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Effects of tempering temperature on impact wear of 30Cr38Mo2WNi hot-working die steel
are investigated by SEM, TEM, hardness, and impact wear tests. From 300 to 680°C,
the hardness of the steel decreases and the impact toughness increases with increasing
tempering temperature, while a secondary hardening with maximum hardness, 48.6
HRC, is achieved at 550°C. Fatigue delamination wear is the main mechanism during
the impact wear, and three typical damage features are identified with different tempering
temperatures. Brittle fatigue cracks are easy to occur in the steels tempered at 300°C.
Ductile fatigue cracks occur at medium temperatures. Surfaces of steel tempered are
extruded at 680°C.
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BACKGROUND

Die steel is an important metal material in manufacturing industry. The service life of die steel
mainly depends on the good toughness, high fatigue resistance, and high wear resistance (Zhu,
2001). For the hot-working die steel, most of the works focused on the strength, toughness and
fatigue resistance of hot-working die steel, while the impact wear resistance was less studied
(Bronfin et al,, 1992; Ji and Wu, 2013). Wear resistance is of great significance for production
and manufacturing (Luong and Heijkoop, 1981; Barrau et al., 2003; Wei et al., 2011). Excellent
wear resistance can not only improve the service life of the die and reduce the cost, but also give the
consistent quality of products. Moreover, the low strength and toughness of the material are mainly
responsible for the failure of die steel. The heat treatments have an important influence on the wear
resistance of the material (Mukhamedov and Tilabov, 2003; Cui et al., 2011; Xu et al., 2017a,b). In
this paper, the impact wear behavior of 30Cr3Mo2WNi hot-working die steel at different tempering
temperatures was studied by MLD-10 impact wear tester, and the effects of strength and toughness
were investigated. Finally, the failure mechanism was discussed.

EXPERIMENTAL DETAIL

30Cr3Mo2WNi hot-working die steel was prepared by vacuum melting and electroslag remelting.
The chemical compositions of steel are listed in Table 1. The steel is tempered at 300, 500, 550, 600,
and 680°C after water quenching at 980°C.
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TABLE 1 | Chemical compositions of the experimental steels.

Steel Composition (mass fraction)/%

30Cr3Mo2WNi C Si Mn Cr Mo W Ni P S
029 0.08 0.09 280 210 060 0.55 0.008 0.001

Dropping
hammer /%</ s

[ I

Test
Specimen

Lower
Specimen

FIGURE 1 | Schematic of the MLD-10 impact tester.

The hardness of the tempered steels were measured by
the HR150A Rockwell apparatus. The Vickers hardness of the
samples were evaluated by a Digital Micro-hardness Tester
HVS-1000A using a load of 25g and a holding time of
15s. The subsurface micro-hardness tests were performed on
all the test samples up to a depth of 400 um to study the
extent of deformed zone. Charpy U-notch impact tests were
carried out at room temperature using a pendulum impact
testing machine (JB-300B), and the specimen dimensions are
10 x 10 x 55 mm.

Microstructure of specimens was studied using TESCAN-
VEGA3SBH scanning electron microscopy (SEM) and Tecnai
F20 high-resolution transmission electron microscopy (TEM).
Specimens for TEM were taken from the surface layer with a
thickness of 300 pm. The thin slice specimens were mechanically
ground up to Ra = 0.1 pm (thickness of 50 pm). TEM specimens
of ®3mm x 50 um were taken from the middle of the thin
slice specimens. Then, the thin foil specimens for the TEM
observation were prepared using a twin-jet polisher (MTP-1A)
in a solution of 95% acetic acid and 5% perchloric acid at —20 to
—30°C, which were electropolished until a hole was obtained.

The impact wear test was performed with an experimental
impact tester MLD-10 (Figure 1).

As shown in Figure 2, the test steel with a size of 10 X
10 x 30mm is at the top of a grinding roller (GCr 15 steel
with 60HRC hardness). A smooth surface was required for the
specimen, and the axis of the specimen was perpendicular to
the axis of the roller. During tests, the specimen moved up
and down with the dropping hammer, and the roller rotated
counterclockwise. No abrasive was added during tests. The
experimental parameters were shown in Table 2. The wear loss
of the specimens were measured.

Three specimens were prepared from each tempered steel
for impact wear test. Prior to wear test, the contact surfaces
of samples were prepared by grinding using a 600-grit silicon
carbide paper. The direction of grinding is perpendicular to
the tangential direction of the cylindrical surface of the roller
to ensure a same surface roughness before wearing. Then the
samples were cleaned ultrasonically with alcohol for 20 min
and dried. The weight of the samples was measured using an
analytical balance (JA2000-4B) with an accuracy of 0.00001 g was
used to weigh the samples. Before weighing, the worn specimens
were cleaned with alcohol and dried to remove the stains and iron
scraps attached to the surface. The amount of wear is assessed by
the weight loss (AW) using equation (1):

AW =Wy - W;

where Wy is the mass of the sample before wear, W; is the mass
after wear in each time, and is obtained by the average of the
three samples.

The worn surfaces and fatigue cracks in the subsurface
were examined by SEM. As soon as the worn surfaces were
observed after the impact wear test, the specimens were
sectioned perpendicularly to the worn surfaces from the impact
samples for observation of crack morphology. The subsurface
micro-hardness tests were performed to study the extent of
deformed zone.

RESULTS AND DISCUSSION

Scenario 1: Variations of Hardness and
Impact Toughness With Tempering

Temperatures for 30Cr3Mo2WNi Steel

Table 3 and Figure 3 show the Rockwell hardness and impact
energy of 30Cr3Mo2WVNi steel varying with tempering
temperatures. The hardness of specimen tempered at 500°C,
46.4HRC, is 1.0 HRC lower than that treated at 300°C. A
secondary hardening with maximum hardness of 48.6 HRC
is achieved when the specimen is tempered at 550°C. As
the tempering temperature increases, the hardness decreases.
The hardness of the sample tempered at 600°C, 45.7HRC,
is 3 HRC lower than that tempered at 550°C. When the
tempering temperature exceeds 600°C, the hardness of test steel
decreases drastically.

The toughness of the steel increases slowly when tempered is
<600°C, and the impact energy of the steel is between 70.1 and
76.9 J-mm~2 from 500 to 600°C. However, the impact toughness
of the material increases rapidly above 600°C. The impact energy
of the specimens tempered at 680°C is even up to 126.3 J-mm 2.

Frontiers in Materials | www.frontiersin.org

July 2019 | Volume 6 | Article 149


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Zhang et al.

Impact Wear Behavior

A 10mm
|
t
|
|
|
| | B
| g
=5
:
|
- ' N g
| o ®
// I /\\
/ | \
/ | \
! \
{ ' \
i l !
\ | |
\ | !
\ /
\ I /
\\\/ | ///
< | /
NN | P /
. _ | -
-
[
FIGURE 2 | Schematic of the impact wear test. (A) llustration of the testing structure; (B) Structure of the grinding roller.

#30mm
050mm

TABLE 2 | Processing parameters during impact tests.

Impact Stroke of Impact Test Rotation Impact

load hammer frequency time frequency energy

10kg 3.5 mm 200 120 min 200 3.5J
times/min r/min

TABLE 3 | Hardness and impact toughness of samples tempered at different
temperatures.

Tempering temperature 300°C 500°C 550°C 600°C 680°C
Hardeness/HRC 47.4 46.4 48.7 45.7 33.5
Impact toughness/\Jmm—2 57.9 70.1 75.4 76.9 126.3

Scenario 2: Evolution of the Microstructure
With Tempering Temperature in
30Cr3Mo2WNi Steel

SEM images of the specimens tempered at different temperatures
are shown in Figure 4. The microstructure of steel tempered
at 300°C is mainly consisted of tempered martensite and a
small amount of carbides. With the increase of tempering
temperature, the tempered troostite and fine carbides develop in
the microstructure, as shown in the TEM image by yellow frame
in Figure 5. The secondary hardening occurs when the steel is
tempered at 550°C, leading to a slight increase of the hardness.
When the steel is tempered at 680°C, the size of carbides increases
obviously, which are mainly distributed at grain boundaries
and in grains. And the microstructure transforms to tempered
sorbite, and thus the hardness decreases greatly.
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FIGURE 3 | Variation of hardness and impact toughness with tempering
temperature for 30Cr3Mo2WNi steel.

Scenario 3: Changes of Impact Wear
Properties of 30Cr3Mo2WNi Steel With

Tempering Temperature
Table 4 and Figure 6 show the weight losses of the specimens
after impact wear test for 60 and 120 min at different tempering
temperatures. As the tempering temperature increases, the wear
losses decreases first and then increases when the wear time is
60 min. The wear loss of the steel tempered at 550°C is the lowest.
The wear losses of specimens tempered at 300°C (19.1 mg) and
680°C (19.0 mg) are relatively the largest.

For the time of 120 min, the wear behavior is similar to that
of 60 min. However, when the tempering temperature exceeds
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FIGURE 4 | Microstructures of 30Cr3Mo2WNi steel treated at different tempering temperatures. (a) 300°C; (b) 500°C; (c) 550°C; (d) 600°C; (e) 680°C.
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600°C, the wear rate increases greatly. Wear loss of specimen
tempered at 680°C the reaches 55.7 mg, which is as twice as the
wear loss at 550°C. It shows that the impact wear mechanism of
test steel changes with the increasing of temperature.

It can be seen that the hardness of test steel reaches its peak due
to secondary hardening from Figure 3, thus the wear mass loss is
the least when tempered at 550°C. The wear loss is almost the
same between the steels tempered at 500 and 600°C. In general,
the wear resistance is proportional to the hardness of material,
that is, the higher the hardness of the material is, the better the
wear resistance is Modi et al. (2003) and Sevim and Eryurek
(2006). However, hardness of the specimens tempered at 300°C
is 15 HRC higher than that at 680°C, but the wear loss of the two

specimens differs by only 0.1 mg. Compared to the steel tempered
at 300°C, the hardness of the material is lower and the wear loss is
still less when tempered at 550 and 600°C. Therefore, it indicates
that there is no obvious relationship between the hardness and
the impact wear loss of the materials in this work.

Scenario 4: Morphologies of Impact Wear
for the 30Cr3Mo2WNi Steel at Different
Tempering Temperatures

The microstructures of the wear surfaces are shown in Figure 7.
The wear surface of 30Cr3Mo2WNi steel treated at different
tempering temperatures cracked severely after wear for both 60
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FIGURE 5 | TEM photograph of microstructure after tempering at 550°C.

TABLE 4 | Variation of impact wear loss with tempering temperature of
30Cr3Mo2WNi steel.

Tempering temperature 300°C 500°C 550°C 600°C 680°C
Wear loss for 60 min (Mg) 19.1 14.4 111 13.6 19
Wear loss for 120 min (mg) 37.1 29.9 25.6 26.7 55.7
60
—a— 60 min
50 —e—120min
=)
g 40
Y
wv
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FIGURE 6 | Variation of impact wear loss with tempering temperature of
30Cr3Mo2WNi steel.

and 120 min, and the fatigue flaking was going to spall. The wear
mechanism is mainly fatigue wear.

In Figure 7, the worn surface and the worn subsurface can be
identified simultaneously in most cases and they are marked as
area 1 and area 2, respectively. Most of the wear surface has peeled
off after 60 min owing to the low toughness of the specimen
tempered at 300°C, as shown in Figure 7al. Therefore, the wear
loss after 60 min is comparable with that tempered at 680°C.
Among the five specimens with impact time of 60 min, it can be
found that the wear surface tempered at 550°C is the smoothest,
and shows less fatigue delamination, smaller crack size, and short
fracture edge. In Figure 3, for the steel tempered at 550°C, the

optimized mechanical properties of the steel are obtained, in
chich the crack is difficult to form and expand, therefore the wear
loss is the lowest. The length of fatigue cracks increases on the
surface of specimens tempered at 500 and 600°C. The surface
of the crack is flat, and there are no secondary cracks in the
magnification of Figure 7bl, indicating that both the strength
and the toughness are favorable, resulting in a low wear loss.
The wear surface of specimen tempered at 680°C is rough and
full of large cracks. Besides, there are large amounts of faults
between the fragments, which indicate that a large part of fatigue
fragments have spalled, then the wear loss is large.

The wear morphologies of specimens at different
temperatures for 120min are approximately the same as
that for 60min. In addition to the specimen tempered at
550°C, other four specimens show relatively smooth and green
metal matrix. Some of the worn subsurface are relatively flat,
indicating that they have not been significantly damaged, as
shown in the magnification of the area 2 in Figure 7d2. Other
subsurface layers have shown the features of plastic deformation
and adhesive wear, indicating that the next cycle of wear is in
progress (Archard and Hirst, 1956). The wear loss of specimens
tempered at 680°C is much higher than other four specimens
after wear for 120 min in Figure 6. It is argued that the wear
mechanism has changed.

Figure 8 shows that the lateral side of wear surface of
specimens tempered at 680°C for 120 min, and it shows a very
serious plastic extrusion (So et al., 2008). After tempered at
680°C, the resistance to impact deformation of the steel is poor
due to the low hardness. At the same time, the repeated impact
and tangential friction induce a temperature excursion that in
turn softens the surface, then extrudes the material from the
contact surface under high stress, resulting in severe wear loss.
However, other four samples show no obvious plastic extrusion
owing to high hardness after test for 120 min.

Scenario 5: Fatigue Spalling Mechanism of
30Cr3Mo2WNi Steel Under Impact

Condition

The essence of wear is the process of hardening and spalling of the
wear surface. That is, the initiation, propagation and coalescence
of micro-cracks in the wear surface and subsurface are important
processes (Suh, 1977). Therefore, in order to demonstrate the
failure mode of the test steels, it is beneficial to investigate the
damage state of the wear surface and subsurface.

Figure 9 shows the cross section morphology of the steels after
wear. Under the impact compression, the fatigue cracks can form
at the surface and subsurface, then propagate and coalesce at a
small angle along with the shear stress, resulting in flaking spall.
Three typical impact damage features are presented in Figure 9.

The cracks are long and straight in Figure 9a, and the flake
debris are thicker, and the edge is clear and smooth (Yang et al.,
1995). This typical crack mainly occurs on the surface of the low
tempered specimens, probably resulted from the higher hardness
and lower toughness of the specimens with lower tempered
temperature. Due to work hardening, the surface of the specimen
becomes harder and more brittle under the continuous impact,
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FIGURE 7 | Microstructures of impact wear surfaces at various tempering temperature for 30Cr8Mo2WNi Steel. (a1,a2) 300°C 60 min, 120 min; (b1,b2) 500°C
60 min, 120 min; (c¢1,¢2) 550°C 60 min, 120 min; (d1,d2) 600°C 60 min, 120 min; (e1,e2) 680°C 60 min, 120 min.
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leading to the formation of a persistent larger stress at the
crack tip.

It can be seen from Table 5 that the largest difference of micro-
hardness 140 HV between the wear surface and the matrix of
the steels tempered at 300°C, indicating a larger deformation,
and a higher stress concentration. As soon as the fatigue crack
is formed, it will propagate rapidly parallel to the surface under
the shear stress, and finally cause surface spalling.

With the increase of tempering temperature, the toughness of
the specimen increases, and the resistance to crack propagation
is enhanced. Therefore, the crack is short and winding, showing
obvious splitting structures, as shown in Figure 9b.

The hardness of steel is lower after tempered at high
temperature, which reduces the resistance to plastic deformation,
such as cutting, and chipping. Thus, the micro-cracks are prone
to initiate from the plows and pits under impact (Huang
et al., 2001). After crack initiation and coalescence, the metal
surface with lower hardness will collapse and be extruded when
impacted, resulting in severe wear loss, as shown in Figure 9c.

VEGA3 TESCAN

)

Performance in nanospace

WD: 9.62 mm
Det: SE

SEM MAG: 5.00 kx
Date(m/dly): 01/14/19

FIGURE 8 | Micro-crack and plastic extrusion at the edge of wear surface.

Figure 10 shows the schematic of the fatigue spalling during
impact wear. At the initial stage of wear, fatigue cracks mainly
nucleate on the surface, or subsurface (Figure 10A). With the
increase of impact time, the plastic deformation occurs in the
surface under the combination of the impact, and shear stress.
Then the stress concentration increases and the cracks propagate,
approximately parallel to the surface (Figure 10B). Subsequently,
surface and subsurface cracks further expand and coalescence,
resulting in fatigue spalling, and serious wear loss (Figure 10C).

CONCLUSIONS

In this work, the impact wear behaviors of the 30Cr3Mo2WNi
hot-working die steel has been studied under different
conditions, and a few conclusions can be drawn from the results:

1. With the increase of tempering temperature, the hardness of
the steel decreases and the toughness increases. The secondary
hardening occurs when the steel is tempered at 550°C, which
leads to an increased hardness of the steel.

2. Fatigue delamination wear is the impact wear mechanism
during tests. With the increase of tempering temperature, the
impact wear loss of the steel decreases first and then increases.
The wear loss of the specimen tempered at 550°C is the lowest.
The wear morphology of the specimen tempered at 680°C are
the roughest one, and plastic extrusion appears at the lateral
side, resulting in the largest wear loss.

3. Three damage features are identified for the specimens
tempered at different temperatures. Brittle fatigue cracks
are easy to occur at low tempering temperature of 300°C.

TABLE 5 | Micro-hardnesses of wear surface and matrix of specimens tempered
at different temperatures.

Tempering temperature  300°C 500°C 550°C 600°C 680°C
Surface hardness (HV) 561.23 538.17 579.61 509.67  401.91
Matrix hardness (HV) 420.89  405.86 47469 379.73  287.59
Difference value (HV) 140.34 132.31 104.92 129.94 114.32
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FIGURE 9 | Cross-sectional micrographs. (a) Brittle crack; (b) Ductile crack; (c) Plastic extrusion.
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FIGURE 10 | Schematic of the fatigue spalling during the impact wear. (A) Crack initiation; (B) Crack propagation and coalescence; (C) Crack spalling.

Ductile fatigue cracks occurs at medium temperatures. Surface
extrusion develops for the steel tempered at high temperature.
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