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Study on primary carbides precipitation in H13 tool 
steel regarding cooling rate during solidification
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Abstract: This study aims to investigate the primary carbides precipitation in H13 steel solidified at relatively 
high cooling rates, ranging from 300 to 6,000 °C·min-1, based on in situ observations with a high temperature 
confocal laser scanning microscope. In the cooling rate range investigated, the solidification microstructure 
becomes more refined as cooling rate increases and the relationship between the secondary dendrite arm 
spacing (SDAS), λ2, and cooling rate, 

.
T, can be expressed as λ2=128.45

.
T  -0.124. Regardless of cooling rates, two 

kinds of primary carbides, i.e., the Mo-Cr-rich and V-rich carbides, are precipitated along the interdendritic region 
and most of them are the Mo-Cr-rich carbides. The morphology of Mo-Cr-rich carbide is not obviously influenced 
by the cooling rate, but that of V-rich carbide is obviously affected. The increasing cooling rate markedly refines 
the primary carbides and reduces their volume fractions, but their precipitations cannot be inhibited even when 
the cooling rate is increased to 6,000 °C·min-1. Besides, the segregation ratios (SRs) of the carbides forming 
elements are not obviously affected by the cooling rate. However, compared with the conventionally cast 
ingot, the SDAS and primary carbides in the steel solidified at the investigated cooling rates are much finer, 
morphologies of the carbides have changed significantly, and SRs of the carbides forming elements are markedly 
greater. The variation of primary carbide characteristics with cooling rate is mainly due to the change in SDAS. 
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AISI H13 hot-work tool steel with extraordinary hot 
strength and remarkable toughness is widely used 

for the manufacturing of molds and dies for extrusion, 
forging and die casting tools [1-4]. However, non-
equilibrium primary carbides are usually precipitated at 
the final stage of H13 solidification due to the dendritic 
segregation [5-7], which is considered to be unfavorable for 
the final mechanical properties of the molds and dies [8, 9].

The H13 steel is generally produced by conventional 
processes, such as casting, electro-slag remelting (ESR) 
and powder metallurgy (PM) [5, 10]. However, these 
processes have serious drawbacks. For instance, the 
conventional casting process with a lower solidification 
cooling rate leads to a coarse dendritic structure and 
the precipitation of coarse primary carbides in the 
interdendritic region, which are unfavorable for achieving 
the best mechanical properties [7, 11, 12]. During the ESR 
process, the molten slag above the ingot/pool interface 

acts as a heat reservoir, which leads to a larger mushy 
zone and in turn promotes chemical heterogeneity [13]. 
Although the PM process can control the microstructure-
property relations better, the process is very complicated 
and the equipment is too expensive [10]. Additive 
manufacturing (AM) has generated great interest 
in the public and industrial sectors over the past 
several decades [14]. This procedure has a number 
of advantages over the conventional processes 
above. For example, the AM allows the production 
of complex geometries [15]. Expensive molds or dies 
are not necessary for AM, which opens a potential 
for reduction of cost [16]. Moreover, AM can lead to 
extended solute trapping in the solid state, and refine the 
microstructure due to the fast solidification cooling rate 
(usually higher than 1,800 °C·min-1) [17-21]. Nevertheless, 
AM is seldom used for manufacturing mechanical 
parts made up of hot-work tool steels. Recently, Klocke 
et al. [22] suggested that AM has the potential to build 
and/or repair dies and molds of hot-work tool steels, 
and this crucial emerging field is set to grow rapidly 
over the coming years. In this case, it is necessary 
to investigate the characteristics of primary carbides 
in H13 steel solidified at relatively high cooling 
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rates (close to the cooling rates of AM processes), which is 
helpful for understanding the microstructure evolution during 
AM processes. Besides, figuring out how the cooling rate 
influences the primary carbides precipitation could provide 
theoretical support for AM process design of H13 steel. Mao 
et al. [5] studied the precipitation of primary carbides in H13 
steel in the cooling rate range of 5-20 °C·min-1, but the cooling 
rates are much lower than those of AM processes.  

The high temperature confocal laser scanning microscope (HT-
CLSM) can be used for in situ observation of the solidification 
process of metals at cooling rates up to 6,000 °C·min-1 [23-25]. 
Therefore, in the present study, a HT-CLSM (VL2000DX-
SVF18SP) was used to investigate the primary carbides 
precipitation in H13 steel solidified at relatively high cooling 
rates (300-6,000 °C·min-1). Quantitative relationships between 
the secondary dendrite arm spacing (SDAS) and cooling rate 
were determined, and the mechanism by which the cooling rate 
influencing the primary carbides precipitation was discussed.

1 Experimental procedure
The H13 melt was prepared in a medium frequency induction 
melting furnace from 2.25Cr-1Mo (P22) steel and H13 scrap 
steel, and was poured at about 1,540 °C into a cast iron mould 
to produce an ingot of Φ200 mm. The chemical composition 
of the steel is shown in Table 1.

three polished samples were used for the HT-CLSM tests. The 
schematic diagram of the HT-CLSM is shown in Fig. 1(a). A 
halogen lamp was fixed as a heating source at the lower focal 
point of the ellipsoidal gold-plated infrared image furnace 
chamber and focused at upper focal point of the chamber. The 
sample was placed in an alumina crucible and then put at the 
upper focal point. The alumina crucible was placed on a Pt stage 
welded with a thermocouple. In order to prevent the oxidation 
of the surface of the sample, the chamber was constantly filled 
with high purity argon. The recorded temperature-time profiles 
of the samples are shown in Fig. 1(b). The samples were firstly 
heated to 200 °C at a heating rate of 40 °C·min-1, and then were 
heated to 1,300 °C at a heating rate of 180 °C·min-1. In order to 
prevent the samples from completely melting and collapsing 
due to excessive heating, they were manually heated from 1,300 
to 1,400 °C, and held for 1-2 min to homogenize the liquid 
phase. Finally, the samples were cooled to room temperature at 
a cooling rate of 300, 1,200 and 6,000 °C·min-1, respectively. 
The heating processes and the 300 °C·min-1 cooling process 
were achieved by modifying the input power of the halogen 
lamp, while the 1,200 and 6,000 °C·min-1 cooling processes 
(higher cooling rates) could only be achieved by filling the 
chamber with He gas and controlling the input power of the 
halogen lamp simultaneously. Note that since the thermocouple 
is welded to the Pt stage, there must be some difference 
between the actual temperature of the sample surface and the 
measured temperature [23, 26, 27]. Subsequently, the upper surfaces 
of the HT-CLSM samples solidified at different cooling rates 
were also polished and etched with 4% nital solution. Their 
microstructures were also observed under the OM and FE-SEM. 

The secondary dendrite arm spacings (SDASs), λ2, of 
the conventionally cast ingot and HT-CLSM samples were 
measured in the optical images using the linear intercept 
method. It is reported that the areal fraction, fsa, obtained on 
two dimensional sections is representative of the volume 
fraction, fs 

[28]:

where, ∑Aα is the sum of the areas of primary carbides, and  
AT is the total measurement area. Thus volume fractions of 
the primary carbides formed in the conventionally cast ingot 
and HT-CLSM samples were determined using the Image Pro 

Table 1: Chemical compositions of the experimental 
steel (wt.%)

C Si Mn Cr Mo V P S Fe

0.53 1.09 0.25 6.68 2.15 1.11 0.024 0.008 Bal.

fs=∑Aα /AT =fsa                                  (1)

Fig. 1: Schematic illustration (a) and recorded temperature-time profiles (b) for HT-CLSM tests

(a) (b)

Four cylindrical samples of Φ8 mm×3 mm were cut from 
the half radius of the ingot by electron discharge machine. 
Afterwards, the samples were ground and polished to a mirror 
finish. One of the polished samples was etched with 4% 
nital solution and then observed under an optical microscope 
(OM), a field emission-scanning electron microscope (FE-
SEM) equipped with a back scattered electron detector (BSE), 
and an energy dispersive spectrometer (EDS) to reveal the 
microstructure of the conventionally cast ingot. The other 
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Fig. 2: Dendritic structure of conventionally cast H13 
steel ingot

Fig. 3: Morphology of primary carbides precipitated in the interdendritic region of conventionally cast H13 steel ingot

Plus 6.0 image analysis software based on the areal analysis. 
In order to guarantee the reliability of the measured results, 
ten micrographs were taken from the conventionally cast 
sample using OM, and five micrographs were taken from each 
HT-CLSM sample using SEM-BSE to calculate the average 
values.

Compositions in the interdendritic region around the primary 
carbides and dendrite core of the conventionally cast ingot 
and HT-CLSM samples were determined by the rectangular 
region X-ray acquisition method using the SEM-EDS. The 
segregation ratio (SR) defined as the ratio of the interdendritic 
region to dendrite core composition was used to describe the 
dendritic segregation. At least five positions of each region 
were selected to calculate the average values.

2 Results and discussion
2.1 Microstructures of conventionally cast ingot
Figure 2 shows the dendritic structure of the conventionally 
cast H13 steel ingot under optical microscope. The dendrite 
core appears with a bright color and the interdendritic region 
appears with a dark color. The average SDAS is 122.7±13.5 μm. 
Stripy and blocky particles with a length of 20-80 μm were 
observed in the interdendritic region, and the volume fraction 
of the particles was calculated to be 0.53±0.07 (%).

The particles located in the interdendritic region were further 
observed under the SEM-BSE, and their compositions were 
analyzed using the SEM-EDS. The SEM-BSE observation 
shows that the particles are composed of two kinds of phases 

(Fig. 3). The EDS analysis suggests the phase with a bright 
color is the Mo-Cr-rich primary carbide (Fig. 4a), and that with 
a gray color is the V-rich primary carbide (Fig. 4b). The Mo-
Cr-rich carbide is always attached to the V-rich carbide and 
their morphologies are similar. Apparently, these particles are 
the primary carbides. Through a great deal of observation of 
these particles, it was found that most of the primary carbides 
are the Mo-Cr-rich carbide, which is in agreement with the 
previous study [5]. 

Table 2 lists the average compositions in the interdendritic 
region just around the primary carbides and dendrite core of the 
conventionally cast ingot and the segregation ratios (SRs) of the 
alloying elements (note that experimental quantitative C analysis 

(a) (b)

Fig. 4: EDS spectra of Mo-Cr-rich carbide (a) and V-rich carbide (b)

(a) (b)
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Fig. 5:  HT-CLSM snapshots for conventionally cast H13 steel ingot heating from 100 to 1,400 °C at a heating rate 
of 180 °C·min-1

(a)

(d)

(b)

(e)

(c)

(f)

Elements Interdendritic 
region Dendrite core SR

Mo 3.08 2.42 1.27

Cr 8.10 6.65 1.22

V 1.22 0.9 1.36

Si 1.12 1.07 1.05

Table 2: Distribution and SRs of alloying elements in 
conventionally cast H13 steel ingot

before in situ observations, the primary carbides could be clearly 
revealed as shown in Fig. 5a. However, the Mo-Cr-rich carbide and 
V-rich carbide are indistinguishable under the optical microscope 
attached to the HT-CLSM. A solid-solid transformation occurs 
at about 850 °C and finishs at about 951 °C, as shown in 
Fig. 5b. According to the transition temperature, this phase 
transformation should be the austenization. As the temperature 
increases, the incipient melting firstly occurs along the primary 
carbides at around 1,190 °C (Fig. 5c), and the melting process 
of all the carbide particles occurs within a narrow temperature 
range (about 20 °C). With further increase of temperature, the 
liquid phase extends gradually from the interdendritic region, 
where the primary carbides are located, to the dendrite area 
(Fig. 5e). It is worth noting that there must exist a noticeable 
temperature gradient within the HT-CLSM samples with the 
thickness of 3 mm during the heating process. Owing to the 
nature of temperature control and the heating principle of the 
HT-CLSM (Fig. 1a), the actual sample surface temperature 
should be higher than the  temperature measured using the 
thermocouple [26].

It has been reported that the liquidus temperature, TL, and 
solidus temperature, TS, of H13 steel can be calculated as [5, 30]:

  TL = T0-88(pct C)-25(pct S)-8(pct Si)-5(pct Mn)-2(pct Mo)

          -1.5(pct Cr)-2(pct V)-30(pct P)                                    (2)

    TS = T0-200(pct C)-12.3(pct Si)-6.8(pct Mn)-124.5(pct P)

           -183.9(pct S)-1.4(pct Cr)                                              (3)

where T0 is the melting point of pure iron, which is 1,538 °C. 
Simple calculations show that TL is 1,463.93 °C and TS is 
1,403.08 °C.  

Apparently, the theoretical liquidus temperature of the 
experimental H13 steel is about 64 °C higher than that determined 
by the HT-CLSM in-situ observation (about 1,400 °C). This also 
indicates that the actual temperature of the sample surface is 
obviously higher than the measured temperature.

was not feasible due to surface contamination [29]). It can be 
seen that the SRs of Mo, Cr and V are markedly greater than 1, 
but the SR of Si is just a little greater than 1. This indicates that 
the Mo, Cr and V are obviously segregated in the interdendritic 
region, while the segregation of Si is negligible.

2.2 In situ observation of melting process
Figure 5 shows the recorded microstructures during the heating 
process. Since the samples were polished to a mirror finish 
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Fig. 6: HT-CLSM snapshots for the sequence of solidification of H13 steel during cooling at 300 °C·min-1 (a, b, c) 
and 1,200 °C·min-1 (d, e, f), respectively

(a)

(d)

(b)

(e)

(c)

(f)

2.3 In situ observation of solidification process
Figure 6 shows the recorded microstructures during 
solidification at a cooling rate of 300 and 1,200 °C·min-1, 
respectively. When the cooling rate was 300 °C·min-1, only 
a few solid phase particles formed at the initial stage of 
solidification (Fig. 6b). However, when the cooling rate was 
increased to 1,200 °C·min-1, a large number of solid phase 
particles formed (Fig. 6e). Obviously, the increasing cooling 
rate significantly increases the nucleation rate of the liquid. 
Note that the cooling rate of 6,000 °C·min-1 is too fast for the 
HT-CLSM to record the solidification process.

Besides, the HT-CLSM in-situ observation also indicates 
that when the cooling rate was 300 °C·min-1, the nucleation 
temperature was about 1,346 °C, and when the cooling rate 
was 1,200 °C·min-1, the nucleation temperature was about 
1,367 °C. In other words, the increasing cooling rate raises the 
nucleation temperature. However, this phenomena is contrary 
to the classic nucleation theory [31]. According to the working 
principle of the present HT-CLSM, the 300 °C·min-1 cooling 
process was realized through reducing the input power of the 
halogen lamp, and in this case, the sample surface temperature 
should be higher than that of the thermocouple (similar to the 
heating process). However, the 1,200 °C·min-1 cooling process 
was achieved mainly by filling the chamber with He gas. The 
flow pattern of He in the chamber causes that it must reach the 
sample surface earlier than the thermocouple. Moreover, the 
contact area between the sample surface and He is much larger 
than that between the thermocouple and He. Thus the sample 
surface was more rapidly cooled and its temperature should be 
lower than that of the thermocouple during the 1,200 °C·min-1 
cooling process. In other words, although the actual temperature 

of the sample surface has decreased greatly after being cooled 
at 1,200 °C·min-1 for a certain time, the thermocouple still stay 
at a higher temperature. This causes a false appearance that the 
increasing cooling rate raises the nucleation temperature.

2.4 Effect of cooling rate on solidification 
microstructure

Figure 7 shows the optical micrographs of the HT-CLSM 
samples solidified at different cooling rates. Apparently, 
the dendritic structure is significantly refined and the 
interdendritic areas are obviously narrowed by the increasing 
cooling rate. Through the above in situ observation of 
solidification processes (Fig. 6), it is easy to understand that the 
microstructure refinement is due to the increasing nucleation 
rate with the increase of cooling rate.

The SDAS is an important characteristic of solidification 
microstructures, which indicates the diffusion path length and 
can have significant influences on the micro-segregation. It has 
been reported that the SDAS, λ2, can be expressed as a function 
of cooling rate, 

.
T [31, 32]:

where ε is a constant and n is the exponent. The ε and n can 
be obviously influenced by the change of cooling rate and 
composition [33]. The measured SDASs of the HT-CLSM samples 
solidified at different cooling rates are shown in Fig. 7(d), and the 
fitted curve of SDASs as a function of cooling rate in the form 
of Eq. (4) can be expressed as:

It can be seen that the SDAS decreases gradually with the 
increase of cooling rate. Besides, the SDASs of all these HT-CLSM 

(4)λ2=ε   -n  
.

T

(5)λ2=128.45   -0.124  
.

T



240

CHINA  FOUNDRY Vo l . 1 7  N o . 3  M a y 2 0 2 0
Research & Development

Fig. 7: Dendritic structures of HT-CLSM samples solidified at cooling rates of 300 °C·min-1 (a), 1,200 °C·min-1 (b), 
and 6,000 °C·min-1 (c), and SDAS as a function of cooling rate (d)

samples are much finer than that of the conventionally cast ingot.
Microstructures of the HT-CLSM samples solidified at 

different cooling rates were further observed under the SEM-
BSE, and compositions of the primary carbides were analyzed 
using EDS. As consistent with that of the conventionally cast 
ingot, two kinds of primary carbides, i.e., the Mo-Cr-rich 
carbide and V-rich carbide, formed along the interdendritic 
region and most of them are the Mo-Cr-rich carbide as shown 
in Fig. 8. Besides, the Mo-Cr-rich carbide is always attached 
to the V-rich carbide. When the cooling rate is 300 °C·min-1, 
the Mo-Cr-rich carbides are mainly in eutectic-like and long 
strip-like shapes, while the V-rich carbides are normally in rod-
like and block shapes (Figs. 8a, b and c). When the cooling 
rate increases to 1,200 °C·min-1, the primary carbides become 
finer, but their morphologies are not obviously changed (Figs. 
8d, 8e and 8f). When the cooling rate is further increased to 
6,000 °C·min-1, the primary carbides are further refined and the 
V-rich carbide also becomes eutectic-like and long strip-like 
(Figs. 8g, 8h and 8i). Besides, compared with the carbides in 
the conventionally cast ingot as shown in Fig. 3, the primary 
carbides in the HT-CLSM samples are much finer and their 
morphologies are quite different. It has been reported that 
the cooling rate of the conventional casting process locates 
within 0.1-20 °C·min-1 [27, 34]. Thus, it can be concluded that 
the increasing cooling rate refines the primary carbides and 
promotes the change of the carbide morphology from blocky 
to eutectic-like and long strip-like, especially when the cooling 
rate is increased above 300 °C·min-1.

Figure 9 shows the variations of volume fractions of the Mo-
Cr-rich carbide and V-rich carbide in the HT-CLSM samples 

(a) (b)

(d)(c)

as a function of cooling rates. Despite different cooling rates, 
the fraction of the Mo-Cr-rich carbide is much greater than that 
of the V-rich carbide. The volume fractions of both primary 
carbides decrease gradually with the increase of cooling rate. 
The volume fraction of the primary carbides (including the Mo-
Cr-rich carbide and V-rich carbide) in the HT-CLSM sample 
solidified at 300 °C·min-1 is about 0.29%, which is much smaller 
than that in the conventionally cast ingot (0.53%). In general, 
the precipitation of the primary carbides is markedly reduced by 
the increasing cooling rate, but it cannot be inhibited even when 
the cooling rate is increased to 6,000 °C·min-1.

2.5 Effect of cooling rate on micro-segregation
To clarify whether the influence of cooling rate on primary 
carbides precipitation is related to the elemental segregation, 
average compositions in the interdendritic region and dendrite core 
of the HT-CLSM samples solidified at different cooling rates were 
determined, and SRs of the carbide forming elements Mo, Cr and 
V were calculated. The results are shown in Fig. 10. It can be seen 
that regardless of the cooling rate, the average concentrations 
of Mo, Cr and V in the interdendritic region are obviously 
greater than those in the dendrite core. In the cooling rate range 
investigated, the cooling rate has little influence on the average 
concentrations of these elements in both the interdendritic region 
(Fig. 10a) and dendrite core (Fig. 10b), and as a result, their 
SRs are hardly affected by the cooling rate (Fig. 10c).

However, compared to the conventionally cast ingot (Table 2), the 
SRs of Mo, Cr and V in the HT-CLSM samples are obviously 
greater. Besides, Mao et al. [5] found that at lower cooling 
rates (5-20 °C·min-1), the SRs of these elements in H13 steel 
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Fig. 8:  Morphologies of primary carbides precipitated in HT-CLSM samples solidified at 300 °C·min-1 (a, b, c), 
1,200 °C·min-1 (d, e, f) and 6,000 °C·min-1 (g, h, i)

Fig. 9:  Volume fractions of the primary carbides 
precipitated in HT-CLSM samples solidified at 
different cooling rates

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)

were significantly increased by the increasing cooling rate. 
Thus, it can be concluded that the degree of the Mo, V and Cr 
segregation is increased by the increase of cooling rate in the 

(7)

CL=C0 [1-(1-2Ω(α)k) fs ]
k-1

1-2Ω(α)k (6)

low cooling rate range, but when the cooling rate is further 
increased above a critical value (at most 300 °C·min-1), it 
remains almost constant. 

During the solidification of alloys, the back diffusion of 
alloying elements is an important factor that determines the 
solidification segregation [5, 35]. According to the Clyne-Kurz 
model which considers the solid state back diffusion [36], the 
solute concentration in the liquid is given by:

(8)  α= 
Dstf

L2 = 
4Ds∆Tf

λ2
2 .
T

ΔTf = TL-TS (9)
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where CL is the solute concentration in liquid, C0 is the initial 
solute concentration, Ω(α) is the dimensionless parameter 
representing the extent of back-diffusion in solid, fs is the solid 
fraction, k is the partition coefficient of alloying elements, Ds is 
the diffusion coefficient of alloying elements in solid, tf is the 
local solidification time, L is the diffusion path length, .

T is the 
local cooling rate, ∆Tf is the solidification range, and λ2 is the 
SDAS.

As the Ω(α) values approach zero, the Clyne-Kurz model 
will reduce to the Scheil model which ignores the solid state 
back diffusion of alloying elements [35]. The calculated Ω(α) 
values for the carbide forming elements Mo, Cr, V and C at 
various cooling rates are listed in Table 3. The Ds in Eq. (8) 
was calculated at the mid temperature (Tmid) between TL and 
TS. Relations of Ds values (cm2·s-1) for Mo, Cr, V and C with 
temperature are given as follows [5, 37, 38]:

Ds, Mo= 0.068 exp(-246868/RT)

Ds,Cr= 0.0012 exp(-219001/RT)

Ds,V= 0.248 exp(-259002/RT)

Ds,C= 0.0761 exp(-143511/RT)

(10)

(11)

(12)

  (13)

Table 3:  Calculated Ω(α) values of the carbide forming 
elements at various cooling rates

T
(°C·min-1) Mo Cr V C

300 2.22×10-3 2.81×10-4 3.46×10-3 3.62

1,200 8.73×10-4 1.10×10-4 1.36×10-3 1.42

6,000 2.36×10-4 2.98×10-5 3.66×10-4 0.38

where R is the gas constant of 8.314 J·mol-1·K-1 and T is the 
temperature in Kelvin.

It can be seen from Table 3 that the calculated Ω(α) values 
of all these elements definitely decrease with the increase of 
cooling rate, which suggests that the dilution influence of back 
diffusion on micro-segregation is reduced by the increase of 
cooling rate. Besides, the Ω(α) values of Mo, Cr and V are very 
small and very close to zero, indicating that the back diffusion 

of these elements are nearly suppressed when the cooling rate 
is increased above 300 °C·min-1. Seo et al. [35] also proved 
similar results, i.e., the back diffusion in solid phase of Ni-based 
superalloys is gradually deactivated as the cooling rate increases 
and becomes too small to influence the micro-segregation when 
the cooling rate is increased above a critical value. It is worth 
noting that since the cooling rates for conventional casting 
processes are much lower, the back diffusion of the carbide 
forming elements in the conventionally cast ingot must be 
more significant than that in the HT-CLSM samples solidified 
at relatively higher cooling rates (300-6,000 °C·min-1). Most 
likely, the influence of cooling rate on the back diffusion extent 
can be considered to be the reason why the SRs of Mo, Cr 
and V are not obviously influenced by the cooling rate in the 
investigated cooling rate range, but the SRs of these elements in 
the HT-CLSM samples are obviously greater than those in the 
conventionally cast ingot. 

It has been found that the segregation of C in H13 steel 
almost follows the Lever-rule model which assumes that the 
alloying elements are uniformly distributed in the solid during 
solidification [5, 39], and this may be due to the large diffusion 
coefficient of C in the solid [5, 37, 38]. Moreover, Lippard et al. [29] 
found that the segregation of C in sand casting AerMet100 
steel is not obvious by the DICTRA calculation (the SR of C 
is only 1.12). Thus, it is believed that C tends to be distributed 
uniformly between the dendrite core and interdendritic region. 
In this case, the influence of back diffusion extent on the 
segregation degree of C will be very limited. Although the Ω(α) 
value of C decreases significantly with the increase of cooling 
rate (Table 3), the SR of C could only be slightly enlarged by the 
increasing cooling rate.

3 Discussion
Although the SRs of the carbide forming elements are hardly 
influenced by the cooling rate in the investigated cooling rate 
range (300-6,000 °C·min-1), the primary carbides precipitation 
is obviously reduced by the increasing cooling rate in this 
range. Moreover, despite the lower SRs of carbide forming 
elements in the conventionally cast ingot, the volume fraction 

Fig. 10: Average concentrations of carbide forming elements Mo, Cr and V in the interdendritic region (a) and dendrite 
core (b) of HT-CLSM samples solidified at different cooling rates, and their segregation ratios (c)

(a) (b) (c)
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of primary carbides in the ingot is obviously larger than that in 
the HT-CLSM samples. Therefore, the change in the primary 
carbides’ characteristics is not due to the variation of the 
degree of alloying elements segregation.

As mentioned above, the increasing cooling rate obviously 
increases the nucleation rate and hence decreases the SDAS, 
which in turn narrows the remaining liquid pools between 
the dendrites where the primary carbides are formed. Thus, 
at relatively higher cooling rates (300-6,000 °C·min-1), the 
remaining liquid presents as thin films, and in this case the 
primary carbides have to grow along the thin films and become 
long strip-like. According to the principles of solidification, when 
the cooling rate increases to a certain value, the melt can be 
undercooled into the pseudo-eutectic region [40]. This may be the 
main cause of the eutectic-like primary carbides precipitation in 
the HT-CLSM samples. Since the content of the V-rich carbide 
forming element V in this steel is much lower than those of the 
Mo-Cr-rich carbide forming elements Mo and Cr, compared 
with the long strip-like Mo-Cr-rich carbide, the formation of 
long strip-like V-rich carbide needs thinner liquid films. Besides, 
the lower V content also makes it more difficult for the V-rich 
carbide forming elements to reach the eutectic points. Thus, the 
cooling rate needed for the long strip-like and eutectic-like V-rich 
carbides precipitation is higher than that for the long strip-like 
and eutectic-like Mo-Cr-rich carbides precipitation (Fig. 8).

Since the remaining liquid films between the dendrites are 
narrowed by the increase of cooling rate, finer primary carbides 
must be formed along the thinner liquid films. The refinement 
of the carbides naturally leads to the decrease of their volume 
fractions. As mentioned above, the content of V is much lower 
than that of Mo and Cr, so the volume fraction of the V-rich 
carbide is obviously smaller than that of the Mo-Cr-rich carbide 
regardless of the cooling rate.

Additive Manufacturing (AM) is a promising manufacturing 
technology for H13 and other hot-work tool steels. This 
paper reveals that at relatively high cooling rates (300-
6,000 °C·min-1), the primary carbides precipitated along the 
interdendritic region of H13 steel are mainly the eutectic-like 
and long strip-like Mo-Cr-rich carbide, and the increasing 
cooling rate obviously refines the primary carbides and reduces 
their volume fractions. When the AM process is performed, 
the variation of the primary carbides characteristics with the 
cooling rate needs to be considered to better control the final 
properties of these steels. 

4 Conclusions

This study mainly investigated the primary carbides precipitation 
in H13 steel solidified at relatively high cooling rates, ranging 
from 300 to 6,000 °C·min-1, based on in situ observations with 
HT-CLSM. The conclusions as follows are gathered:

(1) In the cooling rate range investigated, the solidified 
microstructure is obviously refined by the increased cooling 
rate, and the SDAS, λ2, as a function of cooling rate, .

T, is 
experimentally evidenced as λ2=128.45 .

T -0.124. 

(2) In the cooling rate range investigated, two kinds of primary 
carbides, namely Mo-Cr-rich carbide and V-rich carbide, are 
precipitated at the final solidification stage, and the amount of 
Mo-Cr-rich carbide is much larger than that of V-rich carbide. 
The cooling rate has no obvious influence on the Mo-Cr-rich 
carbide morphology, but has a significant effect on the V-rich 
carbide morphology. The increase of cooling rate markedly 
refines the primary carbides and obviously reduces their volume 
fractions. Besides, the segregation ratios of the carbides forming 
elements Mo, Cr and V are insensitive to the cooling rate.

(3) Compared with the conventionally cast ingot, the SDASs 
of the steel solidified at the investigated cooling rates are much 
smaller, the primary carbides formed in the steel solidified at the 
investigated cooling rates are much finer and their morphologies 
have changed significantly. Moreover, segregation ratios of 
the carbides forming elements in the steel solidified at the 
investigated cooling rates are obviously greater.
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