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Abstract: AISI M2 steel was smelted in a 150 kg medium-frequency induction furnace and cast to
form round billets with a cross-section diameter of 100 mm via a vertical continuous caster and sand
mold. The secondary dendrite arm spacing (λ2), cooling rates, permeability and size and distribution
of grains and network carbides of the two billets were studied. The results show that the continuous
casting process can effectively decrease the λ2 value, permeability and size of the grains and carbides
and improve the distribution of the grains and carbides during solidification. The λ2 values of the
billets cast with a sand mold and continuous caster are 37.34 µm and 21.14 µm, respectively, and the
cooling rate is 3.6 K·s−1 and 12.0 K·s−1, respectively. The area fractions of carbides at the center of the
billets cast with the sand mold and continuous caster are 0.24 and 0.16, respectively, and increase by
27.7% and 25.4%, respectively, compared with their average values. The average grain size of billets
cast with the sand mold and continuous caster is 69.4 µm and 50.5 µm, respectively. Compared with
the sand mold billet, the grain size at the center of the continuous casting billet is reduced by 25.5%.
The relationship between the grain size and cooling rate is presented in this paper.
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1. Introduction

AISI M2 steel (Fe–0.9 C–6 W–5 Mo–4 Cr–2 V, wt%) is a very popular high-speed steel because
of its good combination of hardness and wear resistance at high temperatures [1,2]. Traditionally,
M2 high speed steel manufacturing includes two steps, namely the mold casting and subsequent hot
working like forging and rolling, which can break the coarse carbides network and refine structure.
Typical as-cast structure of M2 high speed steel consists of dendrites surrounded by inter-dendritic
network of eutectic carbides [3]. The main features of the as-cast structure are the distribution and size
of the carbides and dendrites [4–6], which have a crucial influence on the mechanical properties of final
products [7–9]. It is well known that the mechanical properties of high speed steel strongly depend
on the carbide type, shape, size and distribution, which are closely related to the as-cast structure of
ingots, especially those eutectic carbides.

Until now, most researchers have focused on the forging [10], heat treatment [11,12] and addition
of alloy elements [13,14], which can, to a certain extent, refine the carbides network and size but few
concentrate on the initial solidified process of M2 high speed steel. An improved cooling rate can
acquire a series of excellent properties such as finer micro-structure, extended solid solubility and
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improved strength [15,16]. Most M2 steel is still manufactured by the conventional method which uses
sand molds [17]. With the development of metallurgical technology in recent years, the production
of M2 steel has been realized by adopting continuous casting in some advanced steel mills [18].
The cooling rate of sand mold casting is slower than that of continuous casting. The dendrite size and
center shrinkage cavity are developed as a result of the slow cooling conditions. The cooling rate is key
to the quality of M2 steel [19] and an appropriate cooling rate has a positive effect on relieving internal
defects in the billet such as cracks and center shrinkage cavities [20,21].

In this paper, a round M2 steel billet with a cross-section diameter of 100 mm was successfully
cast by a vertical continuous caster. This study compares the solidification structure of M2 steel billets
via a vertical continuous caster and sand mold. The quantitative relationship between the grain size
and the cooling rate of the M2 steel during the solidification processes has been obtained, which has
not been reported until now.

2. Experimental Materials and Methods

2.1. Experimental Materials

The material used in this study was M2 high-speed steel. The chemical composition of AISI M2
steel is (wt%): C 0.8-0.9, Si 0.2-0.45, Mn 0.15-0.4, P ≤ 0.030, S ≤ 0.030, W 5.5-6.75, Mo 3.8-4.4, Cr 3.8-4.4
and V 1.75-2.2. The chemical composition of the test M2 steel is (wt%) 0.806 C-0.306 Si- 0.334 Mn-0.02
P-0.02 S-5.71 W-4.567 Mo-4.01 Cr-1.78 V.

2.2. Experimental Equipment and Preparation Methods

The experimental equipment consisted of a vertical continuous caster designed by the National
Engineering and Research Center for Continuous Casting Technology (Beijing, China). The process
parameters of the vertical continuous caster are listed in Table 1.

Table 1. The process parameters of the vertical continuous casting machine.

Mold Cross-Section
Diameter Mold Length Mold Taper Mold Oscillation

Frequency
Mold Oscillation

Stroke Casting Speed

100 mm 400 mm 1%/m 1.2 Hz ±3 mm 0.4 m/min

The test M2 steel was melted by a medium-frequency induction furnace and a certain amount of
quick lime was added to form slag during melting process. As the high-speed steel was melted and
raised to a predetermined temperature, the scum on the molten steel surface was scraped off. Then,
0.1 wt% aluminum block was added for deoxidation and degassing purposes. When the chemical
composition and temperature stabilized to a constant value, the liquid steel was cast. The continuous
casting round billet was cooled to room temperature. The liquidus temperature of M2 steel is 1430 ◦C,
which is calculated according to Equation (1). The casting temperature was 1460 ◦C, so the superheat
was 30 ◦C.

Molten steel was poured into a Φ 100 mm × 300 mm sand mold to obtain M2 steel ingot and
samples were obtained at one-third of ingot height. The test vertical continuous caster consists of
four zones, namely, mold section, foot roll section, secondary cooling Section 1 and secondary cooling
Section 2, with length of 400 mm, 80 mm, 140 mm and 240 mm, respectively. The length of the
continuous casting billet obtained from the test is 1.2 m. A 10 mm thick slice was taken along the
cross-section in the middle of continuous casting billet, five samples were obtained every 10 mm in
turn from the edge to the center of the slice for continuous billet and sand mold ingot, respectively,
the sampling method is shown in Figure 1.

TL = 1536− 78WC − 9WSi − 5WMn − 1.8WCr − 2WMo − 0.2WW − 2WV − 28WS − 40WP (1)
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Figure 1. Schematic diagram of sampling for casting microstructure analysis. 

The solidification microstructure of the samples was observed by optical microscopy using an 
FeCl3-HCl etchant (3 g FeCl3+5 mL HCl (50%) + 100 mL H2O). The λ2, distribution and size of carbides 
and grains were studied by a Micro-image Analysis and Process System (MIAPS) (Zeiss, Jena, 
Germany). 

3. Results and Discussion 

3.1. The λ2 Value and Cooling Rate 

The cooling rate was difficult to directly measure during the M2 steel solidification process. The 
dendrite growth rate depends on the cooling rate and it determines the λ2 value. Increasing the 
cooling rate increases the dendrite growth speed and decreases the value of λ2. The cooling rate can 
be calculated by λ2. The empirical relationships between λ2 and the cooling rate can be expressed as 
Equation (2) [15]. In Equation (2), λ2 represents secondary dendrite arm spacing (μm), dT/dt 
represents the cooling rate (K·s−1) and A and b are the parameters for M2 high-speed steel, where A 
= 43, b = 0.32: 

λ2=A(dT/dt)-b (2) 

Figures 2 and 3 show the dendritic structure in different samples from the sand mold and 
continuous casting billets. 

  

  

Figure 2. Microstructure (×100) of the different samples from the M2 steel billet cast in the sand mold 
(a–e for the billet from edge to center). 

Figure 1. Schematic diagram of sampling for casting microstructure analysis.

The solidification microstructure of the samples was observed by optical microscopy using an
FeCl3-HCl etchant (3 g FeCl3+5 mL HCl (50%) + 100 mL H2O). The λ2, distribution and size of
carbides and grains were studied by a Micro-image Analysis and Process System (MIAPS) (Zeiss,
Jena, Germany).

3. Results and Discussion

3.1. The λ2 Value and Cooling Rate

The cooling rate was difficult to directly measure during the M2 steel solidification process.
The dendrite growth rate depends on the cooling rate and it determines the λ2 value. Increasing the
cooling rate increases the dendrite growth speed and decreases the value of λ2. The cooling rate can
be calculated by λ2. The empirical relationships between λ2 and the cooling rate can be expressed as
Equation (2) [15]. In Equation (2), λ2 represents secondary dendrite arm spacing (µm), dT/dt represents
the cooling rate (K·s−1) and A and b are the parameters for M2 high-speed steel, where A = 43, b = 0.32:

λ2 = A(dT/dt)−b (2)

Figures 2 and 3 show the dendritic structure in different samples from the sand mold and
continuous casting billets.
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dendrite arms (Ni) of every dendrite was counted. The statistical process is shown in Figure 4. The λ2 
values of different samples of the billets can be calculated by Equation (3). The computed results are 
shown in Figure 5. Carrying the calculation results of Figure 4 into Equation (2), the cooling rate of 
each sample can be obtained. The cooling rates of each sample are shown in Figure 6. 
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Figure 5. λ2 of the different samples from the M2 steel billets. 

Figure 3. Microstructure (×100) of the different samples from the M2 steel continuous casting billet
(a–e) for the billet from edge to center.

The lengths of the dendrites (Li) were measured with MIAPS. The number of the secondary
dendrite arms (Ni) of every dendrite was counted. The statistical process is shown in Figure 4. The λ2

values of different samples of the billets can be calculated by Equation (3). The computed results are
shown in Figure 5. Carrying the calculation results of Figure 4 into Equation (2), the cooling rate of
each sample can be obtained. The cooling rates of each sample are shown in Figure 6.

λ2 =

∑
Li∑
Ni

(3)
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Figure 6. Calculated cooling rate of the different samples of M2 steel billets.

Table 2 lists the cooling rate ratio and the λ2 ratio between continuous casting billet and sand
mould ingot. The cooling rate of the (e) sample from the continuous casting billet is 2.39 times as large
as that of the sand mould billet, which is 3.58 times lower than that of the (a) sample. Although the
cooling rate increases by 2.39 times at the centre of the billet, the size and distribution of the carbides
and grains clearly improved. These data are introduced in the next section.

Table 2. Ratios of λ2 and calculated cooling rate for the different samples of billets cast with the
continuous caster and sand mold.

Ratios a b c d e Average
λ2(continuous casting billet)
λ2(sand mould ingot) 0.67 0.69 0.71 0.73 0.76 0.712

dT/dt(continuous casting billet)
dT/dt(sand mould ingot) 3.58 3.25 2.95 2.72 2.39 2.98

3.2. Permeability Calculation and Distribution of Carbides

The uniformity of the eutectic carbide distribution is an important factor that affects the quality of
tool steel. The permeability of the mushy zone performs an important function in the uniformity of
eutectic carbide distribution.

The solid-liquid two-phase region of the solidification front is called the mushy zone. The solidus
temperature of M2 steel is 1230 ◦C and the liquidus temperature is 1430 ◦C. The mushy zone of the M2
steel solidification process is wide. The mushy zone is the main region of select crystallization, so it is
the main area of solute segregation. The mushy zone of M2 steel comprises dendrites and a solute
enriched liquid. The resistance of the dendrites to the flow of solute enriched liquid can be described by
the permeability. An increased permeability results in an increased ability of the solute liquid to become
enriched through the dendrites [22,23]. This causes enrichment of the solute elements in the center of
the billet, while a lower permeability can effectively reduce the central segregation. The permeability in
the mushy zone of the metal solidification process was calculated by the Kozeny-Carman Equation (4)
as follows:

KP =
(1− fs)

3

CKC × S2
0 × f 2

s
(4)

where Kp is the permeability in the mushy zone, µm2; f s is the solid phase fraction; S0 is specific surface
area of the dendrite; and CKC is the Kozeny-Carman constant, which, here, has a value of 5.

Ahmad et al. [24] obtained Equation (5) for S0 under the assumption that the dendrite is a
uniform sphere:

S0 = 6/λ2 (5)
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Upon putting Equation (5) into Equation (4), Equation (6) can be obtained as follows:

KP =
λ2

2
× (1− fs)

3

180× f 2
s

(6)

where the value of f s is 0.8 and λ2 is the secondary dendrite arm spacing, µm.
From Equation (6), it can be seen that permeability is proportional to the square of λ2. An increase

in λ2 increases the permeability, which improves the liquidity of the solute enriched liquid; this
situation causes substantial center segregation. The permeability at the corresponding sample can be
calculated by Equation (6) on the basis of the measured results of λ2 in different samples from the M2
steel billet in Figure 5 and the results are shown in Figure 7.
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The average permeability of the continuous casting billet and sand mold billets was 4.0 × 10−2 µm2

and 7.7 × 10−2 µm2, respectively, and the permeability in the continuous casting billet was less than
that at the corresponding position in the billed from the sand mold. It can be inferred that the content
of the carbide in the center area of the sand mold billet was greater than that of the continuous casting
billet. This is because the permeability was larger in the mushy zone, the fluidity of the solute-enriched
liquid in the mushy zone was better and the solute-enriched liquid flowed into the center of the billet.
The cooling rate had an important effect on the nucleus formation rate of dendrites during the M2 steel
solidification process. It can be concluded that the size of the carbide was fine because the cooling rate
was larger in the continuous casting billet. Based on the theory above, it can be determined that the
center carbon segregation of a continuous casting billet is lower than that of a sand mold billet.

To verify the theory above, the carbide phase in the samples from the two billets was extracted
using MIAPS, as shown in Figures 8 and 9, the composition of e1 position was determined by scanning
electron microscopy and was determined to be carbide, as shown in Figure 8e1. The carbide phase
area fraction was counted. The result is shown in Figure 10.

From Figures 8 and 9, it can be seen that eutectic carbides in the cast M2 high-speed steel present a
network distribution. At the same time, the distribution of the carbides in the continuous casting billet
was more uniform than that in the sand mold billet. The thickness of the reticulate carbide network of
the different samples in the continuous casting billet is smaller than that of the corresponding positions
from the billet cast in the sand mold. This is because the cooling rate in the sand mold is lower than
that during continuous casting and the nucleus formation rate of dendrite is therefore lower. Thus,
the dendrites are coarser and the space between the dendrites is larger, which leads to the large size of
the carbides.

From Figure 10, it can be seen that the area fractions of the carbides in the samples from the
continuous casting billet are lower than those of the corresponding positions of the sand mold billet.
The average area fraction of the carbides in the sand mold and continuous casting billets were calculated
to be 0.19 and 0.12, respectively. Thus, it can be concluded that the cooling rate can effectively reduce
the average content of carbides. The carbide area fraction in the center of the sand mold billet is
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as high as 0.24, which increased by 27.7% compared with the average area fraction of the carbides
(0.19)—the carbide area fraction in the center of continuous casting billet is 0.16, compared with the
average carbide area fraction (0.12), which increased by 25.4%. The uniformity of the eutectic carbide
distribution in the continuous casting billet is better than that of the sand mold billet. The analysis
above shows that the continuous casting process can effectively prevent center carbon segregation and
improve the uniformity of the eutectic carbide distribution.
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for the billet from edge to center).

As shown in Figure 10, it can also be seen that the carbide area fraction in the (b) sample is the
lowest of the two billets. This is because the cooling rate in the (a) sample was large, which led to a
low λ2, which indicates that the permeability was small. The solute enriched liquid in the (a) sample
cannot flow to the (b) sample. When the solidification front moved to the (b) sample, the cooling rate
decreased and the λ2 and the permeability increased. The solute enriched liquid in the (b) sample can
flow to sample (c), so the carbide area fraction in the (b) sample is the lowest. The liquidity of the
solute-enriched liquid of the (a) sample in the continuous casting billet was obstructed effectively and
the obstruction effect was better than that of the sand mold billet.
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3.3. The Grain Size Measurement

The samples of two billets were ground and polished and etched in a 10% FeCl3 solution.
The microstructures of the samples were observed. At the same time, the grain size was counted
using the MIAPS method. The process for the statistical grain size analysis is shown in Figure 11.
The statistical results are shown in Figure 12.
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Figure 12 shows that the grain sizes in the continuous casting billet are smaller than those in the
sand mold billet. The average grain size of the sand mold billet is approximately 69.4 µm, while the
average grain size of the continuous casting billet is approximately 50.54 µm. Compared with that of
the sand mold billet, the average grain size of the continuous casting billet is reduced by approximately
26.7%. The grain size of the samples increased by 2.12 times from the edge to center in the continuous
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casting billet and it increased by 2.16 times in the sand mold billet. The continuous casting process can
effectively refine the grain size but it did not have a distinct effect on the grain distribution uniformity.

The analysis above shows that as the cooling rate increases, the grain size is reduced. There is
almost a one-to-one correlation between the cooling rate and grain size in the M2 steel. According to the
cooling rates of the samples in Figure 6 and the grain size of the samples in Figure 12, the relationship
between cooling rates and grain sizes of M2 steel during the solidification process can be obtained,
as shown in Figure 13. Then, the data from Figure 13 can be fit using Equation (7) as follows:

l = 92.3(
dT
dt

)
−0.318

(7)
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In Equation (7), dT/dt is the cooling rate, K·s−1; and l is the average grain size, µm. The degree
of the fit of Equation (7) reached 0.99, so the grain size of M2 steel can be calculated according to the
cooling rate through Equation (7). Note that Equation (7) was obtained with the test data, where the
cooling rate dT/dt was between 1.05 K/s and 32.6 K/s. Thus, Equation (7) only applies to M2 steel.

From Figure 13 and Equation (7), it can be seen that the increase in the cooling rate and the grain
size decreases. The relationship of the cooling rate and grain size is non-linear. When the cooling rate
is low, a small increase in the cooling rate can lead to a significant decrease in the grain size. When
the cooling rate is large and continues to increase, the decrease in the grain size is not particularly
evident. Based on Figure 6, the cooling rates in the center of the continuous casting billet and sand
mold billet are 2.52 K·s−1 and 1.05 K·s−1, respectively. From Figure 12, the grain size decreases from
91.6 µm to 68.2 µm, respectively, which indicates a reduction of 25.5%. Thus, an appropriate increase
in the cooling rate can effectively reduce the grain size in the center of the M2 steel billet.

4. Conclusions

(1) The λ2 values of the round M2 steel billets with a cross-section diameter of 100 mm cast with
a sand mold and continuous caster are 37.34 µm and 21.14 µm, respectively, and the cooling rate is
3.6 K·s−1 and 12.0 K·s−1, respectively.

(2) The average permeability of the M2 steel billets cast with a sand mold and continuous caster
is 7.7 × 10−2 µm2 and 4.0 × 10−2 µm2, respectively. The area fractions of carbides are 0.24 and 0.16,
respectively, at the center of the billet cast with a sand mold and continuous caster. The continuous
casting process can significantly reduce the permeability and reduce the central carbon segregation.

(3) The average grain size of billets cast with sand mold and continuous caster is 69.4 µm and
50.5 µm, respectively. Compared with the sand mold billet, the grain size at the center of the continuous
casting billet was reduced by 25.5%.
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(4) The relationship between the grain size and the cooling rate of M2 steel during the solidification

process can be expressed as l = 92.3(dT
dt )
−0.318

.
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