
zone.
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