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Abstract—A new cold working die steel was prepared by vacuum
arc melting. Its structure characteristics and micro-hardness
were measured and investigated. The results indicate that the
ingot is mainly composed of dendrites. The grain size increases
gradually from the edge to the center along the horizontal
direction. Along the longitudinal direction, the structure
distributes axial-symmetrically and its evolution characteristics
in the upper part differ from that in the lower part. The grain
boundary segregates are eutectics composed of ferrite matrix
and Cr carbides. Compared with the original Cr12MoV matrix
steel, the solidification structure of the composition modified
steel is improved, resulting in the lower hardness.
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. INTRODUCTION

Due to its good hardenability, high hardness, high wear
resistance and low price, Crl12MoV has become the most
widely used cold stamping die steel [1]. However, since the Cr
content is high, a large number of inhomogeneous eutectic
carbide networks are always present in its solidification
structure, resulting in poor ductility and toughness, which
cannot meet the requirements for stamping high strength steel
parts. Therefore, it is necessary to study the solidification
behaviors to improve its solidification structure [2].

Optimizing alloy composition is one of the most common
and effective method to control the solidification behaviors
and improve its microstructure. Causing the C curve to move
towards right, Mo could improve the hardenability of the steel
and play a solid solution strengthening effect, resulting in

increasing the hardness and strength. Furthermore, through
increasing the volume fraction of M;Cjs carbide in the steel,
Mo could improve its wear resistance [3]. Forming fine and
dispersion VC, V could refine the grain in the steel and
improve its wear resistance [4]. In this paper, based on the
composition of Cr12MoV matrix steel, Cr content is reduced
appropriately to alleviate the carbide segregation at the grain
boundaries. Meanwhile, the contents of Mo and V are
increased to refine the grain and guarantee the requirements of
hardness and wear resistance. Using non-consumable vacuum
arc smelting technology, the new alloy with this modified
composition was melted and solidified. The structure
characteristics were measured and its solidification behaviors
during this arc melting process were analyzed.

Il.  EXPERIMENTAL METHODS

In this study, the Cr12MoV matrix steel, pig iron, Mo iron
and V iron were used as raw material, and according to the
composition listed in Table.1, 100 g alloy was weighted by
electronic scales. A non-consumable vacuum arc melting
furnace was used to melt this alloy. For avoiding oxidation,
the chamber was evacuated to 3 x 10° Pa and then filled with
argon to 0.05 Mpa, and this process was repeated for 3 times
to eliminate the residual oxygen completely. In order to
stabilize the arc and control the melting rate, the arc voltage
was fixed at 60 V and the current changed according to the
rule shown in Fig.1. In addition, in order to obtain a uniform
composition in the ingot, 5 cycles of
“melting-cooling-turning” were conducted to obtain the final
ingot.

TABLE I. COMPOSITION OF THE STEELS (WT%)
Steels C Si \Y/ Cr Mn Ni Mo Cu P S Fe
New steel 162 028 085 1165 025 015 050 020 0.03 0.03 Therest
Matrix steel 1.62 0.27 0.07 1200 027 020 0.04 0.18 0.03 0.03 Therest

The obtained button ingot with a diameter of about 45 mm
and a center thickness of about 10 mm is shown in Figure 2(a).
For detecting its structure characteristics, the ingot was cut
along its longitudinal direction into two parts, as shown in

Figure 2(b). After etched with 4% nitric acid alcohol solution,
the metallographic structure of the sample was observed by
optical microscope (OM). And in order to analyze the
structure distribution and its evolution characteristics along
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the longitudinal (thickness) and horizontal (diameter)
directions, the metallographic structures at 7 different
positions were detected, as shown in Figure 2(b). Wherein,
the convex surface corresponds to the bottom surface which is
contacted with the cold crucible wall and the concave surface
corresponds to the top free surface. The microstructure was
detected by scanning electron microscope (SEM) equipped
with energy dispersive spectroscopy (EDS). The distribution
characteristics of the main alloying elements were analyzed
by electron probe micro-analyzer (EPMA). The phases
present in the solidified ingot were identified by x-ray
diffraction (XRD). The micro-hardness was tested on a
HV-1000A hardness tester, during the test, the load was fixed
at 500 g and the holding time was 10 s. 15 points were
measured for the same position and the average value was
calculated after the maximum and minimum values were
removed.
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FIGURE I. CURRENT VARIATION DURING SMELTING

111, RESULTS AND DISCUSSIONS

A. Metallographic Structures of the Ingot

The metallographic structures detected at different
positions (1, 2 and 5) of the ingot along its horizontal
direction are shown in Figure 3. It is clear that, both the
metallographic structures at different positions are mainly
composed of dendrites, and the secondary dendrites grow
almost perpendicular to the first dendrites. In addition,
resulting from the segregation during the solidification
process, a certain amounts of black and gray segregations are
present at the grain boundaries.
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FIGURE II. THE INGOT AND ITS MICROSTRUCTURE
ANALYZING POSITIONS (A) THE BUTTON INGOT (B)
MICROSTRUCTURE ANALYZING POSITIONS

Comparing the three metallographic structures shown in
Figure 3, it is can be found that, at the edge (position 1),
resulting from the fast cooling, the arm spacing of the first
dendrite is small and a certain amounts of fine equiaxed grains
are formed. In addition, as the first dendrite always grows
parallel to the heat flow direction [5], then resulting from the
outline and cooling conditions at the edge, the first dendrite
axis at position 1 is nearly 45° inclined upwards. As position
2 is away from the radial edge and the thickness at this
position is increased, then the cooling rate is reduced,
resulting in the coarsening of the crystals. Furthermore, as the
heat dissipation rate in the longitudinal direction surpass that
in the horizontal, the inclination degree of the crystal axis
increases towards the longitudinal direction. In the center
(position 5), due to the heat dissipation conditions in the left
and right are almost the same, the first dendrites distribute
almost symmetrically. Meanwhile, as the thickness of position
2 and 5 are similar, the heat dissipation rate is almost the same
and then the grain size in these two positions is nearly equal to
each other. In addition, as Figure 3 showing, due to the higher
cooling rate, the melt solidifies fast and then limited by the
element migration kinetics, the segregation degree at position
1isslightly less than that at position 2 and 5. The morphology
and phase composition of the segregates at the grain
boundaries will be discussed latter.
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FIGURE 11

METALLOGRAPHIC STRUCTURES AT DIFFERENT POSITIONS ALONG THE HORIZONTAL DIRECTION OF THE INGOT (A)

POSITION 1 (B) POSITION 2 (C) POSITION 5
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The statistical results of the average grain size levels at
position 1, 2 and 5 are shown in Figure 4. As the same shown
in Figure 3, the structure in the edge area is the finest and its
average grain size level reaches 8.43. At the 1/4 width and
center in horizontal direction, the average grain size levels are
similar, which is 7.65 and 7.74 respectively.
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FIGURE IV.

Figure 5 shows the metallographic structures detected at
different positions (3, 4 and 5) in the lower part of the ingot
along its longitudinal direction. At position 3, which is
contacted with the cold crucible, resulting from the strong
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cooling from the crucible wall, a large number of crystal
nuclear were formed and the solidification rate was high,
resulting in the small arm spacing of the first dendrite and
presence of fine equiaxed grains. At position 4, as the heat
dissipation condition is worsened, the super-cooling degree is
then reduced and thus the number of crystal nuclear is
decreased, resulting in the coarsening of the dendrites and
elimination of the fine equiaxed grains. As the metallographic
structure characteristic in the center of the ingot (position 5)
has been described above, so it is not repeated hear. In
addition, since positon 3, 4 and 5 are located on the axis of the
ingot, the heat dissipation conditions in the left and right are
almost the same, resulting in the structures distribute almost
symmetrically. As the same discussed above, resulting from
the slow cooling rate and relatively sufficient element
diffusion, the grain boundary segregation at position 4 and 5
are slightly more serious than that at position 3.

The average grain size levels of the solidification
structures at positon 3, 4 and 5 are shown in Figure 6. As the
figure showing, the average grain size levels at these three
positions are 7.90, 7.70 and 7.74 respectively, indicating that
the grain size at position 3 is slightly smaller than that at
position 4 and 5.
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FIGURE V.

METALLOGRAPHIC STRUCTURES AT DIFFERENT POSITIONS ALONG THE LONGITUDINAL DIRECTION OF LOWER PART OF

THE INGOT (A) POSITION 3 (B) POSITION 4 (C) POSITION 5

4.
Position

FIGURE VI. THE AVERAGE GRAIN SIZE LEVELS AT

POSITION 3,4 AND 5

Figure 7 shows the metallographic structures measured at
different positions in the upper part of the ingot along its
longitudinal direction. Differing from the lower part, the
grains above the radial central axis grow irregularly. In the
middle of the upper part (positon 6), the first dendrites
disappear gradually and the number of equiaxed grains and
columnar crystals increase. At the top free surface (position 7),
resulting from the fast cooling through surface radiation, the
nucleation rate is high and a layer with very fine equiaxed
grains is formed on the surface, as shown in the upper part of
Figure 7(b).
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FIGURE VII. METALLOGRAPHIC STRUCTURES AT
DIFFERENT POSITIONS ALONG THE LONGITUDINAL
DIRECTION OF UPPER PART OF THE INGOT (A) POSITION 6
(B) POSITION 7
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During this arc melting process, as the cold crucible is
cooled by flowing water continuously, then the chilling effect
of the melt from the bottom crucible is stronger than that from
the free surface radiation, resulting in the upper part solidifies
slightly slower than the lower part. Based on this, the grain
boundary segregation in the upper part is slightly more serious
than that in the lower part, especially in the final solidified
area, and shrinkage porosity defect is appeared, as shown in
Figure 7.

The average grain size levels of the solidification
structures at positon 5, 6 and 7 are shown in Figure 8. Agree
with that discussed above, due to the strong cooling trough
surface radiation, the gain size at position 7 is the smallest,
which average grain size level reaches 9.54. As the area near
position 6 solidifies finally, the grain size is the largest, which
average grain size level is only 6.49. The average grain size
level at position 5 ranks in the middle, which is 7.74.
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FIGURE VIIl. THE AVERAGE GRAIN SIZE LEVELS AT

POSITION 5, 6 AND 7

B. Microstructures of the Ingot

For characterizing the structure morphologies such as the
grain boundary segregates more clearly, SEM measurement
was introduced. And for evaluating the effectiveness of the
composition modification, the microstructures of the
Cr12MoV matrix steel arc-melted under the same parameters
were also detected. The results are shown in Figure 9. As can
be seen from the figure, after the composition is modified,
there is still skeletal-like and reticular distributed segregates
precipitated at grain boundaries. However, as compared with
the original matrix steel, the grain is refined and the amount of
grain boundary segregates is reduced in a certain degree.
Furthermore, the segregates networks are broken in some
areas in this composition modified alloy.

The segregates precipitated at the grain boundaries are
further enlarged, and their morphologies are shown in Figure
10. As the figure showing, the grain boundary precipitates
mainly consist of two phases, colored by white and gray
respectively. According to their commutative growth
characteristics, this grain boundary segregates are
preliminarily judged as some eutectics.

The composition of the matrix and grain boundary
precipitates are analyzed by EDS, and the results are shown in
Figure 11, in which spectrum 1 and 2 correspond to matrix
and grain boundary precipitates respectively. As the figure
showing, the grain boundary precipitates are mainly

Advances in Engineering Research, volume 70

composed of C, Cr and Fe, indicating the eutectics are
composed of Fe and Cr carbides. In addition, Mo and V
segregate into these eutectics. The matrix is mainly composed
of Fe, and a small amount of other alloying elements such as
Cr, Mn, Si and V dissolve in the matrix. Comparing these two
spectrums, the content of Si in the matrix is almost the same as
that in the grain boundary precipitates, indicating that it is not
a carbide forming element in this steel. Mn is mainly
distributed in the matrix, and the dissolve of Mn and Si in the
matrix can strengthen the matrix [6]. Furthermore, as can be
seen from Spectrum 2, the C content in the matrix reaches
0.49%, which surpass its solid solubility in ferrite at room
temperature (generally less than 0.008%), indicating there
must be some retained austenite or martensitic in the matrix.

FIGURE IX. SEM IMAGES OF THE COMPOSITION MODIFIED

STEEL (A) AND THE ORIGINAL MATRIX STEEL (B)

FIGURE X. MORPHOLOGY OF EUTECTIC STRUCTURE

For further identifying the alloying elements contained in
each phase and their distributions, EPMA measurement was
employed. The testing results are shown in Figure 12. It is
clear that, Cr, VV and Mo are mainly segregated at the grain
boundary. As some point-like high enrichment region of Mo
and V are present at the grain boundary, it is speculated that
the Mo and V carbides may be formed, especially for Mo. In
addition, as can be seen from the Cr distribution map,
although the grain boundary eutectics are still reticular, the
networks have been broken in some areas. The same as that
detected by EDS, Fe is mainly distributed in the matrix and Si
distributes uniformly.
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' spectrum 2 s
pectrums
o
Spectrum 1
Spectrum 2

Si \Y Cr Mn Mo Fe
111 034 321 26.01 0 1.31 The rest
049 047 064 911 0.66 0 The rest

FIGURE XI.

FIGURE XII.

ELEMENTS DISTRIBUTIONS MEASURED BY
EPMA

The phase analyzing result detected by XRD is shown in
Figure 13. It shows that the solidification structure of this
composition modified steel prepared by vacuum arc melting
mainly contains (Fe, Cr);Cs, ferrite phase and retained
austenite phases. According to the above analysis and the
corresponding intensity of diffraction peaks shown in Figure
13, the matrix should be ferrite and a small amount of retained
austenite is included. The gray phase at the grain boundary is
(Fe, Cr)7Cs. Since Cr12MoV belongs to a high chromium and
carbon steel, the elements such as C and Cr will segregate and
be enriched at the solid-liquid interface during solidification,
causing composition supercooling, especially in the coarse

EDS ANALYSIS OF THE MATRIX AND GRAIN BOUNDARY PRECIPITATES

first dendrite and secondary dendrite arms. When the molten
melt cooled to its eutectic temperature, the eutectic reaction
will be activated, and then carbide and austenite will
alternately grow to form eutectics, which are always reticular
and continuously distributed at grain boundaries [7]. Because
the hardness of (Fe, Cr);Cs is very high, then the high wear
resistance and hardness of Cr12MoV should be attributed to
the eutectic structures distributed at the grain boundaries [8,9].
Unfortunately, it is this hard carbide which is often exhibited
as the source of cracks and then reduces the ductility and
toughness of this cold working die steel greatly.
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FIGURE XIII. XRD PATTERN OF THE COMPOSITION

MODIFIED STEEL

C. Microhardness of the Ingot

The micro-hardness of this composition modified steel
and the Cr12MoV matrix steel were tested. As mentioned in
the previous section, the structure of the ingot prepared by
vacuum arc melting is inhomogeneous, resulting in the
mechanical properties are different at different locations.
Then for reducing or eliminating the effect of locations and
improving the reliability in comparing the mechanical
properties of this two steels, both the tested samples are cut
from the same area (near position 5) of each ingot.

As shown in Table 2, the results show that the
micro-hardness of this composition modified steel is slightly
lower than that of the original matrix steel. As discussed
above, the hardness and wear resistance mainly depend on the
eutectic carbide proportion and its distribution in the structure,
and then since the carbide segregation is reduced and the grain
boundary segregates network is broken in some areas in this
composition modified steel, the hardness is reduced slightly.
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It should be pointed that the required hardness could be
achieved by the subsequent heat treatment.

TABLE II. HARDNESS TEST RESULTS
Hardness Matrix steel New steel
HRC 41.0 39.8
HV 393.1 379.2
D. Summary
In this paper, the solidification structure and

micro-hardness of a composition modified cold working die
steel were measured and its solidification behaviors were
analyzed. The following conclusions can be made:

1) The ingot is mainly composed of dendrites. Along the
horizontal direction, the grain size increases from the edge to
the center. Along the longitudinal direction, the
metallographic structure distributes axial-symmetrically and
the structure evolution characteristics in the upper part differ
from that in the lower part. In the upper part, the amount of
dendrites decreases while that of columnar grains and
equiaxed grains increase, and the shrinkage porosity defects
are emerged.

2) The grain boundary segregates are eutectics composed
of ferrite matrix and Cr carbides, enriched with a certain
amount of Mo, V and their carbides.

3) Compared with the Cr12MoV matrix steel, the grain is
refined, the amount of grain boundary segregates is reduced
and the segregates network is interrupted in some area in this
composition modified steel.

4) Resulting from the improvement of the solidification
structure, the micro-hardness of this composition modified
steel is slightly lower than that of the original Crl12MoV
matrix steel.
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