
Research & Development

185

August 2009

In-situ SEM observation on fracture 
behavior of austempered silicon 
alloyed steel

Associate professor at the Department of Mechanical 
Engineering, Tsinghua University, obtained BA and MA/Ph.D 
degrees in Tsinghua University and  visited Lulea University 
of Technology in Sweden as a visiting scholar in 2008. His 
research and teaching interests are in the areas on foundry 
alloying materials, porous materials.

E-mail: xchen@mail.tsinghua.edu.cn

Received: 2009-03-19;  Accepted: 2009-05-20

*Chen Xiang

*Chen Xiang1, Vuorinen Esa2 and Grahn Jonny2

(1. Key Laboratory for Advanced Materials Processing Technology, Ministry of Education of China, Department of Mechanical 

Engineering, Tsinghua University, Beijing 100084, China; 2. Division of Engineering Materials, Department of Applied Physics and 

Mechanical Engineering, Luleå University of Technology, SE-97187 Luleå, Sweden)

Abstract:  Crack initiation, propagation and microfracture processes of austempered high silicon cast steel have 
been investigated by using an in-situ tensile stage installed inside a scanning electron microscope chamber. It is 
revealed that micro cracks always nucleate at the yielding near imperfections and the boundary of matrix-inclusions 
due to the stress concentration. There are four types of crack propagations in the matrix: crack propagates along 
the boundary of two clusters of bainitic ferrite; crack propagates along the boundary of ferrite–austenite in bainitic 
ferrite laths; crack propagates into bainitic ferrite laths; crack nucleates and propagates in the high carbon brittle 
plate shape martensite which is transformed from some blocky retained austenite due to plastic deformation. 
Based on the observation and analysis of microfracture processes, a schematic diagram of the crack nucleation 
and propagation process of high silicon cast steel is proposed.
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During the last two decades, a great of efforts has been 
devoted to the study of microstructural characteristics 

and their effect on the mechanical properties of high silicon 
steel [1-10]. This kind of steel has fine duplex microstructure 
of bainitic ferrite and retained austenite which similar to 
ausferrite, a unique structure in ADI and is a material of high 
interest due to its excellent combinations of high strength, 
ductility, toughness, fatigue strength and wear resistance. High 
silicon steels have also great potential to become a structural 
material with low cost and high reliability [5, 10].  

However, only a limited amount of work has been done 
on microprocess of fracture in silicon alloyed steels, and 
this is very important to understand the crack initiation 
and propagation. In this paper, the study on microfracture 
processes of high silicon cast steel by observation and analysis 
using an in-situ tensile stage installed inside a scanning 
electron microscope (SEM) chamber at room temperature is 
presented. 

1 Experimental procedure
The chemical composition of the silicon alloyed steel is listed 
in Table 1.

Table 1: Chemical composition of silicon alloyed steel

C Si Mn P S Cr Mo V Ti RE Fe

0.72 2.11 0.38 0.024 0.017 0.035 0.32 0.043 0.024 0.021 Bal.

The steel was melted in a 500 kg medium-frequency 
coreless induction furnace with siliceous lining, with charge 
materials of silicon steel scrap, graphite, Fe-Si, Fe-Mn and Fe-
Mo master alloys. The melt was superheated to 1,600 °C, held 
at the temperature for 5 minutes, then cast into Y blocks (type 
II) by investment casting.

The samples were cut from the bottom of the Y blocks. The 
test samples were austenitized at 900°C for 30 minutes in a 
resistance furnace with a power of 5 kW. Austempering was 
performed at 360 °C for 30 minutes in a salt bath, and then 
cooled in air. The austenitizing and austempering temperature 
was regulated by a Naber NM1R temperature processer. The 
specimens for in-situ scanning electron microscope (SEM) 
observation were sliced into 1 mm thick plate by electrical 
discharge wire cutting and subsequently ground down to a 
thickness of 50 – 70 µm on a wet 800 grit silicon carbide 
abrasive paper. After grinding the samples were finally 
polished using 0.25 µm diamond paste. Figure 1 illustrates the 
specimen geometry and dimension. Etched specimens by a 
3% natal solution were also prepared for in-situ tensile testing 
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and observation. In-situ tensile experiments were conducted 
in a Jeol JSM 6460 SEM with a Deben microtest appendix 
with maximum load capacity of 200 N at room temperature 
using an accelerating voltage of 15 kV. The motor speed of the 
microtest is 0.1 mm/min.

Fig.1: Geometry and dimension of the tensile 
specimen for in-situ SEM observation

in Fig. 2. When the micro-tensile specimen is extended, the 
crack is fi rst nucleated at the yielding near the imperfections. 
These imperfections, which could be considered as a notch tip, 
were possibly caused during electrical discharge wire cutting, 
leading to stress concentration, see Fig. 2(a). Around and 
ahead of the crack, there is a lot of slip lines observed in the 
un-etched specimens, as illustrated in Fig. 2(b). The slip lines 
are orientated along the maximum shear stress direction. The 
orientation and the path of the crack have shown that the crack 
propagates and widens along the slip planes. With a further 
straining, the second micro crack nucleates at the ahead of 
the fi rst one, and then the micro cracks propagate and merge 
into each other, and the interfacial crack opens, which become 
the main crack, as shown in Fig. 2 (b) and (c). The matrix 
microstructure of high silicon cast steel after austempering 
heat treatment consists of colonies of finer acicular bainitic 
ferrite (dark etched) and carbon-enriched retained austenite. 
The micrograph of etched specimen in Fig. 2(d) shows that 
the slip lines initiate in the austenite between the bainitic 
ferrite laths due to its lower yield stress. The orientation of the 
bainitic ferrite laths affects the initiation and propagation of 
slip lines and cracks.

2 Results and discussion

2.1 Crack nucleation
The SEM micrographs of crack initiation, propagation and 
microfracture processes in high silicon cast steel are shown 

Fig. 2: SEM micrographs of crack initiation and propagation: crack nucleation near the imperfection on 
the specimen (a), micro crack initiation and propagation along the slip lines (b) and (c), slip lines 
nucleation in the austenite between the bainitic ferrite laths (d)

Some inclusions are observed on the surfaces of the 
specimens and energy dispersive X-ray (EDX) analysis has 
shown that these inclusions are some kind of sulfur compound. 
During tensile the micro cracks also nucleate at the inclusion-
matrix interface as a result of stress concentration, as shown 
in Fig. 3. With increasing strain, the cracks propagate along 

the inclusion-matrix interface and new micro cracks form at 
the inclusion-matrix interface or in the inclusions near the 
interface. Then the interfacial cracks propagate, connect to 
each other, and open. When the interfacial cracks propagate all 
around an inclusion, a crack forms inside the matrix adjacent 
to the inclusion.

(a)

(c)

(b)

(d)
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Cracks always nucleate at the regions where a strong plastic 
deformation exists indicating that the formation of cracks is 
related to local plastic deformation of the matrix. It is generally 
agreed that a cleavage micro crack can initiate through the 
mechanisms of Cottrell's dislocation reaction or the models of 
piled-up dislocation [11]. According to Smith's cleavage crack 
fracture theory, when the second phase particles (such as 
carbide, inclusions, etc.) exist in a material matrix, cracks could 
nucleate as a consequence of dislocation [12, 13] at the boundary 

of matrix-particle. Equation (1) gives the relationship between 
the effective shear stress xe and the diameter of the second 
phase particles:

                           2/1
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Where xe is effective shear stress, G is the shear modulus, 
v is Poisson’s ratio, c is the effective fracture surface energy 
and d is the particle diameter. The smaller the particle 
diameter d, the higher the resistance to crack formation. 
After austempering heat treatment, there were no carbides 
precipitated in the structure because concentration is 
suffi ciently high to prevent the precipitation of cementite from 
austenite, but some large size inclusions are observed.

Micro cracks are nucleated at the inclusion-matrix interface, 
which is perpendicular to the direction of the tensile stress. It is 
because the mechanical properties of inclusion and the matrix 
are very different. The stress concentration caused by the local 
deformation during the elastic deformation stage can be up 
to 800–1,300 MPa [14]. The inclusion-matrix interface is very 
weak, when the stress concentration is larger than the bond 
strength of the inclusion-matrix interface, crack nucleates. 

2.2 Crack propagation
There are four types of the crack propagation in the matrix of 
high silicon cast steel, which are shown in Fig. 4. 

Fig. 3: Crack initiation and propagation at the inclusion-
matrix interface and propagation inside the 
matrix adjacent to the inclusion

Fig. 4: Crack propagation in matrix:(a) the crack A-B propagates along the boundary of two clusters of bainitic 
ferrite and the crack B-C propagates along the boundary of ferrite–austenite in bainitic ferrite laths; (b) the 
crack D-E propagates along the boundary of two clusters of bainitic ferrite and the crack E-F propagates into 
bainitic ferrite laths; (c) the crack G-H propagates along the boundary of ferrite–austenite in bainitic ferrite 
laths; (d) the cracks nucleate and propagate in a high carbon stress induced martensite in the strong plastic 
deformation region. 

(a)

(c)

(b)

(d)
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Firstly, crack propagates along the boundary of two clusters 
of bainitic ferrite, as illustrated in Fig. 4(a) for crack section 
A-B and Fig. 4(b) for D-E. When the crack encounters another 
cluster of bainitic ferrite with a different orientation, the crack 
changes the propagation direction as shown in Fig. 4(a). 
Because of the mismatch between the two bainitic ferrite laths, 
the bond strength at the interface is very low. Therefore, cracks 
in the matrix will preferentially extend along the boundary of 
bainitic ferrite laths.  

Secondly, crack propagates along the boundary of ferrite–
austenite in bainitic ferrite laths, as shown in Fig. 4(a) for 
crack section B-C and Fig. 4(c) for G-H. It is observed in the 
SEM micrographs the angle between the orientation of bainitic 
ferrite laths and the direction of the tensile stress is always 
greater than 45˚ when the crack propagates along the ferrite–
austenite interface.

Thirdly, crack propagates into bainitic ferrite laths, as 
shown in Fig. 4(b) for crack section E-F. It is seen from the 
SEM micrographs that the angle between the orientation of 
bainitic ferrite laths and the tensile direction is always less 
than 45˚ when the crack propagates into the bainitic ferrite 
laths, crosses the bainitic ferrite laths and then continues to 
propagate. It is also observed that cracks deflect, branch or 
blunt when encountering another bainitic ferrite lath with a 
different orientation.

Fourth, some blocky retained austenite could transform 
into high carbon brittle plate shape martensite due to plastic 
deformation by stress; and the crack could nucleate and 
propagate in it. The primary dendritic austenite structure of 
high silicon cast steel is usually coarse and thus causes a severe 
dendritic segregation of elements [10]. The content of carbon 
and other alloying elements between dendrites is enriched, and 
the dendritic structure and segregation can not be eliminated by 
subsequent heat treatments, thus giving rise to some of blocky 
retained austenite in the austempered structure. EDX analysis 
has shown that the carbon content of blocky retained austenite 
is relatively low, less than 1.6%, therefore the thermal and 
mechanical stability of the blocky retained austenite is also 
low, which makes the blocky austenite susceptible to stress 
induced martensite transformation under high stress. Research 
work has shown that blocky retained austenite is less thermally 
and mechanically stable and this instability can lead to brittle 
plate shape martensite to occur in the microstructure and 
degraded toughness [15-19]. The martensitic platelet is clearly 
shown by the topographic changes, which produces on 
originally polished surface in Fig. 4(d) and the crack is blunted 
when encountering another bainitic ferrite lath.

It has been mentioned in section 2.1 that the matrix 
microstructure of high silicon cast steel consists of colonies 
of finer alternating lath bainitic ferrite and carbon-enriched 
retained austenite film between the bainitic ferrite laths. 
When the direction of stress suffered is perpendicular to the 
orientation of bainitic ferrite lath, bainitic ferrite and retained 
austenite are in the same state of tension stress. Because of 
the mismatch between the bainitic ferrite and austenite, the 
maximum stress the ferrite-austenite interface could withstand 

is much lower than that of the bainitic ferrite or retained 
austenite. The bond strength of the interface is very low. 
Therefore, cracks in the matrix will preferentially extend along 
the ferrite-austenite interface. When the direction of stress 
is parallel to the orientation of bainitic ferrite lath, bainitic 
ferrite and retained austenite are in the same state of strain. 
Since bainitic ferrite has higher modulus of elasticity than 
retained austenite, the bainitic ferrite lath could withstand 
greater tensile stress than the retained austenite during the 
plastic deformation. On the other hand, as retained austenite 
has higher toughness than bainitic ferrite, retained austenite 
could sustain greater plastic deformation than bainitic ferrite. 
After fracture of bainitic ferrite the retained austenite could 
still sustain a certain further plastic deformation, therefore the 
stress at the crack tip can be relaxed in certain degree. So the 
crack could stop propagating and then deflects, branches or 
blunts. The thin fi lm shaped retained austenite has much higher 
thermal and mechanical stability. Transformation of austenite 
to martensite in the plastic deformation zone at the tip of a 
propagating crack should reduce the energy required for crack 
propagation and hence improve fracture resistance. Also, the 
compressive stress caused by the expansion of austenite to 
martensite transformation could increase the crack propagation 
resistance.

In general, the cracks always propagate along the direction 
that has the lowest resistance. When the angle between the 
orientation of bainitic ferrite laths and the direction of the 
tensile stress is greater than 45˚, the crack should propagate 
along the ferrite–austenite interface. On the other hand, when 
the angle between the orientation of bainitic ferrite laths and 
the direction of the tensile stress is less than 45˚, the cracks 
should propagate into the bainitic ferrite laths, across the 
bainitic ferrite laths and then continue to propagate. Some 
blocky retained austenite, at the tip of a propagating crack, 
could transform to brittle plate shape martensite induced by 
high stress and plastic deformation. This martensite is high 
carbon untempered martensite and promotes the nucleation 
and propagation of crack. 

Based on the above observation and analysis, a schematic 
diagram of the crack nucleation and propagation process of 
high silicon cast steel is proposed and shown in Fig. 5.

Fig. 5: Schematic diagram showing the process of 
nucleation and propagation of the crack in high 
silicon cast steel
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2.3 Analysis of fracture surface
Figure 6 shows the fracture surface of the high silicon cast 
steel specimens. There are three obviously different regions on 
the appearance of the fracture surfaces, namely a near notch 
tip region (Fig. 6(a)), a transition region (Fig. 6(b)) and a 
center region (Fig. 6(c)). The fracture mode in the near notch 

tip region is predominantly cleavage faceted and it covers a 
distance of about 40 µm from the notch tip. In the transition 
region, the fracture mode is a transition of cleavage faceted to 
ductile intergranular fracture. In the center of the specimen, 
the fractograph contains large amounts of dimples and some 
cleavage facets. 

Fig. 6: SEM fractographs of fracture surface of high 
silicon cast steel 

3 Conclusions
According to the observation of microfracture processes, micro 
cracks always nucleate at the yielding near imperfections 
which may be caused by electrical discharge wire cutting 
and could lead to stress concentration. Micro cracks could 
also nucleate as a consequence of dislocation at the interface 
between matrix and inclusions. 

There are four types of the crack propagation in the matrix 
of high silicon cast steel: crack propagates along the boundary 
of two clusters of bainitic ferrite; crack propagates along the 
boundary of ferrite–austenite in bainitic ferrite laths when the 
angle between the orientation of bainitic ferrite laths and the 
direction of the tensile stress is greater than 45˚; crack also 
propagates into bainitic ferrite laths when the angle between 
the orientation of bainitic ferrite laths and the direction of 
the tensile stress is less than 45˚; crack could nucleate and 
propagate in the high carbon brittle plate shape martensite 
which is transformed from some blocky retained austenite due 
to plastic deformation. Based on the observation and analysis 

of microfracture processes, a schematic diagram of the crack 
nucleation and propagation process of high silicon cast steel is 
proposed.
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