Aug. 2017

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 34 No. 4

Microstructure of Hardened Steel at High Temperature and
High Strain Rate

Ding Feng , Tang Dewen, Wang Chengyong ™ , Zhang Fenglin, Zheng Lijuan

Guangdong University of Technology, Guangzhou, 510006, P. R. China

(Received 29 September 2015; revised 7 March 2016; accepted 12 March 2016)

Abstract: In high-speed machining., hardened steel materials are subjected to high temperatures and high strain

rates. Under these conditions, the composition and microstructure of the material may change, and phenomena,

such as thermal softening, emerge. These effects are difficult to detect by only observing the chip morphology.

Here, using a microscopic detection method. the dynamic mechanical behavior and microstructure of SDK11 hard-

ened steel (62 HRC) is investigated at high temperature and high strain-rate, and the relationship between strain

hardening, thermal softening, and strain-rate strengthening is determined. The metallographic phases of speci-

mens treated using a split-Hopkinson pressure bar, and "chips” generated during high-speed machining at high tem-

perature and high strain rate state are compared. The results indicate that the phase composition at low tempera-

ture and low strain rate differs from that at high temperature and high strain rate. It is further concluded that shear

slip occurs at high temperature and high strain rate, and the shear behavior is more pronounced at higher strain

rates.
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0 Introduction

Hardened steel (52-62 HRC) exhibits typical
high-temperature characteristics and high strain
rates ( 10°—10° s )" in  high-speed cutting
processes. The split-Hopkinson pressure bar
(SHPB) is widely used to investigate the dynamic
mechanical properties of materials at high tem-
perature and high strain rate to simulate the for-
mation of materials during high-speed machi-
ning™. In this method, however, the strain of
instantaneous shock compression is small and the
strain rates generated are smaller than those at-
tained during high-speed cutting™’. Neverthe-
less, the SHPB has advantages in terms of stud-
ying the interaction of parameters, such as
stress, strain, strain rate, and temperature.

Based on SHPB experiments, Fu et al. ©’ in-
vestigated the relationship among strain, strain

rate and flow stress for aluminum alloy 7050-
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T7451 from room temperature to 550 °C, and de-
termined flow stress constitutive model based on
Johnson-Cook empirical model (J-C model).

1. ©J researched the dynamic mechanism

Zhang et a
behavior of aluminum alloy 2A70, and introduced
the standard Johnson-Cook strain rate term and
several derivative forms and calibrated by the test
data. Seo et al. ' studied the effect of tempera-
ture on strain and strain rate for Ti-6Al-4V, ob-
served the thermal gradients in the specimens,
and determined a modified J-C model. Xiong et
al. ) investigated the effect of temperature on mi-
crostructure and deformation mechanism of Fe-
30Mn-3Si-4Al twinning-induced plasticity steel,
found the interaction among flow stress, density
and temperatures, and calculated stack fault ener-
gy using thermodynamic data. Zhang et al.l”
tested the dynamic response of Q345 steel under

extreme loading conditions of high temperatures
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and dynamic shock load, obtained the stress-
strain curve of Q345 steel impacted on different
shock times, and figured out the relationship be-
tween strength and strain rate is nonlinear.

At present, there are few studies on the dy-
namic behavior of high-hardness steel at high
temperature and high strain rate. Our group™”
previously investigated the dynamic mechanical
properties of SKD11 (62 HRC) based on SHPB
experiment, obtained stress-strain curves and a
constitutive equation of the steel at high tempera-
ture and high strain rates, and analyzed the chan-
ges in the stress-strain curves from a macroscopic
perspective. However, the cause of the changes
in the stress-strain curves could not be accurately
explained in terms of a macroscopic perspective.
Therefore, in the present study, we analyzed the
microstructure of hardened steel at high tempera-
ture and high strain rates using X-ray diffraction

( XRD ) and

(SEM), and explained, from a microscopic view-

scanning electron microscopy

point, the stress-strain relationship reported in

[l Moreover, we compare the

previous study
material morphology determined using SHPB
with the morphology of chips formed during high-
speed cutting. The results of this study shed light
on chip formation in the high-speed cutting of

hardened steel.

1 Materials and Methods

1.1 Materials

The material investigated was cold-work die
steel SKD11, which is used in high-speed cutting
processes. The chemical composition and hard-
ness are shown in Table 1. SKDI1 specimens

were quenched at 980—1 020 °C and tempered

twice at 180—200 °C to achieve a hardness of 60
HRC. The microstructure of SKDI11 after being
quenched is shown in Fig. 1(a), in which the or-
ganization of many fine particles into a sheet can
be observed. Moreover, a high fraction of Cr in
the carbide particle surface was revealed by ener-

gy dispersive spectrometer (EDS) analysis.

Table 1 Chemical composition of SKD11 %

C Cr Mo Si Mn \Y%

1.4—1.6 11.0—13.0 0.7—1.2 <0.6 <0.6 0.15—0.3

(b) Surface distribution of Cr

Fig.1  Microstructure of SKD11 (62 HRC) !

1.2 Methods

A sketch of the SHPB is shown in Fig. 2.
During the experiment, the bullet with a certain
speed hits the input bar. The foil gauges in the
input and transmission bars record the transmit-
ted signal, which is used to determine the input
signal. Based on the one-dimensional stress-wave

127 the relationship between the stress,

principle’
strain, and strain rate can be obtained.

The SHPB was used to obtain the dynamic
mechanical properties of SKDI11 at temperatures
of 20, 300, 600, and 800 °C, and strain rates of
0.01, 500, 5000, and 10 000 s~'. The specimens

were ground, polished, and etched after the ex-

periment, then analyzed using XRD and SEM.

Input bar Foil gauge Specimen Transmission bar Foil gauge
) /
L1 L1

\ Bullet

Heating system

Computer t:‘Waveform storage t:‘ Dynamic strain meter

Fig. 2 Sketch of the split-Hopkinson pressure bar

[13]
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2 Results and Discussions

The shape changes of the specimens at differ-
ent temperatures and strain rates after the SHPB

The length

change is shown in Fig. 4 as a function of deform-

experiments are shown in Fig. 3.

ation temperature. These results show that mate-

Lateral
face

Original specimen

rial exhibits dynamic thermal softening with in-
creasing temperature and that this is most signifi-
cant above 300 °C. Moreover, significant shear
slip is generated in the specimens at strain rates
of 5X 10*s ! or higher. The dynamic softening

and deformation are greater at higher tempera-

tures and higher strain rates.

Fig. 3 Photographs of the original specimen and those deformed at 600 °C with different strain rates
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Fig. 4  Compression deformation of the specimen at

strain rates of 500 and 5 000 s™!
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The stress-strain curves of the specimens
treated using the SHPB are shown in Fig. 5. In
the initial stages of compression, the flow stress
increases rapidly with the increasing strain. After
reaching a critical value, the rate of increase in

When the

flowstress reaches the end of compression de-

flow stress decreases significantly.

formation, it decreases sharply. At different tem-
peratures, the stress-strain curves show different
degrees of microwave phenomenon. With increas-
ing temperature and strain rate, the wave be-

comes more pronounced , which is the result of
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Stress-strain curves of hardened steel SKD11 at different temperatures
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dynamic softening of the hardened steel.

It also can be seen from Fig. 5(a) that at
20 °C, the flow stress increases and significant
strain hardening occurs during the initial stages of
compression. Beyond the yield stage, the curves
are flat with respect to the strain axis, which is
close to ideal plastic behavior'™!. At high temper-
ature, the increased stress limits the increase of
strain. However, the flow stress slightly de-
creased with increasing strain at temperatures be-
low 600 °C, which reflects the negative strain

In addi-

tion, with increasing temperature and strain rate,

effect of materials at low temperature.

the stress decreases owing to the thermal soften-

ing effect.
2.1 Effect of temperature on microstructure

To analyze the effect of temperature on the
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microstructure of SKD11, the specimens were an-
alyzed using XRD; the results are shown in Fig.
6. The primary surface phases of SKDI11 at tem-
peratures in the range of 20—800 °C include FeCr
and FeCrC alloys. At 20 °C,

strain rate, the instantaneous strain was higher

owing to the higher

and elemental o-Fe was generated when the strain
energy exceeded the FeCr alloy bond energy, as
shown in Fig. 6 (a). At 600 °C, because of the
high strain rate and temperature, the strain ener-
gy of the high-speed impact resulted in breaking
of the FeCr alloy bond break, which released ele-
mental o-Fe. However, at high temperature,
newly formed elemental Fe quickly oxidized.
Therefore, new Fe,O,; and FeCrO, phases were

generated on the surface of the hardened steel.
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Fig. 6 XRD patterns of SKD11 hardened steel surfaces treated at different temperatures

SEM was used to analyze the surfaces of the
specimens; the results are shown in Figs. 7—10.
The surfaces of brittle fracture specimens treated
at 20 and 300 °C are covered with tiny micro-
cracks. This demonstrates that cracks are genera-
ted inside the material and rapidly expand during
loading. However, since the plastic deformation

capacity of the material is low during loading,

damage occurs when the material is deformed

slightly. Material strain softening behavior
caused by cracking was observed, as shown in
Figs. 7,8, which reflects the negative strain-rate
effect. Crack propagation is restricted by plastic
deformation. With increasing temperature, the
plastic deformation capacity of a material at high

strain rate increases; thus, the higher the tem-
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perature, the greater the extent to which plastic
deformation is impeded, and the more obvious
the strain softening behavior becomes. There-
fore, during high-strain-rate experiments and low

temperatures, the specimen fractures into two

25 pm

(a)0.01s" (b) 5X10°s™

halves after slight strain softening, whereas at
higher temperatures, owing to the strong plastic

deformation capacity (which results in crack for-

mation and expansion), strain softening behavior

occurs, as shown in Figs. 9,10.

(d)1X10*s”

25 pm

(c)5%X10°s"

Fig. 7 Surface morphology of SKDI11 hardened steel treated at 20 °C

(a) 0.01 s () 5X10°s™

(c)5X10°s™ (d)1X10*s™”

Fig. 8 Surface morphology of SKD11 hardened steel treated at 300 °C

(a) 5X10°s™

(b)5X10°s™

(c) 1X10's™

Fig. 9 Surface morphology of SKD11 hardened steel treated at 600 °C

(a) 5X10°s™

(b)5X10°s™

(c) 1X10*s™

Fig. 10 Surface morphology of SKD11 hardened steel treated at 800 °C

2.2 Effect of strain rate on microstructure

In Fig. 11, the FeCrC alloy grain organiza-
tion and microstructures of hardened steel treated
are shown with different strain rates at 20 °C. At
a strain rate of 0. 01 s ' (Fig. 11(a)), the alloy
grains are approximately the same size as those in

the original specimen; however, there are many

microcracks on the surface of the carbide parti-
cles. At higher strain rates of 5X10% s™' and 5X
10* s ' (Figs. 11(b,c)), microcracks can still be
observed and the grain size is significantly larger.
When the strain rate was increased to 1X10* s™ !,
the size of the grain alloy was significantly re-

duced, but no cracks were apparent. With in-
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creasing strain rate, the specimens underwent

significant shear slip (from macrographic obser-

Microcracks

(a) 0.01s"

Fig. 11
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Fig. 12 Hardness of hardened steel as a function of

temperature at different strain rates

The FeCrC alloy grain organization and mi-
crostructures are shown in Fig. 13 for hardened
steel treated at different strain rates at 300 °C.
Compared with the case at 20 °C shown in
Fig. 11, at a given strain rate, the grain size is
larger. Moreover, the grain size increased with
strain rate, and microcracks appeared at low
strain rate (0. 01 and 5 X 10* s '); at higher
strain rates, the grains appeared significantly re-
fined and no microcracks were present. From
analysis of the macrographic images (Fig. 13),
specimens were observed to undergo significant
shear slip. In contrast to the behavior observed at
20 °C, the hardness significantly reduced because
of the high-temperature thermal softening effect,
as shown in Fig. 12.

The FeCrC alloy grain organization and mi-
crostructures are shown in Fig. 14 for hardened
steel treated at different strain rates at 600 °C.
Compared with the behavior at 20 and 300 °C, at
a given strain rate, the grain structure was signif-
icantly coarser. With increasing strain rate,
coarseness increased. At a strain rate of 5 X

10%s™ ', significant slippage occured on the sur-

vation; right corner in Fig. 11) and increased in

hardness, as shown in Fig. 12.

10 pm

(©)5X10°s" (d) 1X10°s™

Microstructure of FeCrC treated at 20 °C

face of the carbide, and at 1XX10* s™!, the grains
were refined with no obvious microcracks on the
surface. From analysis of the macrographic ima-
ges (Fig. 14), the specimens were found to ex-
hibit shear behavior. At higher strain rates, as
the strain-rate-hardening effect exceeded thermal
softening effect, the hardness did not decrease
but increased, as shown in Fig. 12.

The FeCrC alloy grain organization and mi-
crostructures are shown in Fig. 15 for hardened
steel treated with different strain rates at 800 °C.
In this case, at a given strain rate, the change in
grain structure was similar to that observed at
600 °C. At a strain rate of 5X10% s ', significant
slippage occured on the surface and obvious mi-
crocracks appeared. From macrographic analysis
(Fig. 15), the specimens were observed to first
increase in thickness before shear slip occurred.
In this case, the hardness of the material was
low, which resulted from the thermal-softening
effect being dominant, compared with the strain
rate hardening effect.

At 800 °C and a strain rate of 10* s~', micro-
cracks formed and the grain size was small, as
shown in Fig. 16 (a). Compared with the mor-
phology of the chips formed in the cutting process
at 300 m/min (Fig. 16 (b)), the metallo-
graphic phase of the specimen treated using
SHPB (Fig. 16 (a)) was more compact, which
was the result of the higher strain rate in the
shear zone in high-speed cutting than that in the
SHPB experiment. This shows that the shear be-
havior of hardened steel is more pronounced at

higher strain rates.
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Microcracks

(2) 0.01s"

(a)5X10° s

(b)5X10° s

(©)1X10"s"

Fig. 14 Microstructure of FeCrC treated at 600 °C

() 5X10°s"

(b)5X10°s™

(c) 1X10*s”

Fig. 15 Microstructure of FeCrC treated at 800 °C

(a) Metallographic phase of the (b) Chip morphology after
steel treated using SHPB high-speed cutting
Fig. 16  Metallographic phase of the steel treated using

SHPB and chip morphology after high-speed
cutting!'® (parameters used were: (a) Strain
rate= 10" s ', T= 800 °C; (b) v =300 m/
min, « =5° p= 0.65, a,= 4 mm, and a, =

0.3 mm)

3 Conclusions

With increasing temperature and strain rate,

the alloy particle size in SKD11 specimens was

found to initially increase and then decrease;
whereas for the hardness., the opposite trend was
observed. When the specimen was subjected to
low temperatures and strain rates, the surface
phases mainly included FeCr alloy, Cr;C,, and
Fe. Moreover, under these conditions, many sur-
face microcracks were observed, resulting from
brittle fracture. However, at high temperature
and strain rate, the surface phases mainly includ-
ed FeCr alloy, FeCrO,, and Fe,O,. Further-
more, under these conditions, obvious shear slip
behavior was found in the core of the specimen
and no microcracks were observed on the surface.
The hardened steel materials in this study exhibi-
ted significant strain hardening, strain-rate hard-
ening and high-temperature softening, and a neg-
ative strain-rate effect during the high-speed im-

pact process. Comparison of the metallographic
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phase of the specimen treated using SHPB with
the morphology of chips formed during cutting
revealed that the shear behavior of hardened steel

was more pronounced at higher strain rates.
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