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Abstract: Studies of 4Cr5MoSiV1 die steel suggest that under appropriate conditions, additions of rare
earth (RE) can enhance tensile property. This improvement is apparently due to the more uniform
distribution of carbides and the enhancement of precipitation strengthening after RE additions. In this
present work, the effect of the RE addition on the carbides evolution and tensile property of 4Cr5MoSiV1
steel with various RE contents (0, 0.018, 0.048 and 0.15 wt %) were systematically investigated. The
two-dimensional detection techniques such as optical microscopy (OM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD) were used to investigate
the carbides evolution of as-cast, annealed and tempered with RE addition. The results indicated that
the carbides in 4Cr5MoSiV1 steels were modified by adding the suitable amount of RE. The eutectic
structure and coarse eutectic carbides were all refining and the morphology of the annealed carbides
initiated change from strip shape to ellipsoidal shape compared with the unmodified test steel (0RE).
In addition, the amount of the tempered M8C7 carbides increased initially and then decreased with the
alteration of RE addition from 0.018 to 0.15 wt %. Notably, the tensile test indicated that the average value
of ultimate tensile strength (UTS) and elongation rate of 0.048RE steel increased slightly to 1474 MPa
and 15%, higher than the 1452 MPa and 12% for the unmodified test steel (0RE), respectively. Such an
addition of RE (0.048 wt %) would have a significant effect on the carbides evolution of as-cast, annealed
and tempered and resulting in the tensile property of 4Cr5MoSiV1 die steel.
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1. Introduction

4Cr5MoSiV1 is an excellent hot-worked die steel, which is widely applied in fields such as hot
forging, hot extrusion and die-casting. Usually, the working surface temperature of dies can get up
to 550 ◦C, which is very close to the tempering temperature of die steel. Continuous evolution of the
microstructure will occur and significantly affect the various properties of the die steel [1]. Actually,
the cracks as a network are normally observed on the die surface, which results in more than 80%
failure of hot-work dies [2]. To date, researchers found that the uniform hardness, impact toughness,
tensile strength and high temperature fatigue strength will be beneficial to prolong the service life
when the die steel is subjected to intense friction and mechanical shock in service [3–9]. In addition,
N. Mebarki [10], S. Kheirandish [11] and X. Hu [12] found that the coarse eutectic carbides in the
process of thermal fatigue could decrease the cyclic softening behavior and lead to fatigue failure. Due
to the segregation of chemical constituents, coarse eutectic carbides can be formed during solidification,
which can promote crack growth and early failure, and should be reduced by appropriate methods.
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The effect of rare earth (RE) in steels is well known as a deoxidizer and desulphuriser. The size
and morphology of non-metallic inclusions in steels have changed dramatically after adding Ce, La,
Y and Ga [13–17]. Fu [18] and Gao [19] also reported that RE elements like Ce, La and Y can form
highly stable oxides, oxy-sulphides and sulphides, which precipitate as solid particles in the melt due
to their high melting temperatures. It was shown that the grain size of steel could be refined with
a suitable amount of RE and resulted in enhanced impact toughness [16]. In addition, adding RE
elements in steel also was an effective method to improve the hot ductility, corrosion properties and
abrasion resistance [20–23]. However, there were only a few reports on the improvement of mechanical
properties and related changes in carbides due to RE addition. It was shown that the morphology of
eutectic carbides changed from network-like structures to granular carbides and resulted in improved
mechanical properties in cast steel [15,18,24,25]. However, the influence of RE on the evolution of
as-cast, annealed and tempered carbides in 4Cr5MoSiV1 steel is still controversially discussed because
of the lack of quantitative experimental data. In general, the reason for the enhancement of the tensile
property points to morphological changes of the phase constituents and phase fractions [15].

In this study, the influence of RE additions (0, 0.018, 0.048 and 0.15 wt %) on the carbides evolution
and tensile property of 4Cr5MoSiV1-RE die steel were investigated. Intensive investigations were
done regarding the changes of the microstructure constituents as well as the influence of the changing
carbides phase fractions on the tensile property.

2. Experimental Procedures

The four experimental raw materials of 4Cr5MoSiV1 steel were fabricated with 25 kg capacity
medium frequency induction furnace, and the chemical compositions were shown in Table 1. The RE
(mainly containing 30 wt % La and 70 wt % Ce) were added into the molten steel under the vacuum
atmosphere when the oxygen content of the steel was reduced to a low level (lower than 10 ppm).
Different amounts of RE were added into the melt, wrapped in pure iron foil, stirred to ensure the
homogeneity of compositions. The residual amounts of RE in steel were 0, 0.018, 0.048 and 0.15 wt
%, respectively.

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

Alloy C Si Mn Cr Mo V P S O N H RE

0 rare earth (RE) 0.37 1.18 0.50 5.00 1.42 1.05 0.005 0.005 0.0008 0.0045 1.7 0
0.018RE 0.35 1.20 0.48 4.90 1.40 1.04 0.005 0.003 0.0006 0.0044 1.3 0.018
0.048RE 0.35 1.18 0.52 5.00 1.39 1.04 0.003 0.003 0.0006 0.0046 1.0 0.048
0.15RE 0.36 1.20 0.50 4.92 1.40 1.05 0.003 0.003 0.0005 0.0045 0.8 0.15

Four raw materials were homogenized at 1200 ◦C for two hours, and hot-forged at the temperature
ranging from 950 ◦C to 1150 ◦C. All the ingots were air-cooled down to room temperature after forging.
The final size of forging ingots was 70 mm × 70 mm × 500 mm. Subsequently, the heat treatment
process of the four forged materials was carried out. Firstly, the samples were heated to 870 ◦C for two
hours, then cooled to 740 ◦C and isothermal annealing for four hours, and eventually furnace-cooled
to room temperature. Subsequently, the quenching and the two times high-temperature tempering
process were performed at 600 ◦C and 610 ◦C, respectively. The quenching needed to remain one
hour at 1040 ◦C, then was oil-cooled. The remaining time of tempering temperature was two hours,
and then air-cooling was carried out.

After conventional metallographic preparation, polished surfaces were etched with 4% nital
solution (4 mL HNO3, 96 mL C2H5OH) for subsequent optical microscopy (OM) (Leica Co, DM ILM,
Wetzlar, Germany) and scanning electron microscopy (SEM) (JSM-6301F, Japan Electronics Corporation,
Tokyo, Japan). Metallographic observations were carried out on the specimens’ subjected to as-cast and
annealed state. The image analyses were performed by using Image-Pro Plus 6.0 software (6.0, Media
Cybernetics Inc., Rockville, MD, USA). Image-Pro Plus is designed for processing, enhancing and
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analyzing pictures; it has exceptionally rich measurement and customization features. In the present
trials, 15 large fields of view (5000×) and 15 small fields of view (10,000×) of the SEM micrographs
were randomly selected in order to analyze the average diameter, the distribution, and quantity of
the annealed carbides of the test steels with different additions of RE. Similarly, 15 large fields of view
(100×) and 15 small fields of view (200×) of the optical microscopys (OM) were randomly selected in
order to analyze the secondary dendrite arm spacing of the as-casted specimens and these statistics are
based on reference [26]. In addition, the types of the annealed carbides were extensively analyzed by
SEM equipped with energy dispersive X-ray spectroscopy (EDX).

The tempered carbides substructure of the test steels was observed using an X-ray diffraction
(XRD) with Cu-Kα (λ = 1.5406 Å) with a scanning angle from 15◦ to 85◦ and a scanning speed of
2◦/min and a field-emission transmission electron microscope (TEM) operated at 200 kV. The TEM
observation was conducted by using F20 (FEI company, Hillsboro, OR, USA), which is also equipped
with an Oxford INCA type spectrometer (Japan Electronics Corporation, Tokyo, Japan) and GATAN 832
CCD image recorder (Japan Electronics Corporation, Tokyo, Japan). TEM samples were mechanically
thinned to the thickness of approximately 50 µm by SiC paper, then punched into disks of 3 mm
in diameter and further thinned by twin-jet electro polishing, mixing in of 10 vol % perchloric acid
ethanol solution at a voltage of 20 V and a temperature between −30 ◦C and −20 ◦C.

The X-ray diffraction (XRD; Cu-Kα; λ = 1.5406 Å; with a scanning angle from 15◦ to 85◦ and
a scanning speed of 2◦/min) combined with Reference intensity ratio analysis (RIR) [27] and MDI
Jade 6.5 software(6.5, Materials Data Inc., Livermore, CA, USA) were applied for the qualitative and
quantitative phase analysis.

Round bar tensile specimens were prepared in the longitudinal direction with the gage length
and diameter of 25 mm and 5 mm, respectively. They were then tested at a strain rate of 0.5 mm/min
by using an AG-100KNG tensile machine from Shimadzu (Kyoto, Japan).At least three tensile tests for
each testing condition are adopted here for the average value. The tensile properties were tested at
room temperature.

3. Results

3.1. Carbides Evolution

3.1.1. Influence of RE Addition on As-Cast Carbides

Figure 1a,e,f shows the metallographic and SEM micrographs of the as-cast microstructure of
unmodified test steel (0RE). The results show that most of the eutectic carbides distribute in net shape
and are generally coarse, Energy dispersive spectrometer (EDS) analysis shows these are (V, Mo)xCy

(Figure 1g). In addition, the as-cast microstructures of modified test steels are shown in Figure 1b–d,h–j.
The structural difference between unmodified and modified test steels are that the dendritic spacings
turn into fine structures and eutectic carbides are refining or even disappearing. The secondary
dendrite arm spacing of the as-casted specimens are quantitatively analyzed, as shown in Figure 2.
The results show that the spacing of secondary dendrite arm was decreased from 72 µm to 25 µm with
different additions of RE. It indicates that RE has a role in refining the secondary dendrite arm and
the precipitation of eutectic carbides. A similar refining of the precipitation of eutectic carbides with a
certain amount of RE addition was also described by J. Hufenbach [15] and Fu [18].
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Figure 1. Metallographic and SEM micrographs of the specimens as-casted: (a) Metallographic 
observations in 0RE; (b) Metallographic observations in 0.018RE; (c) Metallographic observations in 
0.048RE; (d) Metallographic observations in 0.15RE; (e) Metallographic observations in 0RE; (f) SEM 
micrographs in 0RE; (g) Energy dispersive spectrometer (EDS) analysis of eutectic carbides at A 
region in (f); (h) Metallographic observations in 0.018RE; (i) Metallographic observations in 0.048RE 
and (j) Metallographic observations in 0.15RE. 

 

Figure 2. The secondary dendrite arm spacing of the specimens as-casted with different additions of RE. 

3.1.2. Influence of RE Addition on the Annealed Carbides 

The morphology of the annealed carbides in test steels was systematically investigated by 
metallographic and SEM micrographs, as shown in Figures 3 and 4. The results show that the 
morphology of the annealed carbides gradually becomes ellipsoid and the chain carbides become less 
when adding the RE. Most notably, some large clusters of the annealed carbides are observed, as 
shown in Figure 4a,b in the unmodified test steel (0RE). However, dispersion distributions of 
ellipsoid annealed carbides were observed in the observation field when adding RE (Figure 4d–f). In 
addition, coarse eutectic carbides are commonly found in the unmodified test steel (Figure 4b,c), EDS 

Figure 1. Metallographic and SEM micrographs of the specimens as-casted: (a) Metallographic
observations in 0RE; (b) Metallographic observations in 0.018RE; (c) Metallographic observations
in 0.048RE; (d) Metallographic observations in 0.15RE; (e) Metallographic observations in 0RE; (f) SEM
micrographs in 0RE; (g) Energy dispersive spectrometer (EDS) analysis of eutectic carbides at A region
in (f); (h) Metallographic observations in 0.018RE; (i) Metallographic observations in 0.048RE and (j)
Metallographic observations in 0.15RE.
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Figure 2. The secondary dendrite arm spacing of the specimens as-casted with different additions of RE.

3.1.2. Influence of RE Addition on the Annealed Carbides

The morphology of the annealed carbides in test steels was systematically investigated by
metallographic and SEM micrographs, as shown in Figures 3 and 4. The results show that the
morphology of the annealed carbides gradually becomes ellipsoid and the chain carbides become
less when adding the RE. Most notably, some large clusters of the annealed carbides are observed,
as shown in Figure 4a,b in the unmodified test steel (0RE). However, dispersion distributions of
ellipsoid annealed carbides were observed in the observation field when adding RE (Figure 4d–f).
In addition, coarse eutectic carbides are commonly found in the unmodified test steel (Figure 4b,c),
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EDS analysis shows that these are (V, Mo)xCy. However, less coarse eutectic carbides are found in steel
with RE addition (Figure 4d–f).
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The results show that the average diameter of the annealed carbides almost unchanged with the 
increase of RE content, whereas the percentage is increased from 11.8% to 19.6% (Figure 5a). In 
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aggregate carbides with diameters greater than 1.5 μm still account for more than 3% of the area 
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(d) 0.15RE.

Metals 2017, 7, 436  5 of 13 

 

analysis shows that these are (V, Mo)xCy. However, less coarse eutectic carbides are found in steel 
with RE addition (Figure 4d–f). 

 
Figure 3. Metallographic observations of the annealed specimens: (a) 0RE; (b) 0.018RE; (c) 0.048RE 
and (d) 0.15RE. 

 
Figure 4. SEM and EDS observations of the annealed specimens: (a) Carbides aggregation in 0RE; (b) 
chain carbides in 0RE; (c) the eutectic carbides in 0RE; (d) ellipsoid carbides in 0.018RE; (e) ellipsoid 
carbides in 0.048RE and (f) ellipsoid carbides in 0.15RE. (The insert in (a) is the EDS analysis of 
carbides at A region, the insert in (c) is the EDS analysis of eutectic carbides at B region). 

The relationship between the content of RE and the average diameter, the distribution, and 
quantity of the annealed carbides of the test steels are quantitatively analyzed, as shown in Figure 5. 
The results show that the average diameter of the annealed carbides almost unchanged with the 
increase of RE content, whereas the percentage is increased from 11.8% to 19.6% (Figure 5a). In 
addition, the annealed carbides distribution is discrete in the unmodified test steel (0RE), and the 
aggregate carbides with diameters greater than 1.5 μm still account for more than 3% of the area 
fraction, as shown in Figure 5b. However, the size distribution of the annealed carbides is more 
uniform when RE is added, which indicates that RE has the role of spheroidizing and uniformly 
dispersing of the annealed carbides. In addition, the quantity of the annealed carbides increases from 
1682 to 2078 in the same statistical region (773.77 μm2) with the addition of 0.018 to 0.15 wt % RE 
(Figure 5c). 

Figure 4. SEM and EDS observations of the annealed specimens: (a) Carbides aggregation in 0RE;
(b) chain carbides in 0RE; (c) the eutectic carbides in 0RE; (d) ellipsoid carbides in 0.018RE; (e) ellipsoid
carbides in 0.048RE and (f) ellipsoid carbides in 0.15RE. (The insert in (a) is the EDS analysis of carbides
at A region, the insert in (c) is the EDS analysis of eutectic carbides at B region).

The relationship between the content of RE and the average diameter, the distribution, and quantity
of the annealed carbides of the test steels are quantitatively analyzed, as shown in Figure 5. The results
show that the average diameter of the annealed carbides almost unchanged with the increase of RE
content, whereas the percentage is increased from 11.8% to 19.6% (Figure 5a). In addition, the annealed
carbides distribution is discrete in the unmodified test steel (0RE), and the aggregate carbides with
diameters greater than 1.5 µm still account for more than 3% of the area fraction, as shown in Figure 5b.
However, the size distribution of the annealed carbides is more uniform when RE is added, which
indicates that RE has the role of spheroidizing and uniformly dispersing of the annealed carbides.
In addition, the quantity of the annealed carbides increases from 1682 to 2078 in the same statistical
region (773.77 µm2) with the addition of 0.018 to 0.15 wt % RE (Figure 5c).
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Figure 5. (a) Average diameter and percentage of the annealed carbides with different additions of RE;
(b) The distributions of the annealed carbides with different additions of RE; and (c) The quantity of
the annealed carbides in the same area (773.77 µm2) with different additions of RE.

3.1.3. Influence of RE Addition on the Tempered Carbides

The quantitative analysis and crystal structure types of the tempered carbides of the test steels are
examined by XRD. The corresponding patterns are shown in Figure 6 and the results are summarized
in Table 2. The results show that the carbides of M7C3, M8C7 and M23C6 are detected in all test steels.
In addition, the amount of the tempered M8C7 carbides slightly increases initially and then decreases
with the alteration of RE addition from 0.018 to 0.15 wt %. The effect of RE on the amount of the M8C7

carbides was also described by J. Hufenbach for high-strength Fe85Cr4Mo8V2C1 cast steel [15].
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Figure 6. X-ray diffraction patterns of the 4Cr5MoSiV1-RE die steel with different additions of RE.

Table 2. Phase composition, space group and lattice parameters of carbides of the 4Cr5MoSiV1-xRE
(x = 0, 0.018, 0.048, 0.15) steels determined by the analysis of XRD data.

Steel Structure Type Space Group a (nm) b (nm) c (nm) Phase Content (wt %)

0RE
V8C7 P4332(212) 8.340 8.340 8.340 40

M23C6 Fm-3m(225) 10.660 10.660 10.660 29
M7C3 Pmcm(51) 7.015 12.153 4.532 31

0.018RE
V8C7 P4332(212) 8.340 8.340 8.340 48

M23C6 Fm-3m(225) 10.660 10.660 10.660 36
M7C3 Pmcm(51) 7.015 12.153 4.532 16

0.048RE
V8C7 P4332(212) 8.340 8.340 8.340 52

M23C6 Fm-3m(225) 10.660 10.660 10.660 36
M7C3 Pmcm(51) 7.015 12.153 4.532 12

0.15RE
V8C7 P4332(212) 8.340 8.340 8.340 44

M23C6 Fm-3m(225) 10.660 10.660 10.660 28
M7C3 Pmcm(51) 7.015 12.153 4.532 28
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Meanwhile, the tempered carbides in unmodified (0RE) and modified test steels (0.15RE) are
observed using both TEM bright-field (BF) observation and selected area electron diffraction (SAED)
pattern in order to investigate the crystal structure and chemical composition, as shown in Figure 7.
The results show that the particle in Figure 7b,c is the M23C6 carbides with the face-centered cubic
crystal structure. The larger irregular block M23C6 carbides will be precipitated along the grain and
subgrain boundaries when the tempering temperature is above 500 ◦C [28]. Further, a large spherical
particle in Figure 7a,d is identified to be the M7C3 carbides with the hexagonal close-packed crystal
structure. Finally, a large number of small spherical particles in Figure 7a–c were identified to be the
M8C7 carbides. In addition, from EDS analysis, it is known that these carbides are complex mixed
carbides, whereby the M represents Cr, V, Mn, Mo and Fe in unmodified steel (Figure 7e). However,
when RE reaches 0.15 wt %, the chemical compositions are changed to Cr, V, Mn, Mo, Fe, La and Ce
(Figure 7f). It shows that RE mainly influences the volumetric fraction and chemical composition of
the tempered carbides, which has little influence on the crystal structure.
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carbides in the 4Cr5MoSiV1-RE die steel in 0RE and 0.15RE: (a) M7C3 and M8C7 in 0RE; (b) M23C6

and M8C7 in 0RE; (c) M23C6 and M8C7 in 0.15RE; (d) M7C3 in 0.15RE; (e) the EDS analysis of M7C3 at
A region in (a) and (f) the EDS analysis of M23C6 at D region in (c). (The insert in (a) is the selected
area electron diffraction (SAED) pattern of M7C3 at A region), (The insert in (b) is the SAED pattern of
M23C6 at B region), (The insert in (b) is the SAED pattern of M8C7 at C region), and (the insert in (d) is
the SAED pattern of M7C3 at E region).
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In summary, adding RE leads to a refining of eutectic structure and coarse eutectic carbides.
In addition, the morphology of the annealed carbides initiates changes from strip shape to ellipsoidal
shape, and the amount of the tempered M8C7 carbides increases initially and then decreases with the
alteration of RE addition from 0.018 to 0.15 wt %.

3.2. Tensile Property

Table 3 presents the yield strength (YS), ultimate tensile strength (UTS), elongation and reduction
of area of each sample of 4Cr5MoSiV1 steels with different addition of RE. The average value of yield
strength (YS) and ultimate tensile strength (UTS) slightly increases from 1227 MPa to 1254 MPa and
1452 MPa to 1474 MPa when the content of RE is 0.048 wt %. However, when the RE content reaches
0.15 wt %, the average value of yield strength (YS) and ultimate tensile strength (UTS) decreases to
1213 MPa and 1430 MPa, respectively. A similar decrease of the tensile strength after reaching a certain
amount of RE addition was also described by J. Hufenbach [15] and Wang [25]. In addition, Figure 8
shows the engineering stress-strain curves of the four specimens. The results show that all four test
steels exhibit a similar tensile response, the elongation rate of 0.048RE steel increases slightly to 15%,
higher than 12% for the 0RE steel.

Table 3. Variation in tensile strength of each sample in response to different additions of RE.

Alloy No.
Yield Strength (YS)

(σ0.2) (Mpa)
Ultimate Tensile Strength

(UTS) (σb) (Mpa) Elongation Rate (δ) Reduction of Area (ψ)

Vaule Average Vaule Vaule Average Vaule Vaule Average Vaule Vaule Average Vaule

0RE
1# 1228

1227
1453

1452
12.5

12
48

482# 1228 1455 12 47.5
3# 1225 1448 13 48.5

0.018RE
1# 1238

1236
1465

1461
13

13
50

48.52# 1235 1458 13 48
3# 1235 1460 13 48

0.048RE
1# 1257

1254
1478

1474
16.5

15
54.5

532# 1250 1470 14 51
3# 1255 1474 14.5 53.5

0.15RE
1# 1210

1213
1425

1430
13.5

13.5
50

502# 1212 1430 14 49
3# 1217 1435 13 51
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4. Discussion

4.1. Carbides Evolution Induced by RE Addition

The reasons for the refinement of eutectic carbides with different addition of RE can be summarized
as follows: on the one hand, the solubility of RE in the matrix is very small, and most of the RE in steel
will be obviously segregated and enriched into the front of dendrites during the solidification process, and
leading to high composition supercooling [29]. This is advantageous to the decrease of dendrite spacing.
Therefore, the dendrite structure and the eutectic carbides formed in the residual melts at the end of the
solidification process were refined (Figures 1 and 2). On the other hand, according to the heterogeneous
nucleation theory proposed by Turnbull [30], whether the additive contributes to nucleation of molten
metal depends on the following two conditions. First, the additive must remain at the melting point above
the solid phase when the substrate is nucleated. Second, the index of the lattice surface of the substrate
phase and the matrix should be less mismatched. The low mismatching, smaller surface energy, leads to
a decrease of super-cooling required for nucleation, and results in refining of the grains. RE-inclusion
possesses both high melting point and low mismatching between the matrix through the preliminary
research work on the influence of RE on inclusions in 4Cr5MoSiV1 die steel by our group [19]. Moreover,
the most common form of inclusions are found believed to be RE oxy-sulfides (Ce2O2S) with various RE
contents (0, 0.015, 0.025 and 0.10 wt %) in 4Cr5MoSiV1 die steel [19]. In addition, the lattice disregistry
between (0001) Ce2O2S and (111) δ-Fe was only 3.5% [19]. Simultaneously, Bramfitt [31] has shown that
the additive is effective heterogeneous nuclei if the lattice misfit between the inclusions and the matrix is
less than 6%. Therefore, RE-inclusion like Ce2O2S can be used as inoculants to greatly enhance nucleation,
which is advantageous to the development of dendritic crystals to polycrystals and reduces dendrite
spacing [18]. During the process of austenite growth, the dendritic crystals contact with each other to
form a framework, which hinders the continuous growth of eutectic carbides [32]. In addition, the reason
for the coarse ellipsoid eutectic carbides was commonly found after annealing in 0RE samples as the
carbides dissolved progressively into matrix when the heat treatment temperature increased. The sharp
corners of the carbides became more round and some vulnerable areas began to crack.

In addition, the evolution of the annealed carbides from chain forms to ellipsoid forms are
explained in that not only the solubility of RE in steel is very limited but also the RE atoms tend to
segregate on carbides/matrix interfaces during the heat treatment process. In addition, the much larger
atomic radius of RE, 0.3745 nm and 0.3637 nm for La and Ce, respectively, than that of Fe (0.254 nm)
will cause lattice distortion and thus decreasing carbides stability. As a result, the preferred growth
rate of the annealed carbides is hindered, thereby preventing the formation of the chain carbides [33].

In order to accurately investigate the effect of RE on the amount of V8C7-type carbides
precipitation, it is necessary to quantify the relationship between the amount of RE in the steel
and the solution temperature of V8C7-type carbides. To date, a large number of experimental results
showed that VxCy-type carbides had a certain degree of carbon atom vacancy, so the chemical formulas
of VxCy-type carbides were generally VC0.75, VC0.875 and VC and so on. In this part, we assume that
the possibility of VxCy-type carbides in steel is the absence of interstitial atoms. The formula of the
equilibrium solid solubility of VC-type carbides in steel is shown in Formula (1) [34]:

lg{[V] · [C]} = 6.72− 9500
T

, (1)

In addition, the activity coefficients of the RE and other solute elements in steel on V and C
elements were derived into the Formula (1), and the solubility product of VC-type carbides with RE
and without RE experimental steels was calculated. Table 4 shows the interaction coefficient ej

i of
various elements in liquid steel at 1873 K from Wagner’s relation [35,36]. In addition, the formula of
solid solubility of binary second phases MC-type carbide in steel is Formula (2) [37]:
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lg{[M] · [C]} = A− B
T
−

n

∑
j=1

AFe

100Aj ln 10
ej

Mwj −
n

∑
j=1

AFe

100Aj ln 10
ej

Cwj, (2)

where [M], [C] is the mass fractions of M and C elements, which are solid soluble in steel, respectively.
A and B are constants, where A is 6.72, B is 9500, Aj for atomic weight, and wj for mass fraction in steel.
According to the chemical composition of experimental steels in Table 1, the solid solubility product of
VC-type carbides in the unmodified test steel (0RE) is calculated by using the Formula (3):

lg{[V] · [C]} = 6.72− 9500
T
− 56

100 × 12 × ln 10 eC
CwC −

56
100 × 28 × ln 10

eSi
C wSi −

56
100 × 55 × ln 10

eMn
C wMn

− 56
100 × 52 × ln 10

eCr
C wCr −

56
100 × 51 × ln 10

eV
CwV −

56
100 × 96 × ln 10

eMo
C wMo

− 56
100 × 140 × ln 10

eCe
C wCe −

56
100 × 12 × ln 10

eC
VwC −

56
100 × 28 × ln 10

eSi
V wSi

− 56
100 × 55 × ln 10

eMn
V wMn −

56
100 × 52 × ln 10

eCr
V wCr −

56
100 × 51 × ln 10

eV
VwV

− 56
100 × 96 × ln 10

eMo
V wMo −

56
100 × 140 × ln 10

eCe
V wCe

= 6.582951− 9187.7954
T

, (3)

Similarly, the solid solubility product of VC-type carbides in steel in 0.018RE, 0.048RE and 0.15RE
experimental steels are as follows (4)–(6):

lg{[V] · [C]} = 6.582731− 9186.3783
T

, (4)

lg{[V] · [C]} = 6.58071− 9172.5043
T

, (5)

lg{[V] · [C]} = 6.57911− 9174.6018
T

, (6)

Further, the total solution temperature of VC-type carbides in steel can be calculated by the
following Formula (7) [36].

TAS =
B

A− lg(M · Xx)
, (7)

In Formula (7), the constants A and B are the same as in Formula (3), M and X are the mass fractions
of the second phase (VC-type carbide) in steel, respectively (%),and the total solution temperature of
VC-type carbide in 0RE steel can be calculated by Formula (7), and the results are as shown below:

TAS =
9187.7954

6.582951− lg(0.37× 1.05)
= 1313.750855129 K, (8)

Similarly, the total solution temperature of VC-type carbide in 0.018RE, 0.048RE and 0.15RE
steel is 1308 K, 1306 K and 1310 K, respectively. The calculation results show that the addition of
RE elements in steel can promote the dissolution of V and reduce the total solution temperature of
VC-type carbides significantly and the maximum temperature difference can be 7 K (1313 K to 1306 K).
After tempering at the same temperature, the saturated V element in the matrix will be dispersed in the
form of VC-type carbide precipitation, and the strength of the steel can be improved to a certain extent.

Table 4. Interaction coefficient ej
i of various elements in liquid steel at 1873 K.

Element (i, j) C Si Mn Cr V Mo Ce

V −3.4 4.2 0 0 1.3 0 −2836/T + 1.40
C 8890/T 4.84 + 7370/T −5070/T 7.02 − 21,800/T 23,900/T − 22.9 3.86 − 17,870/T −150/T + 0.05
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4.2. Tensile Property Induced by RE Addition

The dimensions, morphology and volumetric fraction of carbides play a critical role in improving
the strength properties of 4Cr5MoSiV1 die steel. In this study, the main reasons for the increase
in strength properties from the aspect of carbides evolution can be summarized as follows: first,
the proeutectoid carbides not only influence the uniformity of microstructure, but also have a very
significant influence on the strength properties [38]. The cracks tend to grow and spread around chain
proeutectoid carbides [37]. Second, the effect of eutectic carbides modification by adding RE results in
the finer morphologies observed in Figure 1. Hence, more carbon and other alloy elements dissolve
into matrix at the high-temperature austenitizing treatment, and enhance the precipitation of alloy
carbides during tempering. However, a further increase of the RE content to 0.15 wt % results in a
slightly decrease of yield and ultimate strength. The trend partly can be explained by the changing
phase fractions which are described above (Table 2). The fraction of the tempered M8C7 carbides
increased from 40 to 52 wt % by adding 0.048 wt % RE in the test steels. Further additions of RE
(0.15 wt %) led to a significant decrease of the tempered M8C7 carbides fraction from 52 to 44 wt %.
As a kind of nano-carbides, M8C7 carbides have the function of improving precipitation strengthening
according to research proposed by Hojun Gwon [39] and J. Hufenbach [15]. In addition, the ductility
was better with various RE contents (0, 0.018, 0.048 and 0.15 wt %) addition (Table 3). One possible
explanation for the observed enhanced ductility of the RE addition may be found in the arrangement
of the carbides [15]. The complex chain carbides became increasingly interrupted with the RE addition;
therefore, crack propagation along this path was hampered [40,41].

5. Conclusions

In this study, the influence of RE additions (0, 0.018, 0.048 and 0.15 wt %) on the carbides evolution
and tensile property of 4Cr5MoSiV1-RE die steel were investigated. The main results are summarized
as follows:

1. The microstructure observation of as-cast shows that after adding RE, it will lead to a refining of
eutectic structure and coarse eutectic carbides.

2. The morphology of the annealed carbides initiates changes from strip shape to ellipsoidal shape,
and the quantity of the annealed carbides increases from 1682 to 2078 in the same statistical
region (773.77 µm2) with the alteration of RE addition from 0.018 to 0.15 wt %.

3. The amount of the tempered M8C7 carbides increases initially and then decreases with
the alteration of RE addition from 0.018 to 0.15 wt %. The addition of RE influences the
chemical composition and morphology of tempered carbides, which has little influence on
the lattice structure.

4. Tensile test shows that ultimate tensile strength (UTS) and elongation rate of 0.048RE steel
increases slightly to 1474 MPa and 15%, higher than the 1452 MPa and 12% for the unmodified
test steel (0RE), respectively.

5. Adding 0.048 wt % RE content to the 4Cr5MoSiV1 die steel can obtain tool steels with better
tensile strength and elongation rate, which is promising for advanced tool design.
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