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1 Introduction
High carbon wire rods are mainly used for making a 
high strength and low relaxation prestressed steel strand. 
To obtain high tensile strength and ductility of the wire 
rods, the first priority is to control the central segregation 
of high carbon steel billet (HCSB), especially carbon 
segregation (C-segregation), which can easily result in 
cup-cone type failure during subsequent deformation 
processing, or premature failure of finished products 
in service [1-6]. To minimize C-segregation of HCSB, a 
series of optimization techniques, e.g., low temperature 
casting, intensive cooling in secondary cooling zone, 
electromagnetic stirring (EMS or EMS+FEMS), soft 
reduction, etc., have been applied to its continuous 
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Enrichment characteristic of carbon atoms in 
solid-liquid zone of high carbon steel under 
different directional solidification rates

casting process [7-9]. The formation mechanism 
of C-segregation has been gradually revealed. 
Beckermann [10] simulated the movement of solute 
atoms at the solid-liquid interface with a macro-
segregation model and indicated that solute atoms 
were rejected from dendrite and accumulated in the 
interdendritic melt due to the solubility difference 
between liquid and solid phases, resulting in the 
formation of carbon macrosegregation. Eskin et al. [11] 
investigated the contribution of coarse-cell and fine-
cell grains to C-segregation by direct-chill casting and 
found that coarse-cell grains were depleted in solute, 
and the areas of their accumulation contributed to the 
negative segregation of carbon, while the areas of fine-
cell grains were either enriched in solute or were close 
to the nominal composition. Zeng et al. [12] conducted 
plant tests to study the effect of secondary cooling 
conditions on solidification structure and central 
macro-segregation in a high-carbon rectangular billet 
and pointed out that secondary cooling conditions 
at the solid-liquid interface strongly affected grain 
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growth in the mushy zone, and equiaxed grains could prevent 
the formation of solidification bridges and redistribution of 
residual solute. Wan et al. [13] studied the distribution of the 
electromagnetic field at the solidification end and obtained 
the optimal stirring parameters to uniform cross-sectional 
carbon concentration of a Fe-0.70%C steel billet. It is well 
known that liquid flow and solidification behavior at the 
solid-liquid interface strongly affect the distribution of 
carbon content in liquid and solid phases, and thus affect the 
central C-segregation level of HCSB [14-16]. Nevertheless, the 
relationship between carbon segregation and grain growth 
at the solid-liquid interface has not been adequately studied, 
and the effect of cooling condition on the distribution of 
carbon atoms in solid/liquid phase has also received much less 
attention. 

In the present work, the enrichment characteristic of carbon 
atoms in the solid-liquid zone of high carbon steel under 
different solidification rates was investigated. The relationships 
among C-segregation, solid-liquid interface morphology and 
solidification rate were discussed, which were beneficial to 
reveal the formation mechanism and main influencing factors 
of C-segregation in high carbon steel during solidification.

2 Experimental procedure
Directional solidification was performed in a zone melting 
liquid metal cooling (ZMLMC) apparatus [17]. The sample 
(length=100 mm, diameter=7 mm) utilized for directional 
solidification was cut from Fe-0.61%C steel whose chemical 
compositions are shown in Table 1. The sample placed in 
corundum tube was firstly heated to 1,505 °C and held for 
30 min at a temperature gradient of 80 °C·mm-1 by controlling 
the output power of heating device. Then, the sample was 
pulled down under a given solidification rate (e.g., 40, 80, 
160, 200 and 320 µm·s-1) by controlling the speed of the 

synchronous motor. When pulled down 30 mm, the sample 
was quenched rapidly in Ga-In-Sn liquid coolant to preserve 
the solid-liquid interface morphology. The quenched sample 
was cut along the center of the longitudinal section and one 
part (length=15 mm, width=7 mm) which contained solid-
liquid interface and solid zone was selected for observation and 
analysis. The morphologies of the solid-liquid interface were 
observed with a Leica DMRX model optical microscope (OM) 
after etching by heat saturated picric acid. The microstructures 
of longitudinal sections from solid-liquid interface to solid 
phase were etched by 4% nital solution, then photographed 
with a QUANTA400 model scanning electron microscope 
(SEM). The dendrite arm spacing of sample under a certain 
solidification rate was measured by the scale function of 
Adobe Photoshop CS6 software; the average value of 20 
dendrite arm spacings was calculated. Longitudinal sections 
from solid-liquid interface to solid phase were etched by 
4% nital solution then measured the hardness with a MH-
5L model Vickers hardness tester (VHT). The distribution 
characteristics of carbon atoms at solid-liquid interface were 
detected by using the 1720 model electron probe microanalysis 
(EPMA). To avoid carbon pollution introduced in the sample 
preparation process as much as possible, the sample under 
electron probe observation was specially treated with argon 
ion polishing equipment after grinding and polishing. The step 
size of mapping analysis was 5 μm, and the acquisition time 
of each point was 80 ms. The step size of line analysis was 3 
μm, and the acquisition time of each point was 2 s. The area 
ratios of different carbon contents in the electron probe image 
were counted with Adobe Photoshop CS6 software. Moreover, 
the Fe-C pseudo-binary phase diagram and carbon equilibrium 
distribution coefficient kC (kC=Cγ/CL, where Cγ is the carbon 
content in austenite, γ, CL is the carbon content in liquid 
steel) of high carbon steel under different temperatures were 
calculated by FactSage 7.2 software.

Table 1: Chemical compositions of Fe-0.61%C steel (mass%)

C Si Mn S P Al N Fe

0.61 0.22 0.55 0.005 0.010 0.001 0.0035 Bal.

3 Results and discussion
3.1 kC in solid-liquid zone of high carbon steel
Figure 1 exhibits the isopleth Fe-C section of the phase diagram 
of Fe-C-Si-Mn-P-S multicomponent system and solid/liquid 
equilibrium distribution coefficient kC in the solid-liquid zone of 
Fe-0.61%C steel, respectively. It can be seen from Fig. 1(a) that 
the liquid→γ transformation temperature gradually reduces as 
carbon content increases, while the temperature range of solid-
liquid zone (liquid+γ) apparently increases as carbon content 
increases, which provides condition for the formation of carbon 
segregation during solidification [18, 19]. As shown in Fig. 1(b), 
the equilibrium solidification interval and liquidus slope are 
1400-1480 °C and -73.3 °C·%-1, respectively. Moreover, 

the kC varies from 0.33 at 1,480 °C to 0.38 at 1,400 °C. The  
carbon content in liquid obviously increases with decreasing 
temperature, while the carbon content in austenite slowly 
increases during the temperature interval between two red dot 
lines in Fig. 1(b).

3.2 Solid-liquid interface morphologies of Fe-
0.61%C steel under different solidification 
rates

Figure 2 illustrates the solid-liquid interface morphologies of 
Fe-0.61%C steel corresponding to different solidification rates. 
It can be seen from Fig. 2 that the morphologies of the solid-
liquid interface are typical dendrites for solidification rates of 
40-320 µm·s-1. The morphology of the solid-liquid interface is 
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Fig. 1: Calculated isopleth Fe-C section of phase diagram of Fe-C-Si-Mn-P-S multicomponent system (a) and kC in 
solid-liquid zone of Fe-0.61%C steel (b)

Fig. 2:	Solid-liquid interface morphologies of Fe-0.61%C steel under different solidification rates: (a) 40 µm·s-1; 
(b) 80 µm·s-1; (c) 160 µm·s-1; (d) 200 µm·s-1; (e) 320 µm·s-1

Dendrite: (3)

where GL (°C·mm-1) stands for the liquid phase temperature 
gradient during solidification, V (µm·s-1) stands for the 
solidification rate, m (°C·%-1) stands for the liquidus slope, 

DL (cm2·s-1) stands for the diffusion coefficient of carbon in 
liquid phase, k0 and C0 (%) are the equilibrium redistribution 
coefficient and mass fraction of carbon in the tested steel, 
respectively. The solidification parameters of Fe-0.61%C steel 
are given in Table 2 [24]. It can be calculated that the values 

of aaaaaaaaaaaaaaaand aaaaaaaaaaaaaa are 1.42×1010 and 

2.34×109 °C·(s·m2)-1, while the ratio of temperature gradient and 
five solidification rates (40, 80, 160, 200 and 320 µm·s-1) are 
2×109, 1×109, 5×108, 4×108 and 2.5×108 °C·(s·m2)-1, respectively. 
According to Eqs. (1)-(3), the morphology of the solid-liquid 
interface under five solidification rates are all dendrites, which 
are in good agreement with the experimental results shown in 
Fig. 2.

(a) (b)

(a) (b) (c)

(d) (e)

Cell: (2)

judged according to Eqs. (1)-(3) [20-23]:

Plane: (1)
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Fig. 3: Statistical results of dendrite arm spacing of Fe-
0.61%C steel under different solidification rates

Table 2: Solidification parameters of Fe-0.61%C steel [24]

m (°C·%-1) DL (cm2·s-1) k0 C0 (%)

-73.3 6.4×10-5 0.33 0.61

Figure 3 shows the statistical results of dendrite arm spacing 
of Fe-0.61%C steel under different solidification rates. It can 
be found from Fig. 3 that the primary and secondary dendrite 
arm spacings of Fe-0.61%C steel under different solidification 
rates are in the range of 246.5-627.2 µm and 27.9-79.2 µm, 
respectively. Moreover, both primary and secondary dendrite 
arm spacings show an obvious decreasing trend as the 
solidification rate increases from 40 µm·s-1 to 320 µm·s-1, which 
is attributed to the dendrite arm spacing being determined 
by heat dissipation condition, and is a monotone decreasing 
function of cooling rate [25].

3.3 Micro-segregation of carbon atoms at 
solid-liquid interface of Fe-0.61%C steel

Figure 4 shows the EPMA results of carbon contents at solid-
liquid interface of Fe-0.61%C steel under different solidification 
rates by mapping. The area ratios of carbon contents in liquid 
(Area 1), solid-liquid (Area 2) and solid (Area 3) zone of 
Fe-0.61%C steel under different solidification rates were 
calculated, as shown in Fig. 5. Figure 6 exhibits the EPMA 
results of carbon contents approximately along (Line 1) and 
perpendicular to (Line 2) the dendrite growth direction by line 
scanning (L: liquid phase, S: solid phase). It can be found 
from Fig. 4 that carbon atoms are rejected from dendrites 
and accumulate in the interdendritic melt due to solute 
redistribution at the solid-liquid interface. Furthermore, 
the average carbon content at the solid-liquid interface of 
Fe-0.61%C steel with a solidification rate of 40 µm·s-1 is 
significantly higher than those with other solidification rates, 
which indicates that a lower solidification rate promotes the 
enrichment of carbon atoms in the solid-liquid zone. There 
are two main causes to explain this result [15, 26-28]. On the one 
hand, when the solidification rate is low, large dendrite spacing 
and a slow-moving dendritic interface create less resistance 
and more time for the migration of interdendritic carbon atoms 

to the liquid zone [Fig. 4(a)], which results in the continuous 
enrichment of carbon atoms to the liquid zone during 
solidification. Figure 6(a) shows that the carbon content at 
most points of solid-liquid interface of Fe-0.61%C steel with 
a solidification rate of 40 µm·s-1 almost exceeds that in the 
tested steel and the average values of carbon content in Line 1 
and Line 2 are 0.658wt.% and 0.930wt.%, while the maximum 
values of Line 1 and Line 2 reach 2.88wt.% and 3.86wt.%. 
As the solidification rate increases, abundant and elongated 
secondary dendrite arms with small spacing seriously impede 
the diffusion of interdendritic carbon-rich melt to the liquid 
zone which can be demonstrated by the result that there is only 
obvious dendrite segregation but little difference in the carbon 
content among the Area 1, Area 2 and Area 3 of Fe-0.61%C 
steel with the highest solidification rates (320 µm·s-1 in this 
study), as shown in Fig. 4(e) and Fig. 5. Moreover, the average 
values of carbon content in Line 1 and Line 2 of Fe-0.61%C 
steel with a solidification rate of 320 µm·s-1 are slightly 
lower than that in the tested steel, and the maximum values 
of Line 1 and Line 2 are reduced to 1.84wt.% and 2.08wt.%, 
respectively. On the other hand, under a lower solidification 
rate, continuous enrichment of carbon atoms to liquid zone is 
more conducive to the decrease of liquidus temperature and 
the expansion of the solid-liquid temperature range which 
will further prolong the solidification time of molten steel. 
Furthermore, the amount of carbon atoms redistributing 
from the center of dendrite to the interdendritic region by 
the liquid→γ transformation under a lower solidification 
rate (40 µm·s-1) is apparently more than that from the center 
of dendrite to the interdendritic region under a greater 
solidification rate (320 µm·s-1), as shown in Fig. 6. As a result, 
after being pulled down 30 mm, the area ratios of high-carbon
content (>0.61wt.%) in the liquid, solid-liquid and solid zone 
of Fe-0.61%C steel with a solidification rate of 40 µm·s-1

achieve 91.5%, 84.8% and 81.2%, while they are only 54.9%, 
46.3% and 39.1%, respectively, with a solidification rate 
of 320 µm·s-1, as shown in Fig. 5. It can be calculated from 
the carbon contents in Line 2 of Fig. 6 that the solid/liquid 
distribution coefficients of carbon in the austenite phase 
of Fe-0.61%C steel under different solidification rates are 
approximately in the range of 0.1-0.2, which are apparently 
smaller than the solid/liquid equilibrium distribution 
coefficient kC shown in Fig. 1. 

The directionally solidified microstructure of Fe-0.61%C 
steel under different solidification rates is typical dendritic 
microstructure and the secondary dendrite arm spacings are 
only 27.9-79.2 µm. Since the secondary dendrite size is very 
small, it can be considered that the carbon diffusion in the 
liquid phase is uniform. In the case of back-diffusion, the 
carbon concentration in the solid phase of solid-liquid interface 
(CS) is usually calculated by the Eq. (4) based on B-F model [29].

In Eq. (4), fS (%) stands for the volume fraction of solid 
phase, a is the Fourier number which determines the back 

(4)
S S
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Fig. 4: EPMA images of carbon contents at solid-liquid interface of Fe-0.61%C steel under different solidification 
rates by mapping: (a) 40 µm·s-1; (b) 80 µm·s-1; (c) 160 µm·s-1; (d) 200 µm·s-1; (e) 320 µm·s-1

Fig. 5: Area ratios of carbon contents in liquid (a), solid-liquid (b) and solid (c) zone of Fe-0.61%C steel 
under different solidification rates

(a) (b) (c)

(d) (e)

(a) (b)

(c)
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Fig. 6:	EPMA results of carbon contents in solid-liquid zone of Fe-0.61%C steel under different solidification rates 
by line scanning approximately along (Line 1) and perpendicular to (Line 2) dendrite growth direction: 
(a) 40 µm·s-1; (b) 80 µm·s-1; (c) 160 µm·s-1; (d) 200 µm·s-1; (e) 320 µm·s-1

(a)

(d)

(e)

(b)

(c)

diffusion degree of carbon atom in the solid phase and can be 
expressed by Eq. (5):

carbon, T (K) is the Kelvin temperature, τ (s) is the diffusion 
time, l (cm) is the diffusion distance.

It is well known that the increase of solidification rate 
will cause the temperature of steel to drop too fast during 
solidification, thus making the diffusion time of carbon atoms 
shorter and dendrite spacing smaller. It can be seen from Eq. (5)
that the decrease of back-diffusion time is not conducive to the 
back-diffusion of carbon atom, while the decrease of dendrite 

(5)S

where, DS and D0 (cm2·s-1) are the diffusion coefficient and 
diffusion constant of carbon atom in solid phase, k is the 
Boltzmann constant, Q (J) is the diffusion activation energy of 
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spacing will shorten the back-diffusion distance which is 
beneficial to the back-diffusion of carbon atom. When the 
solidification rate is low, the effect of increasing solidification 
rate on reducing carbon back-diffusion time is noticeably 
greater than that on the reduction of dendrite spacing, 
which will weaken back-diffusion of carbon atom between 
adjacent dendrites and result in the intensification of dendrite 
segregation. However, a greater cooling rate is more conducive 
to refining primary and secondary dendrites and shortening 
the back-diffusion distance of carbon atoms which will clearly 
strengthen the interaction of carbon diffusion field between 
adjacent dendrites and make the distribution of carbon atoms 
more uniform. As a result, with the increase of solidification 
rate, the difference of carbon content between dendrite arm and 
interdendrite decreases significantly, but the carbon content is 
lower at solidification rate of 80 µm·s-1 than that at solidification 
rate of 160 and 200 µm·s-1, as shown in Fig. 6.

3.4 Quenching microstructure and Vickers 
hardness of Fe-0.61%C steel under 
different solidification rates

Figure 7 exhibits the sampling position and quenching 
microstructures of solid-liquid zone, solid zone, and stable 
growth zone of Fe-0.61%C steel under different solidification 
rates. Figure 8 displays the Vickers hardness along the central 
axis of the longitudinal section of directionally solidified 
samples with different solidification rates after quenching. 
It can be seen from Figs. 7(b) and (c) that the quenching 
microstructures in the solid-liquid and solid zone of Fe-
0.61%C steel under solidification rates of 40 µm·s-1 and 
80 µm·s-1 are characterized by a considerable amount of fine 
acicular martensite (marked with arrows), in conjunction with 
a small amount of residual austenite, while the quenching 
microstructure in the stable growth zone of the Fe-0.61%C 
steel transforms into fine acicular martensite. As solidification 
rate increases to 160 µm·s-1, 200 µm·s-1 and then to 320 µm·s-1, 

Fig. 7: Sampling position (a) and quenching microstructures of solid-liquid, solid zone, and stable growth zone of Fe-0.61%C 
steel with solidification rates of 40 µm·s-1 (b), 80 µm·s-1 (c), 160 µm·s-1 (d), 200 µm·s-1 (e) and 320 µm·s-1 (f), respectively

(a)

(b)

(c)

(d)

(e)

(f)
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Fig. 8: Vickers hardness of Fe-0.61%C steel under 
different solidification rates after quenching

(2) With solidification rate increasing from 160 µm·s-1 to 
320 µm·s-1, the difference of carbon content between dendrite 
arm and interdendrite decreases significantly. Compared with 
other solidification rates, the average carbon content at solid-
liquid interface of Fe-0.61%C steel with a solidification rate of 
40 µm·s-1 is significantly higher.

(3) When solidification rates are 40 µm·s-1 and 80 µm·s-1, an 
amount of residual austenite appears in the quenching solid-
liquid and solid zone which results in a decrease in hardness of 
matrix. As solidification rate increases to 160 µm·s-1, 200 µm·s-1

and then to 320 µm·s-1, the quenching microstructures in the 
solid-liquid, solid zone, and stable growth zone of Fe-0.61%C 
steel are fine acicular martensite. Furthermore, the hardness 
of the quenched stable growth zone with solidification rates 
of 40 µm·s-1 and 80 µm·s-1 seems higher than those zones with 
solidification rates of 160 µm·s-1, 200 µm·s-1 and 320 µm·s-1.
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