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Macro and microstructural characterisation of high Si cast steels – Study of 
microsegregation patterns

Nicolás E. Tenaglia  , Roberto E. Boeri  , Alejandro D. Basso and Juan M. Massone 

Department of Metallurgy, INTEMA – CONICET, University of Mar del Plata, Mar del Plata, Argentina

ABSTRACT
In this study the as-cast macro and microstructures of medium C – high Si cast steels of three 
different levels of alloying are characterised. The application of a colour-etching reagent 
sensitive to Si segregation effectively revealed the solidification macrostructure, showing that 
the patterns of macrostructure and microsegregation are governed by the initial precipitation 
of δ-ferrite dendrites. A study of microsegregation carried out using advanced EDS techniques 
showed that, for the studied chemical compositions, Si, Mn, Cr, Ni, Mo and Al tend to concentrate 
at the last liquid to solidify. Accordingly, effective partition coefficients of values below unity 
were calculated for all alloying elements tested. It was verified that the minimum local Si contents 
measured on the steels investigated were greater than 1.7%, value above the minimum value 
(1.5%) necessary to obtain carbide-free bainite after austempering.

1.  Introduction

This study is part of a project that aims at developing 
high Si cast steels of chemical compositions appropriate 
to be austempered, obtaining carbide-free bainitic struc-
tures. This kind of steels is of particular interest because 
the high content of Si retards the carbide precipitation 
during the bainite transformation, obtaining a fine mix-
ture of ferrite and retained austenite that presents excel-
lent mechanical properties and toughness. Most studies 
reported in the literature related to carbide-free bainitic 
steels are centred on the determination of their mechani-
cal and wear properties depending on the chemical com-
position and heat treatment variables.[1–4] However, 
most of these studies were conducted on steels that 
have previously undergone extensive thermomechani-
cal treatments, such as homogenisation heat treatment, 
hot rolling or forging, which significantly affected the 
segregation patterns caused during solidification.

Many steel parts applicable to the automotive, mining 
or oil industries can be obtained through the melting 
and casting technique (crankshafts, camshafts, pump 
bodies, suspension parts, etc.), and these pieces have 
different geometries and varying thicknesses. It is widely 
recognised that the mechanical properties of castings 
differ from those obtained on rolled or forged parts of 
the same chemical composition; therefore, in order to 
encourage the industrial application of these steels in 
cast parts, it is of great interest to study the solidification 

process, chemical segregation and the resulting mechan-
ical properties after austempering.

The objective of this work is to characterise the solid-
ification macro and microstructure of high Si cast steels 
with three different chemical compositions. Particular 
interest is given to the microsegregation of alloy ele-
ments, as this noticeably affects the microstructure after 
austempering.

2.  Experimental procedure

2.1.  Material

Three different steels were designed. Steel 1 corresponds 
to the composition limits of ASTM 9200 series (Silicon 
steels); Steel 2 is similar to Steel 1 but in this melt Cr, 
Ni and Mo were added with the intention of increas-
ing its hardenability; Steel 3 is similar to Steel 2 but it 
also includes Al and Co, as these elements have been 
reported to accelerate the rate of transformation of aus-
tenite at the austempering temperature range.[5]

The material was prepared in an industrial foundry 
using a medium frequency induction furnace of 80 kg 
capacity. Selected steel scrap and ferroalloys were 
used as raw materials. The melts were poured in Keel-
block-shaped sand moulds (ASTM A-703). The chemical 
composition was determined using a Baird DV6 spec-
trometer. Si content was measured by gravimetry and 
C by combustion.
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of keel blocks (Figure 2), this is because colour etching 
produces better results on small pieces. Image analysis 
software was used to carry out the measurement, which 
was done along the columnar-grain zone, because in 
that zone it was possible to observe large dendrites and 
the measurement resulted more reliable.

The as-cast microstructure was characterised in level 2 
samples (Figure 2). The samples were polished and 
etched with nital 2%.

2.3.  Segregation of alloy elements

The quantification of the microsegregation of the alloy 
elements was made by the combined use of colour 
etching and EDS. First, colour etching was applied on 
the surfaces of three as-cast steels, with the objective 
of revealing first to freeze (FTF) and last to freeze (LTF) 
zones. Then, micro-hardness indentations were used to 
mark some FTF and LTF areas. Later, the surfaces were 
re-polished to remove the oxide layers deposited after 
colour etching but not the hardness indentation marks, 
and then analysed by EDS. Samples were taken from 
level 2 of the keel blocks (Figure 2). Measurements were 
carried out on a Carl Zeiss Sigma EDS operating at 15 kV 
and using Silicon Drift Detector, providing an advanced 
microanalysis.

Chemical composition of about 20 FTF and 20 LTF 
zones was measured for each steel, quantifying mass 
percentage of Si, Mn, Cr, Ni, Mo and Al, when appropri-
ate. The quantification of Co was not satisfactory; there-
fore it was not included in the results. The degree of 
microsegregation was characterised by the calculation of 
the effective partition coefficient (Kef) for each alloy ele-
ment in three steels according to Equation (1), where Cs 
is the concentration at the location of the first solid phase 

The resulting chemical composition of steels is shown 
in Table 1.

2.2.  Macro and microstructural characterisation

The metallographic characterisation of the as-cast struc-
tures was performed using conventional methods of cut-
ting and polishing. The polished surfaces were etched 
with several reagents, as nital (2%), Oberhoffer and also 
colour etching. Colour etching consists in the application 
of a special reagent to the polished surfaces with the aim 
of revealing the segregation pattern generated during 
solidification. The etchant consists of 10 g NaOH, 40 g 
KOH, 10 g picric acid and 50 ml of distilled water. It must 
be applied while boiling and with particular care, as it is 
toxic. Its use requires considerable expertise, particularly 
at selecting the etching time according to the chemical 
composition of the alloy. Etching produces the deposi-
tion of thin oxide films (about 0.04 and 0.5 μm) over the 
specimen surface. The thickness of the films depends on 
Si concentration and because of the light interference 
phenomenon, different thicknesses produce different 
colours, allowing the identification of the Si segregation 
pattern. This technique is commonly used in cast iron to 
reveal last to freeze (LFT) and first to freeze (FTF) zones.[6]

The solidification macrostructure was evaluated on 
samples cut from the blocks as shown in Figure 1. After 
etching with nital, several optical micrographies were 
taken along the surface. Then, the metallographies were 
assembled to represent a greater area when necessary. 
After that, the samples were re-polished and Oberhoffer 
regent was applied to reveal the dendritic structure.

The dendrite secondary arm spacing was measured on 
colour etched samples, where dendrite arms were read-
ily revealed. Small samples were extracted from level 2 

Table 1. Chemical composition of steels (wt.%).

C Si Mn Cr Ni Mo Al Co S P
Steel 1 0.45 2.13 0.60 0.0076 0.017
Steel 2 0.40 2.06 0.59 0.52 0.49 0.53 0.0048 0.010
Steel 3 0.43 2.06 0.58 0.59 0.56 0.53 0.61 0.21 0.0095 0.022

Figure 1. Solidification macrostructure samples.
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formed, and Co is the nominal/average concentration. 
In this work, Cs was determined as the concentration 
value measured in FTF zones, while Co is the average 
concentration of the studied area.

 

3.  Results and discussion

3.1.  Solidification macrostructure

Figure 3 shows the solidification macrostructure of steel 
1 revealed by nital etching. Figure 3(A) corresponds to 
the sample observed by naked eye and Figure 3(B) is an 
enlargement of the square area pointed in Figure 3(A), 
observed by optical microscopy. The observation of the 
sample by naked eye shows a finely grained structure, 
but does not allow to reveal solidification macrostructure 
clearly, however under the microscope the presence of 
very large grains were observed thanks to the precipita-
tion of ferrite along the prior austenite grain boundaries.

Steels 2 and 3 showed much lesser ferrite at the aus-
tenite grain boundary, making it impossible to identify 
the extension of the grains by this method.

Figure 4 shows the application of Oberhoffer etching 
on the steels. This etchant reveals dendritic pattern and 
is usually used to reveal solidification macrostructure 
in continuous casting steels, among others. The time 
for the etching was 30 s and photos were taken with a 

(1)k
ef
= C

s
∕C

0

digital camera in ‘macro’ mode. After that, images were 
edited in a conventional image software to improve the 
observation.

Images show, for three steels, very large dendrites, 
many of them reaching more than 10 mm length.

Both Nital and Oberhoffer etchings allowed to identify 
large grains or dendrites. Nevertheless, it was apparent 
that the pattern of austenite grains was not coincident 
with the dendritic pattern. Therefore, it was decided 
to apply colour etching to the steels to obtain more 
information about solidification structure. Figure 5(A), 
corresponding to Steel 1, shows that the colour etching 
technique applied is very effective in revealing a den-
dritic pattern. Dendrite arms, the FTF zones, appear as 
orange areas, while interdendritic or LTF zones are red 
areas surrounded by yellow, green and blue halos. In 
fact, it is possible to identify contraction micro-cavities 
in some LTF zones. In Steel 2 (Figure 5(B)), FTF zones are 
orange and LTF zones are green. Finally, in Steel 3 (Figure 
5(C)), LTF zones appear as green areas with red halos and 
FTF zones appear as orange areas with red halos. The 
different features of the colouration obtained after the 
etching of the three steels, such as the different green 
colouration and the presence of colour fringes around 
the dendrites, should not be linked to any particular met-
allographic feature. Instead, changes in the colouring 
patterns can be the result of the differences in chemical 
composition of the steels and in the application of the 

Figure 2. Samples used to measure dendrite arm spacing and to reveal solidification microstructure.

Figure 3. Steel 1 solidification macrostructure observed by naked eye (A) and by optical microscope (B).
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This phenomenon can be observed in the three steels 
(Figure 9(A) for Steel 1, Figure 9(B) for Steel 2, Figure 9(C) 
for Steel 3) where the grain boundary precipitates clearly 
cross dendrite arms. The location of these precipitates 
can be explained by analysing the solidification of this 
type of steel.

Figure 10 shows a pseudo-binary Fe-C diagram for 
2% Si.[7] Steels having 0.40 to 0.45%  C will suffer the 
peritectic solidification. Accordingly, the solidification 
will start with the nucleation and growth of δ-ferrite. 
After approximately 60% of the volume has transformed 
into δ-ferrite, the steel reaches the peritectic tempera-
ture and the peritectic reaction starts. In the peritectic 
reaction,[8] the melt reacts with δ-ferrite to form  
γ-austenite while the three phases are in contact. Austenite 
nucleates at the δ-ferrite/liquid interface and then grows 
laterally along the surface of δ-ferrite, by diffusion of sol-
ute atoms from δ to ferrite into γ-austenite through the 
melt. The lateral growth continues until γ-austenite covers 
the surface of δ-ferrite completely and separates it from 
the melt. The peritectic transformation begins at that 
point, where the γ-austenite layer surrounding δ-ferrite 
grows into the melt and into δ-ferrite simultaneously until 
the complete annihilation of δ-ferrite.

Since austenite nucleates and grows on the surface of 
δ-ferrite dendrites, several austenite grains can nucleate 
from a single δ-ferrite dendrite, and the peritectic solidi-
fication results in several grains of austenite surrounding 
each δ-ferrite dendrite. As the transformation advances, 
the different austenite grains grow and interact, defining 

etching. According to Rivera et.al. [6], when this colour 
etching reagent is applied to cast iron, green areas cor-
respond to FTF zones and yellow/orange areas are LTF 
zones. However, steels presented inverted colouration, 
suggesting that Si shows a different behaviour in steels 
than in cast iron. This will be discussed below, at the time 
segregation coefficients are calculated.

As shown in Figure 5, the size of the dendritic patterns 
present in the steel samples is too large to be covered by 
a single metallographic field of observation. Several opti-
cal metallographies were assembled into a single picture 
to cover a greater surface area. This allowed to reveal the 
solidification macrostructure, as shown in Figures 6–8. 
The black area at the left side corresponds to the sam-
ple surface. The dendritic pattern already revealed by 
using Oberhoffer reagent is shown now in much better 
detail. Large dendrites of several millimetres in length 
are clearly revealed. It is possible to observe that steel 1,  
Figure 6, shows a noticeable amount of ferrite (white 
phase) precipitated both along what appears to be a 
grain boundary and as small dispersed particles. This 
feature is also found on steels 2 and 3, but the amount 
of ferrite precipitated is much smaller. The comparison 
of Figures 3(B) and 6 shows the utility of colour etching 
in revealing the underlying dendritic pattern that could 
not be revealed by regular etching. It is worth noting 
that the grain pattern highlighted by the precipitation 
of ferrite in steel 1 does not match the dendritic pattern, 
as the ferrite precipitates are not located at the areas 
separating neighbouring dendrites.

Figure 5. Identification of LFT and FTF zones. Steel 1 (A), Steel 2 (B) and Steel 3 (C).

Figure 4. Oberhoffer etching. Steel 1 (A), Steel 2 (B) and Steel 3 (C).
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parameter is important because, together with the effec-
tive partition coefficients, it can be used to character-
ise the microsegregated zones: a small secondary arm 
spacing will result in a more homogenous microstructure 

boundaries that cross the initial δ-ferrite dendritic pat-
tern, as shown in Figure 9.

By revealing the dendritic pattern, colour etching also 
allows the measurement of secondary arm spacing. This 

Figure 6. Steel 1 solidification macrostructure reveal by colour etching.

Figure 7. Steel 2 solidification macrostructure reveal by colour etching.

Figure 8. Steel 3 solidification macrostructure reveal by colour etching.
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(Figure 12(B) and (C)). At higher magnification pearlite 
is found to form the matrix (Figure 12(A)). Most idiomor-
phic ferrite precipitates (located inside the grains) show 
inclusions inside that may have acted as nucleation sites. 
Grain boundary ferrite shows two different morpholo-
gies: most are allotriomorphic (Figure 12(B)), although 
near the surface of the casting, Widmanstätten ferrite 
was also observed (Figure 12(C)), caused by the higher 
cooling rate imposed in that zone after solidification.

Steel 2 microstructure is bainitic in as-cast condition 
(Figure 13(A)) with some allotriomorphic ferrite pre-
cipitated at austenite grain boundary (Figure 13(B)). 
Compared to Steel 1, Steel 2 presents lesser quantity of 
ferrite and no Widmanstätten ferrite. This microstruc-
ture is expected because steel 2 presents a considerable 
quantity of Mo and this alloy element causes a retarda-
tion of the pearlitic transformation.

Finally, Steel 3 shows a bainitic microstructure (Figure 
14(A)) with allotriomorphic ferrite in grain boundary 
(Figure 14(B)) and some idiomorphic ferrite inside grains 
(Figure 14(C)). As for steel 2, bainitic microstructure in 
steel 3 is attributed to the Mo content.

The as-cast hardness of the steels were 253 HB for 
Steel 1, 363 HB for Steel 2 and 368 HB for Steel 3.

3.3.  Microsegregation

Figure 15(A) shows the colour etched microstructure of a 
sample of steel 2. Microhardness indentations have been 

after heat treatments. Figure 11 shows some examples 
of the measurement of secondary dendrite arm spacing 
and Table 2 shows the results. The reported values are the 
minimum value measured for each steel, because in this 
manner non-parallel to surface dendrites are discarded. 
It is possible to observe that the measured values are the 
same for the three steels, indicating that the chemical 
composition has negligible influence on the dendritic 
arm spacing, as expected according to Cahn [9].

3.2.  As-cast microstructure and hardness

Although high Si steels obtain their relevant mechanical 
properties after austempering, their as-cast microstruc-
ture and hardness are relevant characteristics for the 
processing of castings before heat treating. The micro-
structure of Steel 1 revealed by nital 2% etching is shown 
in Figure 12. At low magnification, allotriomorphic, idi-
omorphic and Widmanstätten ferrite can be identified 

Table 2. Secondary dendrite arm spacing.

Steel 1 Steel 2 Steel 3
76 μm 79 μm 79 μm

Figure 9. Grain boundaries crossing dendrites. Steel 1 (A), Steel 2 (B) and Steel 3 (C).

Figure 10. Portion of Fe-C equilibrium diagram for 2% Si.[7]

Figure 11. Secondary dendrite arm spacing measurement. Steel 1 (A), Steel 2 (B) and Steel 3 (C).
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made on the sample in order to keep track of the loca-
tion of the dendritic patterns after repolishing. Figure 
15(B) shows the same area of Figure 15(A) under the SEM 
after re-polishing to remove the etching products. The 
complete area shown in Figure 15(B), of about 1 mm2 is 
scanned by the EDS. Figure 15(C) shows a Si mapping 
of the area of Steel 2 under analysis (note the position 
of indentations), where brighter zones correspond to 

Figure 12. Steel 1. Pearlitic-Ferritic microstructure (A), Allotriomorphic ferrite (B) and Widmanstätten ferrite (C).

Figure 13. Steel 2. Bainitic microstructure (A) and Allotriomorphic ferrite in grain boundary (B).

Figure 14. Steel 3. Bainitic microstructure (A), Allotriomorphic ferrite in grain boundary (B) and Idiomorphic ferrite inside grains (C).

Figure 15. Steel 2. Colour etching (A), SEM image (B) and Silicon mapping (C).

Table 3. Chemical composition measured by EDS and analyti-
cally (wt.%).

Si Mn Cr Ni Mo Al
EDS Steel 1 2.2 0.7

Steel 2 2.1 0.7 0.5 0.5 0.5
Steel 3 2.3 0.7 0.6 0.5 0.5 0.6

Analytical Steel 1 2.13 0.60
Steel 2 2.06 0.59 0.52 0.49 0.53
Steel 3 2.06 0.58 0.59 0.56 0.53 0.61
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on multi-component alloys. The microsegregation of a 
particular element may be influenced by the concentra-
tion of other elements.

Minimum and maximum values of solute concentra-
tion, together with the secondary dendrite arm spacing, 
constitute a good characterisation of the intensity and 
extent of microsegregation in this type of steel.

The microsegregation found in this type of steels 
indicates that future heat treatments, particularly aus-
tempering treatments to obtain carbide-free bainite, will 
see the solid state reactions to proceed at a different rate 
in LTF zones than in FTF, since the greater concentration 
of alloying elements at the LTF will delay the diffusional 
transformations of austenite, increasing local hardena-
bility and austemperability. Therefore, the bainitic trans-
formation will begin at FTF zones and then extend to 
LTF zones. Proper austempering heat treatment cycles 
should account for the heterogeneity present in the 
metal matrix. In addition, the microsegregation study 
has shown that the proposed chemical compositions 
show minimum concentrations of Si in excess of 1.5%, 
which is regarded as the minimum amount of Si needed 
to produce carbide-free bainitic steels.[2]

Conclusions

The study of the solidification of three high Silicon steels 
showed that:

• � The application of a colour etching reagent sensi-
tive to Si segregation on the medium C – high Si 
steels studied effectively revealed their solidifica-
tion macrostructure.

• � The patterns of macrostructure and microsegre-
gation are governed by the initial precipitation of 
δ-ferrite dendrites.

• � As-cast microstructures for Si alloyed Steel 1 (cor-
responding to AISI 9200 series) is mainly pearlitic, 
presenting α-ferrite in different morphologies 
(allotriomorphic, idiomorphic and Widmanstätten). 
On the other hand, steels 2 and 3, alloyed with Si, 
Mo, Ni and Cr showed bainitic microstructure as 
cast as a result of the presence of Mo in the alloy.

• � The presence of large austenite grains formed after 
the peritectic transformation was evident thanks 
to the precipitation of proeutectic ferrite along its 
grain boundary.

higher Si concentration. Note that brighter areas match 
with LTF zones as revealed by colour etching, while dark-
ener areas match with FTF zones. Therefore, EDS analysis 
verifies that the colour etching technique applied is sen-
sitive to Si concentration, in coincidence with previous 
reports for cast iron.[6]

Table 3 shows the average chemical composition 
of the three steels measured by EDS and a comparison 
with the analytical results listed on Table 1. The global 
chemical composition is an average of every point in the 
studied area, which was divided in 1024 × 1024 pixels. 
The EDS readings are in reasonably good agreement with 
the analytical results.

Point EDS analysis was carried out at FTF and LTF 
areas. Table 4 lists the minimum and maximum concen-
tration values measured at the FTF and LTF, respectively, 
calculated as the average of the three minimum and 
maximum readings. The quantitative results verify that 
all tested elements accumulate at LTF zones, while FTF 
zones are alloy element depleted zones. Therefore, the 
initial effective partition coefficient of an alloying ele-
ment can be approximated as the concentration of the 
FTF solid over the average concentration. This assumes 
that the microsegregation generated at the time of the 
start of solidification suffers negligible homogenisation 
during the subsequent cooling to room temperature. 
This is a reasonable assumption for substitutional alloy-
ing elements, such as those investigated in this case. 
Calculated effective partition coefficients for each ele-
ment and steel are listed on Table 4. Note that these par-
tition coefficients correspond to the partition between 
δ-ferrite and the liquid melt. Taking in account the exper-
imental error of EDS, it can be concluded that the parti-
tion coefficients for all elements tested are the same in 
the three steels.

The comparison of the calculated partition coeffi-
cients with equilibrium partition coefficients reported 
in the literature for Fe-X binary systems, Table 5, shows 
that the values quoted for Si are similar, however the 
calculated coefficients for Mn, Cr, Ni and Al are different 
from those reported by Battle [10] and Ueshima [11]. This 
discrepancy is understandable because the equilibrium 
coefficients referenced were calculated for binary sys-
tems, while the experimental coefficients were measured 

Table 4.  Minimum and maximum values and partition coeffi-
cient.

Si Mn Cr Ni Mo Al
Steel 1 Minimum (wt.%) 1.7 0.4

Maximum (wt.%) 3.2 1.3
Kef 0.77 0.57

Steel 2 Minimum (wt.%) 1.7 0.4 0.3 0.3 0.2
Maximum (wt.%) 3.1 1.3 0.9 0.9 1.6
Kef 0.81 0.57 0.60 0.60 0.40

Steel 3 Minimum (wt.%) 1.9 0.4 0.4 0.3 0.2 0.3
Maximum (wt.%) 2.7 0.9 0.8 1.0 1.1 0.7
Kef 0.83 0.57 0.66 0.60 0.40 0.50

Table 5.  Comparison of calculated partition coefficients with 
those reported in literature.

This work Battle [10] Ueshima [11]
Si 0.77–0.83 0.83 0.77
Mn 0.57 0.9 0.76
Cr 0.60–0.66 0.95
Ni 0.60 0.83
Al 0.50 0.92
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