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Abstract: The tempering stability of three Fe–Cr–Mo–W–V hot forging die steels (DM, H21, and H13) was investigated through hardness 
measurements and transmission electron microscopy (TEM) observations. Both dilatometer tests and TEM observations revealed that DM 
steel has a higher tempering stability than H21 and H13 steels because of its substantial amount of M2C (M represents metallic element) car-
bide precipitations. The activation energies of the M2C carbide precipitation processes in DM, H21, and H13 steels are 236.4, 212.0, and 
228.9 kJ/mol, respectively. Furthermore, the results indicated that vanadium atoms both increase the activation energy and affect the evolu-
tion of M2C carbides, resulting in gradual dissolution rather than over-aging during tempering. 
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1. Introduction 

As basic equipment in the mechanical industry, hot forg-
ing dies are mainly used for solid metal shaping at tempera-
tures above the recrystallization temperature of the material; 
such shaping is extensively used in the automotive and ma-
chinery manufacturing industries. Hot forging dies are in-
evitably subjected to mechanical loadings at high tempera-
tures under service; the local temperature of the die surface 
can exceed 600°C [1]. Tempering stability is widely studied 
as an important indicator of the high-temperature perfor-
mance of hot forging die materials. Nanosized secondary 
carbides dispersed within the microstructure can substan-
tially improve the tempering stability [2]. Therefore, 
Fe–Cr–Mo–W–V hot forging die steels were selected as die 
steels on the basis of their high tempering stability, and our 
knowledge of their tempering stability relies on our under-
standing of their diffusional phase transformation during 
tempering. 

Early studies related to phase transformations in steels 
during tempering were mainly focused on the four principal 
transformations of Fe–C martensite [3–6]: (1) segregation of 
carbon atoms in martensite; (2) decomposition of martensite 
and formation of metastable ε-carbide (Fe2.4C); (3) trans-
formation of residual austenite; (4) and formation of cemen-

tite (Fe3C). In recent decades, researchers have shown in-
creased interest in attaining a more fundamental under-
standing of the various precipitate particles’ transformations 
in steels with different compositions when the steels are 
subjected to different heat-treatment and service conditions. 
For instance, Ghost et al. [7] utilized the Thermo-Calc soft-
ware to calculate the nucleation driving forces of qua-
si-equilibrium cementite and found that Si decreases the 
driving force of cementite nucleation, whereas C, Mn, and 
Cr markedly increase the driving force. Björklund et al. [8] 
derived a theoretical expression on the coarsening kinetics 
of cementite in the α matrix of Fe–M–C ternary systems by 
assuming an equilibrium partitioning of alloy elements be-
tween cementite and ferrite. They found that the volume 
diffusion of alloy elements in the α matrix for the partition-
ing serves as the controlling process for the coarsening of 
cementite. This result is consistent with those of other re-
searchers [9–11] who concluded that the growth of cemen-
tite is remarkably retarded by the addition of Mn, Cr, and Si. 
In addition, Pilling et al. [12] reported that the microstruc-
tural and compositional features during tempering at 700°C 
are not fully consistent with the precipitation sequence re-
ported by Baker and Nutting [13] for commercial 
2.25Cr−1Mo steels. Inoue et al. [14] used transmission elec-
tron microscopy (TEM) to clarify the transformation process 
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of the Cr-based carbides M3C → M7C3 → M23C6 → M6C 
and their crystallographic relationships. In particular, the 
M23C6 and M7C3 structural components, which are recognized 
as the main precipitate phases in high-carbon Cr-based steels, 
were intensively analyzed. Grain boundaries can be streng-
thened by block-shaped M23C6 at high temperatures [15–17]. 
By contrast, M7C3 carbide is enriched with Cr and grows 
more quickly than other carbide alloys [18–20]. In addition, 
Mukherjee [21] showed that the addition of Mo results in an 
increased tendency to form M23C6 at the expense of M7C3 in 
high-Cr steels. A similar phenomenon was recently observed 
by Zhang et al. [22], who claimed that the optimum condi-
tions for precipitation of the metastable M23C6 phase are a 
lower Cr content and a higher Mo content in a ferritic matrix. 
Furthermore, many researchers have studied the effect of V 
on carbides. Zhang et al. [23] proposed that the precipitation 
of M6C carbides containing V suppresses the precipitation 
of M7C3 carbides. Ishii et al. [24] reported that the type of 
fine precipitates formed in high-Cr heat-resistant steel con-
taining V is influenced mainly by the tempering temperature. 
A large amount of M2C was observed in specimens tem-
pered at temperatures below 993 K, whereas MC precipi-
tated instead of M2C in specimens tempered at temperatures 
above 1023 K. Onizawa et al. [25] found that the growth 
rate of Cr2(C,N) in V-containing steels is slower than that in 
V-free steel. Because of the presence of carbide-forming 
elements such as Cr, Mo, W, and V, the carbide precipitation 
behavior in the high-alloy steels becomes complex during 
tempering. In particular, the effect of alloying elements on 
the type, distribution, and evolution of carbides related to 
the secondary hardening phenomenon plays an important 
role in improving the tempering stability of steels [26–28]. 
In this paper, we attempt to identify the various nanosized 
carbide precipitations formed during tempering of 
Fe–Cr–Mo–W–V hot forging die steels by TEM; we also 
attempt to determine the specific carbide phase that signifi-
cantly affects the transformation kinetics characteristics, 
which can increase the softening resistance greatly. 

2. Experimental 

2.1. Materials 

The studied materials were three commercial hot forging 
die steels: DM, H21, and H13; Table 1 shows the composi-
tions of the experimental steels. The H21 and H13 steels are 
conventional hot-work tool steels with excellent service 
performance. The DM steel is a newly developed steel with 
a leaner balance of carbide alloying elements for improved 
high-temperature properties. 

Table 1.  Normal chemical composition of DM, H21, and H13 
steels                                             wt% 

Steel C Mn Si Cr Mo W V Fe

DM 0.40 0.8 0.3 2.3 1.7 1.7 1.0 Bal.

H21 0.32 0.3 0.3 2.9 ⎯ 8.5 0.4 Bal.

H13 0.39 0.4 1.0 5.2 1.4 ⎯ 1.0 Bal.

2.2. Tempering stability test 

The dimensions of the specimens used for the tempering 
stability tests were 10 mm × 10 mm × 20 mm. The initial 
heat-treatment process is described in the following para-
graphs. First, the DM, H21, and H13 steel specimens were 
austenitized for 45 min at 1050, 1080, and 1030°C, respec-
tively, and quenched in oil to room temperature. The 
quenched specimens of DM, H21, and H13 steels were sub-
sequently tempered twice for 2 h at 625, 620, and 600°C, 
respectively. A similar hardness of HRC 47 was reached in 
all of the specimens. Finally, the specimens were addition-
ally tempered for different times at 650°C. 

The microstructures of the DM, H13, and H21 steel spe-
cimens were examined by scanning electron microscopy 
(SEM; ZEISS Supra40, Germany) and by TEM (JEOL 
2010F, Japan, operated at 200 kV) in conjunction with 
energy-dispersive spectroscopy (EDS). The specimens for 
TEM observation were prepared by being thinned by dual-jet 
electropolishing in a Tenupol dual-jet electropolisher, using an 
electrolyte consisting of 10vol% perchloric acid with metha-
nol. The electrolyte temperature was maintained at approx-
imately −40°C, and a voltage of 10 V was used for thinning. 

2.3. Dilatometry 

For the dilatometry investigations, a Bahr DIL-805/D di-
latometer was used. Cylindrical specimens of the DM, H21, 
and H13 steels with a diameter of 4 mm and a length of 10 
mm were used. After prior quenching from 1060°C (auste-
nitization time 20 min), the specimens were heated to 750°C 
at various rates of 0.014, 0.02, 0.03, and 0.05°C/s. The digi-
tally recorded heating dilatograms enabled the continuous 
heating precipitation (CHP) curves of the experimental 
steels to be constructed in the system temperature–time ac-
cording to characteristic points read from the differential 
curves. Moreover, the microstructures of the specimens 
were analyzed by SEM (ZEISS Supra40, Germany) after the 
dilatometry experiments. 

3. Results 

3.1. Hardness evolution 

Fig. 1 shows the hardness curves of the DM, H21, and 
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H13 steels as functions of the tempering duration at 650°C. 
The hardness values of all three steels decrease with in-
creasing tempering time, and the slopes of the hardness 
curves gradually become stable. According to Fig. 1, the ini-
tial hardness values of the quenched and tempered DM, H21, 
and H13 steels are HRC 47.2, 46.7, and 46.5, respectively, 
and the hardnesses of the three tested steels decrease to 
HRC 32.6, 30.4, and 25.6, respectively, after the specimens 
were tempered for 24 h at 650°C. To evaluate the tempering 
stability of the three steels, we used the tempering kinetic 
law known as the J–M–A-type equation [29–33], which is 
represented as 

1 exp( )nDtτ = − −  (1) 

where D is the rate constant for a reaction (at a given tem-
perature) that follows the Arrhenius equation, t is the tem-
pering time, n is the Avrami exponent, which depends on the 
material and its thermal history, and τ is the tempering ratio, 
as obtained from Eq. (2): 

0

0
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H H
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where H0, H∞, and H are the hardness values of the 
quenched, annealed, and the intermediate states (between 
the as-quenched and the annealed states), respectively. 

 

Fig. 1.  Hardness as a function of tempering time at 650°C for 
DM, H21, and H13 steels. 

Eq. (1) is represented as a plot of lnln[1/(1−τ)] versus lnt, 
as shown in Eq. (3): 

1
ln ln ln ln

1
n t D

τ
= +

−
 (3) 

The results obtained by plotting Eq. (3) using the values 
obtained by introducing the measured hardness values (Fig. 
1) in Eq. (2) are shown in Fig. 2. The values of the Avrami 
exponent n of the DM, H21, and H13 steels at 650°C are 
0.281, 0.298, and 0.337, respectively. According to the Lif-
shitz–Slyozov–Wagner theory, when the value of n is ap-

proximately 1/3, the coarsening kinetics is controlled by vo-
lume diffusion [34−35]. Lindsley et al. [36] and Nam et al. [37] 
have reported n values in the range from 0.20 to 0.23 and 
concluded that the coarsening of carbides is predominantly 
controlled by the diffusion of carbon along the dislocations 
and the grain boundaries. The diffusion of the solute atoms 
during tempering at 650°C in DM and H21 steels is clearly 
controlled by grain-boundary and volume diffusion, whereas 
diffusion in H13 steel is controlled by the volume diffusion. 
In addition, the results indicate that the average rate of pre-
cipitation and coarsening of carbides, which plays a key role 
in determining the tempering stability, is the smallest in the 
DM steel. 

 

Fig. 2.  Avrami exponent n of DM, H21, and H13 steels during 
tempering at 650°C, where t is the tempering time and τ is the 
tempering ratio. 

3.2. TEM investigations 

To study the microstructural evolution of steels during 
tempering, especially the type, shape, and distribution of 
carbides, three experimental steels—DM, H21, and 
H13—were observed by TEM and their fine structures after 
tempering for 1 and 24 h at 650°C were characterized. Fig. 3 
shows the microstructural characteristics of the DM steel 
after tempering for 1 h. Fig. 3(a) demonstrates a large num-
ber of complex entangled dislocations at the martensitic slab 
boundaries, whereas the grid-like dislocations are found to 
remain inside the slab. Fig. 3(b) shows the precipitated na-
nocarbide particles dispersed between the grid-like disloca-
tions. Liu et al. [38] found that the dislocations easily entan-
gle around the carbides and form areas with a high concen-
tration of dislocations. He et al. [39] revealed that the car-
bides have a pinning and dragging effect on the dislocations. 
Therefore, these small granular carbides can greatly hinder 
the movement of dislocations, thereby affecting the soften-
ing process during tempering. Fig. 3(c) shows the strip-like 
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carbides that precipitate and grow between the martensitic 
slabs; these carbides are approximately 15–30 nm in thick-
ness and 100 nm in length and are identified as orthorhom-
bic M3C carbides on the basis of their diffraction spot pat-
terns; detailed information about them is listed in Table 2. 

Because the alloying elements Mn, Cr, Mo, and W can sub-
stantially diffuse into the ferrite during the process of 
high-temperature tempering at 650°C, they can easily dis-
place the Fe atoms in the cementite to form alloy cementite, 
as verified by the EDS spectra of carbides (Fig. 3(d)). 

 

Fig. 3.  TEM morphologies of DM steel tempered at 650°C for 1 h: (a) and (b) bright-field images, (c) dark-field image of the 
strip-like carbides and the corresponding selected-area diffraction (SAD) pattern, and (d) the EDS spectrum of the carbides. 

 

Table 2.  Morphologies, sizes, compositions, and types of fine 
secondary carbides in steel specimens tempered at 650°C for 1 h 

Steel Morphology 
Size (length) / 

nm 
Alloying 
element 

Type 

DM Strip 100 
Mn, Cr, Mo, 

W 
M3C 

H21 Rod 70 W, V, Cr M2C 

H13 Rod, Sphere 10–20, 20–30 ⎯ M2C, M7C3
 

Figs. 4(a) and 4(b) show the TEM images of H21 steel 
after tempering for 1 h. Fig. 4(a) displays the cellular sub-
structures caused by the aggregation and entanglement of 
dislocations. Clearly, the dislocations change from cellular 
dislocations to linear dislocations in some areas. Subse-
quently, these dislocations arrange themselves to form the 
slab boundaries, as indicated by the arrow in Fig. 4(a). The 
circled area in Fig. 4(a) clearly shows the interrupted slab 
boundaries. Wu et al. [40] noted that such a slab boundary 

results from a series of processes where the parallel disloca-
tion wall is annihilated during migration after heat-induced 
activation; the disappearance of the interslab boundary in-
duces the merging of adjacent slabs and the subsequent 
formation of a recrystallized crystal nucleus, eventually 
leading to the development of a polygonal ferrite structure 
because of recrystallization. The TEM dark-field image (Fig. 
4(b)) shows rod-like carbides with an average size of ap-
proximately 70 nm, where the particles are approximately 
parallel to each other in the slab. These carbides are 
enriched with W, V, and Cr, as shown in the EDS spectrum 
in Fig. 4(c). Furthermore, as denoted by the arrows in Fig. 
4(b), the dark-field image and the selected-area diffraction 
(SAD) spot analysis reveal a hexagonal structure for the 
precipitated phase. According to Ref. [41], the presence of 
this crystalline structure indicates the formation of M2C-type 
carbides in the Fe–Cr–Mo–W–V steel tempered at 650°C. 
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Fig. 5(a) is the TEM bright-field image of H13 steel after 
tempering for 1 h. Despite the partial merging of slabs in the 
steel, the subgrain boundaries at the unrecovered regions 
remain clearly visible. Meanwhile, the precipitated particles 
with both coherent and non-coherent contrast are dispersed 
in the martensitic slabs. The coherently precipitated particles 
have a diameter of approximately 2 nm and a length of ap-
proximately 10–20 nm (Table 2). They are small rod-like 
particles arranged parallel to each other inside the slabs. As 
previously discussed, the fine rod-like carbides in a parallel 
arrangement, denoted by the arrows in Fig. 5(b), are likely 
M2C-type carbides. The non-coherent precipitate phase has 
a size of approximately 20–30 nm, with a spherical shape 
(Table 2); it nucleates along the grain boundaries and the 
subgrain boundaries. This type of carbide is the major con-
tributor to the scattering of incident electrons, thereby 
masking the effect of the matrix. As a result, these particles 
appear dark and clear in the bright-field image (Fig. 5(a)). 
The corresponding dark-field image is circled in Fig. 5(b). 
The authors of previous studies [12,42] have shown that 
such types of precipitate phase particles with parallelogram 
shapes are likely M7C3-type carbides. The non-coherent car-
bides nucleated at the boundaries of the slabs are more sus-
ceptible to coarsening than the coherent carbides precipi-
tated inside the slabs. This effect is attributed to grain boun-
daries and dislocations that can form channels for fast atom 

diffusion, thus facilitating the nucleation and growth of the 
carbides. Yang et al. [43−44] found that the chemical poten-
tial of the fine carbide particles is higher than that of the 
coarse carbide particles and that, as a result, the initially 
precipitated fine carbide particles re-dissolve and migrate 
by diffusion toward the large carbide particles and grain 
boundaries (i.e., Ostwald ripening occurs). At the same 
time, a significant depletion of the alloying elements and 
carbon elements inside the grains severely affects the 
properties of the material. We deduced that, along with the 
transition from coherent carbides to non-coherent carbides, 
H13 steel shows a substantial softening phenomenon that 
agrees well with the change in the H13 steel hardness, 
which decreases by approximately HRC 7 after 1 h of 
tempering (Fig. 1(c)). 

The TEM image in Fig. 6(a) shows the morphology of 
DM steel after 24 h of tempering. The bright-field image 
shows the presence of needle-like carbides and entangled 
dislocations in the martensitic slabs. The continuous preci-
pitation of granular carbides is generally accepted to effec-
tively prevent the slip of dislocations. As evident in the 
dark-field image in Fig. 6(b), the intermittent linearly dis-
tributed nanosized carbide particles coexist with the 
needle-like carbide particles; this special morphology is 
similar to that of the undissolved carbides. Zhou et al. [45] 
argued that such carbides might be formed by the dissolu-

Fig. 4.  TEM morphologies of H21 steel
tempered at 650°C for 1 h: (a) bright-field
image; (b) dark-field image of the rod-like
carbides and the corresponding SAD pat-
tern; (c) the EDS spectrum of the carbides. 
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tion and transformation of M3C alloy cementite. However, 
the M3C carbides in the microstructures (Fig. 3(c)) of DM 
steel have a strip-like shape and a size of approximately 100 
nm, whereas the needle-like carbides are more elongated, 
ranging in length from 130 to 280 nm (Table 3). Previous 
studies by Bhadeshia et al. [46] have suggested that the M2C 
carbides first nucleate at the dislocations within the matrix 
as thin rods along the <100>α direction, forming a coherent 
precipitate phase with the matrix and showing a position re-
lationship of (0001)M2C//(011)α and [1120]M2C//[100]α, which 
is consistent with the morphology shown in the TEM image 

in Fig. 6(a). As previously mentioned, during tempering, the 
non-coherent precipitate phase is coarsened and the coherent 
precipitated particles gradually dissolve. However, these 
dissolving carbides are too small to identify by SAD spot 
analysis. In the case of DM steel, the needle-like M2C car-
bides precipitated in the grains are assumed to have expe-
rienced a dissolution process after 24 h of tempering (Fig. 
6(b)). As a result, the growth of the non-coherent phase 
promotes recrystallization-induced nucleation, resulting in a 
substantial decrease in hardness of the DM steels after 24 h 
of tempering, as shown in Fig. 1(c).  

 

Fig. 5.  TEM morphologies of H13 steel after tempering at 650°C for 1 h: (a) bright-field image and (b) dark-field image of the car-
bides. 

 

Fig. 6.  TEM morphologies of DM steel tempered at 650°C for 24 h: (a) bright-field image and (b) dark-field image of the 
needle-like carbides. 

Table 3.  Morphologies, sizes, compositions and types of fine 
secondary carbides in steel specimens tempered at 650°C for 
24 h 

Steel Morphology 
Size (length) / 

nm 
Alloying  
element 

Type 

DM Needle 130−280 ⎯ M2C 

H21 Plate 150 W, Cr, Mn, V M6C 

H13 Sphere 60 ⎯ M23C6

The TEM images in Figs. 7(a) and 7(b) show the mor-
phologies of H21 steel after 24 h of tempering. The 
bright-field micrograph shows that a large amount of car-
bides precipitate within the ferrite grains and on dislocations, 
which mainly exhibit plate-like shapes with an average 
length of approximately 150 nm, as observed in the 
dark-field micrograph. These carbides are enriched with W, 
Cr, Mn, and V, as shown in the EDS spectrum in Fig. 7(c). 
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Compared with the microstructure of the H21 steel speci-
men tempered for 1 h (Fig. 4(b)), that of the specimen tem-
pered for 24 h shows agglomeration and coarsening of car-
bides. Because both M6C and M23C6 carbides nucleate lat-
er than M2C carbides [47−48] and because they have simi-
lar lattice parameters, distinguishing these carbides by 
SAD spot analysis is difficult. Fortunately, Kurzydłowski 
et al. [49] confirmed that plate-like M6C precipitates coex-
ist with M2C precipitates and reported that one of the sides 

of the plate-like precipitates is always parallel to the axis 
of the M2C carbide needle occurring in the same ferrite 
grain. This observation strongly supports the hypothesis 
related to these plate-like carbides in the present study. In 
addition, with prolonged tempering time, M6C carbides 
formed by the aforementioned transformation coarsen (by 
transcrystallization). The result of this transformation is 
local degradation of H21 steel, and sometimes is total de-
gradation. 

 
 

Figs. 8(a) and 8(b) show the TEM bright-field images of 
different regions of H13 steel after 24 h of tempering. As 
observed in Fig. 8(a), because a large number of equiaxed 
band-like carbides participate at the boundaries, the micro-
structure shows further recovery along with the emergence 
of polygonal ferrites. Fig. 8(b) displays the microstructural 
morphology of the intragranular region. Compared to the 
microstructure of H13 steel after 1 h of tempering (Fig. 5(a)), 
the width of the intragranular martensitic slabs increases 
substantially, indicating further merging of the slabs. 
Meanwhile, irregular-shaped spherical carbides are present 
in the grains, most likely in the vicinity of the intermittent 
subgrain boundaries retained after the recovery process. The 
size of these carbides is approximately 60 nm, and SAD 
analysis shows that the precipitated carbides belong to the 
M23C6-type with a face-centered cubic structure (Table 3). 

Hu et al. [50] used the extraction replica method to study the 
carbide coarsening behavior of H13 steel during the thermal 
fatigue process. They concluded that M23C6 carbides exhibit 
two major morphology types: irregular spherical shapes and 
bar-like shapes. Dudova et al. [51], in a study on the process 
of carbide precipitation during tempering of 10wt% Cr steel, 
found that, under a high-temperature condition, M23C6 car-
bides can be divided into two types that exist at high-angle 
grain boundaries or low-angle slab boundaries. Consequently, 
the characteristics of the M23C6 carbides observed in the 
present study agree well with those described in the aforemen-
tioned studies. Because the small M23C6 carbides are not 
thermodynamically stable during tempering, the nanosized 
M23C6 carbides located at the slab boundaries within the grains 
tend to dissolve, and the M23C6 carbides on the high-angle 
grain boundaries undergo coarsening. Because of the slight ef-

Fig. 7.  TEM morphologies of H21 steel
tempered at 650°C for 24 h: (a) bright-field
image; (b) dark-field image of the plate-like
carbides; (c) EDS spectrum of the carbides. 
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fect of the coarsened M23C6 carbides on the pinning of slab 
boundaries, the slabs quickly merge and disappear with in-
creasing tempering time, ultimately leading to a recrystalliza-

tion process and the subsequent transformation to form poly-
gonal ferrites. This change plays a substantial role in reducing 
the hardness of the H13 steel tempered for 24 h (Fig. 1(c)). 

 

Fig. 8.  TEM morphologies of H13 steel after tempered at 650°C for 24 h: (a) bright-field image of the intergranular carbides; (b) 
bright-field image of the intragranular carbides and the corresponding SAD pattern. 

3.3. CHP investigations 

Notably, the sequence of the phase transformations 
strongly affects the tempering stability of the steels. To elu-
cidate the mechanism, we investigated the kinetics of the 
phase transformations during continuous heating from the 
as-quenched state of the Fe–Cr–Mo–W–V hot forging die 
steels using their CHP curves. Fig. 9 shows the variations in 
the derivatives of dilatometric strain 0(d( / )/d )L L TΔ  with 
temperature, known as CHP curves, for the as-quenched 
DM, H13, and H21 steels obtained during continuous heat-
ing to 750°C at a heating rate of 0.02°C/s. 

 
Fig. 9.  Variations in the derivatives of the dilatometric strain 
with respect to the temperature of DM (a), H21 (b), and H13 (c) 
steels with continuous heating to 750°C at a heating rate of 
0.02°C/s. 

Fig. 9(a) presents the CHP curve of DM steel, which ex-
hibits eight turning points, dividing the curve into seven 

stages of phase transformation. The first stage consists of 
two temperature intervals. The low-temperature interval 
corresponds to the early stages of decomposition of virgin 
martensite and ends at 118°C (P1). The high-temperature 
interval corresponds to the precipitation of carbide ε, which 
occurs between 118°C (P1) and 159°C (P2). In the early 
stage, the CHP curve exhibits an abrupt decrease with in-
creasing temperature. A similar phenomenon was reported 
by Jung et al. [52], who combined the electrical resistivity 
curve and the phase transformation curve of martensite. We 
speculate that the primary reason for the drastic decrease in 
the derivative of unit temperature dilatometric strain in this 
stage is the transformation of the clustering of carbon atoms. 
After the early stage, i.e., when the temperature is higher than 
118°C (P1), the CHP curve fluctuates slightly, corresponding 
to the formation of transitional ε-carbide. Fig. 10(a) shows the 
SEM image of DM steel at 118°C (P1); this image reveals the 
presence of needle-shaped ε-carbides parallel to each other on 
the martensite lath, marked by a square in the image. 

With increasing temperature, the CHP curve enters the 
third precipitation stage, as shown in Fig. 9(a), which is 
characterized by a slight decrease in the derivative of unit 
temperature dilatometric strain. This decrease is mainly 
caused by the volume contraction due to the transformation 
of the transitional ε-carbide to cementite in the martensite. 
The contraction begins at 159°C (P2) and ends at 396°C 
(P5). Within the range of cementite precipitation, a positive 
dilatation effect associated with the transition of part of the 
retained austenite is also observed. This effect is visible 
within the temperature range from 188 (P3) to 322°C (P4), 
in agreement with Ref. [53]. Figs. 10(b) and 10(c) show the 
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SEM images of DM steel at the start and completion of the 
precipitation of cementite at temperatures of 159 (P2) and 
396°C (P5), respectively. The ε-carbides are replaced by 
rod-like cementites, as shown in the circled portions of Fig. 
10(b). By contrast, Fig. 10(c) shows the presence of sub-

stantial amounts of rod-like cementites randomly distributed 
on the lath, as indicated by the square in the figure; it also 
shows the precipitation of particles at the grain boundary, 
forming a 50-nm-thick zonal bright region, as indicated by 
the arrows in the figure. 

 

Fig. 10.  SEM images showing the precipitates of carbides in DM, H21, and H13 steels, which were continuously heated to a certain 
temperature at a heating rate of 0.02°C/s, followed by quenching: (a) DM steel at 118°C (P1); (b) DM steel at 159°C (P2); (c) DM 
steel at 396°C (P5); (d) DM steel at 479°C (P6); (e) DM steel at 602°C (P7); (f) DM steel at 704°C (P8); (g) DM steel at 750°C; (h) 
H21 steel at 750°C; (i) H13 steel at 750°C. 

The fourth precipitation stage of the CHP curve in Fig. 
9(a) consists of two temperature intervals according to the 
change in the derivative of unit temperature dilatometric 
strain with increasing temperature. The curve exhibits a de-
crease in low-temperature interval because of the volume 
expansion. The volume contraction is actually the macro-
reaction of the lattice contraction caused by the decrease in 
carbon content, which can be attributed to the in situ trans-
formation of M3C to M7C3. However, two overlapped 
transformations occur with increasing temperature. One is 
the gradual transformation of alloyed cementites and M7C3 
carbides to M23C6 carbides; carbon atoms can be dissolved 
out during this transformation [54]. The other transforma-
tion is the growth of intergranular large particles at the ex-
pense of smaller intragranular particles. Therefore, carbon 
atoms would spread from the matrix to the boundary, re-
sulting in lattice expansion [37]. Because of the complex 

nature of the transformations in the fourth precipitation 
stage, the critical temperature of the two temperature inter-
vals is difficult to define accurately. In this study, the critical 
temperature is considered to be 479°C (P6), at which a con-
siderable change in the derivative of unit temperature dila-
tometric strain is observed. Fig. 10(d) shows the SEM image 
of DM steel heated to 479°C (P6) and quenched. This image 
reveals the presence of intragranular and intergranular par-
ticles of cementite, M7C3, and M23C6 carbides formed in the 
fourth stage; these particles are marked by circles, squares, 
and arrows, respectively, in Fig. 10(d). Fig. 10(e) shows an 
SEM image of the DM steel heated to 602°C (P7) and 
quenched, where the rod-like carbides are dissolved com-
pletely and the carbides at the boundary of the martensite 
lath grow substantially to approximately 2 μm. 

At the fifth precipitation stage of the CHP curve in Fig. 
9(a), a significant decrease in d(∆L/L0)/dT occurs, suggest-
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ing that large quantities of new carbides precipitate in this 
stage, which may lead to a decrease in the carbon content of 
the matrix. The TEM analysis during the aforementioned 
tempering stability experiments indicated the presence of 
scattered M2C carbide precipitates in DM steel tempered at 
650°C; these precipitates strongly affect the 
high-temperature tempering stability of DM steel. These 
new precipitates are reasonably assumed to correspond to 
M2C carbides. The volume contraction related to the preci-
pitation of M2C carbides occurred at temperatures ranging 
from 602 (P7) to 704°C (P8). Fig. 10(f) shows an SEM im-
age of DM steel heated to 704°C (P8) and quenched. The 
strip-shaped carbides distributed near the martensite grain 
boundary become thicker and transform into globular car-
bides. In addition, the fine carbides that precipitated along 
the subgrain boundary, as marked by the square, gradually 
dissolve, as evident in the circled portion of the subgrain 
boundary in Fig. 10(f). As previously mentioned, the recov-
ery of the tempered lath martensite microstructures is ac-
companied by the dissolution of M2C carbides; thus, 704°C 
(P8) is confirmed to be the end temperature of the transfor-
mation of M2C carbides.  

As shown in Fig. 9(a), the CHP curve exhibits an appar-
ent contraction in the temperature range beyond 704°C (P8), 
which indicates a faster decrease in carbon content in the 
last precipitation stage. This effect is attributed to the forma-
tion of MC carbides. The transformation of M2C → M6C 
and the coarsening of the carbides (e.g., M6C, M7C3, and 
M23C6) are also possible explanations for the observed con-
traction. Figs. 10(g), 10(h), and 10(i) show the SEM images 
of the DM, H13, and H21 steel specimens heated at 750°C. 
The degree of recovery is the lowest in the case of the DM 
steel. 

Given the temperatures used in the study of tempering 
stability, the characteristics of the three steels in the fifth 
precipitation stage are worthy of discussion. A comparison 
of Fig. 9(a) with Figs. 9(b) and 9(c) reveals that the start 
temperatures for the transformations of DM, H21, and H13 
steels at the fifth precipitation stage are 601, 619, and 582°C, 
respectively, whereas the end temperatures are 704, 693, and 
656°C, respectively. Thus, the end temperature of the trans-
formation of M2C carbide is the highest in DM steel, and the 
temperatures of the precipitation of M2C carbides in the fifth 
stage in the three steels are approximately 103, 74, and 74°C, 
respectively. Furthermore, the values of the derivatives of 
the dilatometric strain in the fifth precipitation stage are ap-
proximately 4.4 × 10−6, 3.0 × 10−6, and 3.8 × 10−6 °C−1, re-
spectively, for DM, H21, and H13 steels, suggesting that the 
volume contraction caused by M2C is the most drastic in the 

case of the DM steel. That is, the quantity of M2C carbide 
precipitations is qualitatively confirmed to be the largest in 
the case of the DM steel. Compared with the H13 and H21 
steels, the DM steel exhibits a higher end temperature for 
the transformation of M2C carbide, a wider temperature 
range of precipitation, and a greater amount of precipitation, 
indicating its higher tempering stability, as previously dis-
cussed. 

4. Discussion 

Because M2C carbides are the most important second-
ary-phase particles with respect to maintaining the temper-
ing stability of DM, H21, and H13 steels at 650°C, the Kis-
singer thermal analysis method [55] was used to calculate 
the activation energy values for the precipitation of M2C 
carbides in the three experimental steels: 

2
ln constant

ii

Q

RTT

ϕ = − +   (4) 

where φ is the heating rate, which was set as 0.014, 0.02, 
0.03, or 0.05°C/s for the calculation; Ti is the temperature 
corresponding to an inflection point on the curve of the 
strain-derivative (d(∆L/L0)/dT); Q is the activation energy 
for precipitation of M2C carbides; and R is the gas constant, 
respectively. The activation energies for the precipitation of 
M2C carbides in the DM, H21, and H13 steels are 236.4, 212.0, 
and 228.9 kJ/mol, respectively (Fig. 11). Borisov et al. [56] 
found that the activation energy of volume diffusion of Mo 
atoms was 314 kJ/mol in the case of 0.7wt% Mo added to 
pure iron. In the Mo2C carbide coarsening experiment 
conducted by Davies et al. [57], the activation energy for 
the transformation was 290 kJ/mol. Lee et al. [56,58] cal-
culated the coarsening kinetics of M2C carbides in the 
Fe−14Co−10Ni−0.25C−4Mo alloy system and reported that 
the activation energy for volume diffusion of Mo atoms was 
331–354 kJ/mol. In summary, the activation energy for vo-
lume diffusion of Mo atoms and carbide coarsening con-
trolled by the volume diffusion ranges from 290 to 354 
kJ/mol in previous studies. In the present study, the activa-
tion energy of M2C carbides is in the range of 212.0–236.4 
kJ/mol for the three types of steels, which is slightly lower 
than the volume diffusion activation energy of Mo atoms. 
Zhao [59] noted that coherent nucleation of M2C-type car-
bides at dislocations is determined by the thermodynamics, 
crystallographic conditions, and the concentration fluctua-
tions of the alloying elements caused by dislocations. The 
precipitation of M2C carbides is controlled by two diffusion 
processes: the diffusion of alloy elements from the matrix to 
the dislocation and the diffusion of alloy elements along the 
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dislocation. The former process is controlled by the volume 
diffusion of alloy elements. In the latter process, because of 
a high dislocation density, alloy atoms only need to migrate 
a small distance to enable the nucleation of M2C carbides. 
On the basis of this theory, we concluded that the activation 
energy for the precipitation of M2C carbides is intermediate 
between the activation energy for diffusion along the dislo-
cation channels and that for volume diffusion of alloy ele-
ments. 

 

Fig. 11.  Kissinger plots of the precipitations of M2C carbides 
in DM, H21, and H13 steels, where φ is the constant heating 
rate, Ti is the temperature corresponding to an inflection point 
on the curve of the strain-derivative, Q is the activation energy 
for precipitation, and R is the gas constant. 

Notably, among the investigated steels, the DM steel ex-
hibits the highest activation energy (236.4 kJ/mol) for the 
precipitation of M2C carbides, although the H13 steel exhi-
bits a similar activation energy. The H21 steel exhibits the 
lowest activation energy (212.0 kJ/mol). Previous research 
indicates that the addition of V can reduce the diffusivity of 
C, Cr, Mo, and Mn atoms via the formation of strong car-
bides in steel [23−25]. Therefore, the activation energy for 
the precipitation of M2C carbides is larger in the DM and 
H13 steels because of their higher V contents (Table 1). In-
terestingly, Wen et al. [60] utilized three-dimensional atom 
probe to investigate the effect of V on the microstructure of 
high-strength steels. They found that, if the V content in the 
steel is sufficient, V atoms will force almost all C atoms to 
diffuse toward themselves because of their powerful com-
bining capacity with C atoms, eventually leading to the for-
mation of V-enriched MC carbides. If the V content is low, 
the amount of V atoms is insufficient to form stable 
V-enriched MC-type carbides within a limited time; in this 
case, the nearby Cr and Mo atoms diffuse into carbides, 
leading to the formation of M2C and M6C.  

Different transformation mechanisms have been pro-

posed to explain the tempering softening behavior of steels: (i) 
dissolution of precipitates after being cut by dislocations to a 
size smaller than the critical size for particle nucleation [61]; 
(ii) over-aging of precipitates [62]; and (iii) rearrangement 
of the dislocation substructure into a dislocation subgrain 
structure with lower internal stress [62−63]. The representa-
tive TEM images of the three steels shown in this paper 
demonstrate that the dimensions and type of carbides 
change during tempering. As tempering progresses, the ma-
trix defect structure recovers and the rod-like M2C carbides 
gradually dissolve in DM and H13 steels, whereas the 
rod-like M2C carbides transform to plate-like M6C carbides 
in H21 steel. DM and H13 steels seemingly follow the 
processes (i) and (iii), resulting in the formation of highly 
stable V-rich MC in sequence. The H21 steel likely follows 
processes (ii) and (iii). The results presented in this work 
imply that the calculated activation energy values not only 
reflect the resistance that impedes carbide precipitation and 
coarsening but also reflect the resistance to the transforma-
tion mechanism of M2C carbides, which is influenced by the 
chemical composition, especially the amount of V. Conse-
quently, DM steel exhibits the highest tempering stability 
among the three investigated Fe–Cr–Mo–W–V hot forging 
die steels, which is reflected by the DM steel exhibiting the 
highest Avrami exponent n and the highest activation energy 
for the precipitation of M2C carbides during tempering. 

5. Conclusions 

(1) With increasing tempering time at 650°C, 
Fe–Cr–Mo–W–V steels exhibited decreased hardness. The 
microstructures of these steels tempered at 650°C for 1 h 
consisted mainly of lath martensite, rod-like carbides (M2C), 
and parallelogram-shaped intragranular carbides (M7C3). 
With increasing tempering time, rod-like carbide dissolution, 
plate-like carbide (M6C) precipitation, and intergranular 
carbide (M23C6) coarsening became significant. 

(2) The CHP curves confirmed the quantity of M2C car-
bide precipitated during tempering was the largest in the 
case of DM steel; M2C is the most important second-
ary-phase particle for maintaining the tempering stability of 
Fe–Cr–Mo–W–V steels. 

(3) The activation energy of M2C carbide precipitation 
reflects the diffusion of the solute atoms during the precipi-
tation reaction, which is carried out by the volume and dis-
location pipe diffusion. DM steel, which exhibited excellent 
tempering stability, showed the highest activation energy of 
approximately 236.4 kJ/mol. 
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