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In this work, the mechanical behavior and properties of four different multiphase steels was studied in tension at
strain rates of 10’4, 10’2, 0.5 and 800 s~ . The four materials include a medium manganese (3%) steel grade
overcritically and intercritically annealed and Q&P heat treated and two industrially produced TRIP-assisted
steels, DH800 and TRIP700 steels, which have different retained austenite morphology. The temperature and
strain of the specimens were studied using high speed infrared thermography (IRT) and digital image correlation
(DIC). The mechanical response of the Q&P steels had considerably higher tensile strength than the two
industrially produced steels. The Q&P steel with a higher austenite volume fraction strain hardened significantly
more than the other steels. The DH800 steel and the intercritically annealed Q&P steel heated less with AT of
25 °C during uniform deformation than the TRIP700 steel and the overcritically annealed Q&P steel with AT of
35 °C. However, the industrially produced steels DH800 and TRIP700 had higher uniform elongation of 0.12
mm/mm and 0.14 mm/mm whereas the Q&P steels reached only 0.09 mm/mm, meaning that the heating rate of
the Q&P steels was considerably steeper. In addition, the stronger necking of the DH800 and TRIP700 steels led
to much higher maximum temperatures before failure (max. 260 °C) than those observed for the Q&P steels
(max. 140 °C). The Taylor-Quinney coefficients of the Q&P steels were large in the beginning of the plastic
deformation (0.65-0.95) but decreased as a function of plastic deformation, whereas the Taylor-Quinney Co-
efficients of the DH800 and TRIP700 steels were lower (0.5-0.6) but increased gradually as a function of plastic
deformation.

1. Introduction surprising that the high strain rate properties of these materials have

been studied extensively in the past decades. A good comparison of dual

The mechanical behavior and properties of metastable austenite
containing modern multiphase steels depend strongly on their micro-
structure but also on strain rate and adiabatic heating, which influence
the stability of austenite and the rate of strain induced phase trans-
formations. The mechanical response of these materials has been
extensively investigated, but the complexity of the physical and chem-
ical processes governing the microscopic and global mechanical
response is difficult to describe in detail. For example, the stability of
austenite plays a fundamental role and influences many properties of
these steels, including their strength, plasticity, and ductility, but also
influences their strain rate sensitivity. Higher strain rate sensitivity is
preferred in various energy absorbing automotive applications as it
improves the impact performance of the steel.

As the multiphase steels, especially the TRIP assisted steels, are used
in various applications in the automotive industry, it is not therefore
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phase and TRIP assisted steel with comparable strength levels can be
found in the works of Curtze et al. [1] and Hokka et al. [2]. In both
studies it was concluded that the strain hardening rate of the austenite
containing TRIP steel was strongly dependent on the test temperature,
whereas the hardening rate of DP steel with rather similar chemical
composition, but no residual austenite, was essentially strain rate in-
dependent. As the strain hardening rate is proportional to the rate at
which the microstructure of the metal is changing, whereas the current
value of the flow stress is proportional to the current state of the
microstructure, one can deduce that the microstructure evolution of the
TRIP steel was strongly strain rate dependent.

These prior mentioned studies along with several other works [3-5]
have indicated that steels where transformation induced plasticity oc-
curs, such as Q&P, TRIP, or metastable austenitic steels have very low or
even negative strain rate sensitivities at room temperature. The phase
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transformation rate reduces at high strain rate due to increased stability
of austenite, and therefore at high strain rates the strength of the ma-
terial can be even lower than the strength at low strain rate where strong
martensite formation occurs. In the past, the increased stability of
austenite has been attributed to adiabatic heating at high strain rates.
According to Rusinek et al. [6], the TRIP1000 steel specimen can heat
from room temperature to 250 °C at strain rate of 100 s1. According to
the authors, the phase transformations and the plastic deformation of
TRIP1000 steel led to non-negligible heating. They studied the energy
stored in the microstructure and came to the conclusion that phase
transformation affects the energy conversion ratio, but the more exact
determination of the stored energy still needs some further studies.
According to Soares et al. [7] the temperature of a TRIP700 steel reaches
even 300 °C after necking at the strain rate of 600-900 s !, where the
heating was concentrated in the necking area.

Based on the previous, one can say that higher strain rates typically
stabilize the austenite and lower the phase transformation rate which is
at least partly due to increasing stacking fault energy caused by the
adiabatic heating [1,2,8]. At higher temperatures, the metastable
austenite requires more plastic deformation or higher stresses, and starts
transforming later at larger plastic strains, which leads to lower strain
hardening rate in the beginning of the deformation. However, recent
findings add further complexity to understanding the effects of strain
rate and adiabatic heating on the phase transformation rate and me-
chanical response of these materials. The plastic deformation in the
microscale is typically heterogeneous even though at macroscale the
deformation would be uniform. Pun et al. [9] suggested that such het-
erogeneous plastic deformation at high strain rate and the plastic work
in fully austenitic metastable stainless steel can cause local hot spots,
where the plastic deformation and the martensite formation are rapid at
first, but then the increasing local temperature stops the phase trans-
formation or the growth of the already nucleated martensite particles in
that area. Furthermore, Vazquez-Fernandez et al. [10] studied the same
austenitic steel and observed that the strain rate itself can affect the
martensitic transformation directly and not just through adiabatic
heating. The variant of the formed martensite depends on the phase
transformation kinetics which again depend on strain rate. The tem-
perature of the environment has the same effect as adiabatic heating,
meaning that the austenite in a multiphase steel is more stable at high
temperatures [1].

The mechanical response, adiabatic heating, and the phase stability
are also strongly affected by the microstructure and the chemical
composition of these multiphase steels. For example, the carbon and
manganese content affect the mechanical stability [11-13], and espe-
cially the thermal stability of austenite [12,13]. During quenching and
partitioning heat treatment, the carbon enrichment stabilizes the
austenitic phase before quenching to room temperature [14,15]. Higher
carbon content also results in improved mechanical stability of austenite
[16] and added boron increases the volume fraction of retained
austenite, and optimizes its morphology in Q&P steels [17].

The adiabatic heating of the steel is influenced by the original
microstructure [18]. The plastic deformation generates plastic work
which is partly converted to heat. At high strain rates this heat does not
have enough time to dissipate into the surroundings. The part of the
plastic work that is not converted to heat is stored in the microstructure
as permanent changes in the lattice, dislocations, vacancies etc. The
ratio of the heat increment and the plastic work increment is typically
called the Taylor-Quinney coefficient [19,20]. The value of the
Taylor-Quinney coefficient varies between zero and one for materials
where no sources of heat other than the plastic work exist. However, for
TRIP steels the exothermic phase transformation also releases heat,
which needs to be taken into account when considering the energy
balance. However, the main conclusion is that for very stable micro-
structures most of the mechanical work is converted to heat, whereas a
rapidly evolving microstructure can consume more of the energy as
permanent changes in the microstructure. Therefore, the original
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microstructure and the rate at which it evolves during deformation have
a strong influence on the final amount of heat that is released during
high rate deformation. The heating on the other hand again influences
the stability of austenite, and the overall mechanical performance of
these steels.

The microstructures of Q&P steels, for example, are very complex
and affected strongly by various processing parameters. The tempera-
tures and times affect considerably the microstructure by changing the
size, morphology and distribution of the retained austenite [21,22].
Other thermomechanical treatments, for example, cold/hot rolling, also
affect the mechanical properties, performance, and the stability of
austenite [23]. Cold rolling changes the morphology of retained
austenite after the annealing by decreasing the grain size and affects the
mechanical properties by increasing tensile strength and ductility when
compared to non-cold rolled steel. Pre-quenching of the Q&P steels can
increase the total elongation and tensile properties of the steel, and also
increase volume fraction of retained austenite [24].

The mechanical properties as well as the stability of the austenite are
also affected by the grain size [11,25] and the morphology [26,27].
Wang et al. [28] concluded that smaller grains are less stable against
transformation since they have less in-grain deformation substructures
that stabilize the grains. On the contrary, De Knijf et al. [29] concluded
that smaller grains are more stable and contribute the most to the
transformation induced plasticity of the Q&P steel they studied. Blondé
etal. [11] came to the similar conclusions with their in-situ experiments.
In addition, more nodular austenite has been found more stable than the
lath-like austenite. Film-like austenite also seems to be more stable
during deformation than blocky austenite [30].

Despite all previous efforts, due the complexity of the microstructure
and the mechanical response of these materials, the exact effects of
strain rate and adiabatic heating on the mechanical response and the
TRIP effect remain partly unknown. In this paper, the effects of original
microstructure and retained austenite content on mechanical behavior
and adiabatic heating were studied at different strain rates using me-
chanical testing, high speed photography and infrared thermography.
Four steels with different volume fractions of retained austenite and
different austenite morphology were tested. The results show that higher
original volume fraction of austenite increases the strain hardening
during tensile testing. The apparent Taylor-Quinney coefficient is also
calculated for these steels. The Taylor-Quinney coefficient provides a
quantitative tool for comparison of the energy conversion of different
steels during high rate deformation.

2. Materials and methods

Four different steels provided by SSAB Europe Oy were studied in
this work. The materials included 800DH and TRIP700 steels which are
industrially produced TRIP-assisted steel with a different austenite
morphology, as well as a medium manganese steel which was heat
treated with two different quenching and partitioning (Q&P) treat-
ments. The TRIP700 was tested only at the highest strain rate as its
mechanical properties and performance are well characterized in our
previous publications [1,2].

The chemical compositions of the studied steels are presented in
Tables 1-3. The Q&P steels were cold rolled medium manganese and
low carbon steels. The low carbon and medium manganese content
lower the martensite-start temperature and increase the stability of
austenite. Silicon and aluminum are added to reduce the carbide

Table 1
The chemical composition of the DH800 steel.
Element C Mn Al Ni Ti + Nb Si + Cr Balance
+V + Mo
DH800 0.16 2.1 0.83 0.05 0.021 0.59 Fe and traces

of Cu, P, S
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Table 2
The chemical composition of the Q&P steels.

Element C Mn Si + Al Mo + Cr Nb Cu B Balance

Q&P 0.26 3.01 2.19 0.43 0.042 0.01 0.005 Fe
Table 3 — -
The chemical composition of the TRIP700 steel. Intercritical annealing

950 °C treatment
Element C Si + Cr + Mo Al + Mn Balance / \
780 °C foeeoeeee A Annealing time for overcritical and
TRIP700 0.2 0.4 29 Fe ) / \ intercritical annealing =250 s
< ,/'/ \
@ ° £ o,

formation; however, the silicon content of the steel was limited to avoid 5 |~7°Cls / \ ~150 °C/s
hot dip galvanizing problems and aluminum content was increased to E ; \ 400 °C
compensate for the reduced silicon. Molybdenum and Niobium were 2 / / %
added to increase the strength. Niobium also reduces the grain size, g / N o 100 N\ 130s
whereas boron was added to improve hardenability. The steel was cast - _/// Qt=5s \—/ 5 AN
into ingot and austenitized at 1250-1300 °C for 2 h. After the austeni- / QT =240 °C for full austenitization and175 °C
tization, the steel was hot-rolled to 2.8-3.0 mm thickness at 880 °C and for intercritical annealing

slowly cooled down to room temperature. The steel was then cold rolled
into the final thickness of 1.7-1.8 mm. Rectangles or blanks with the
length of 75 mm and width of 30 mm were cut from the sheets, and two
different Q&P heat treatments were designed, as explained later, and
used for processing of the cold rolled blanks to produce two different
microstructures. After the heat treatments, the blanks were machined
into dog bone samples as shown in Fig. 1. DH800 and TRIP700 steels
were tested in the as received condition, and the samples were laser cut
from the sheets that of 1.9-2.0 mm thick.

The sample geometry for DH800 and the Q&P steels is shown in
Fig. 1. However, the TRIP700 samples had a gage length of 6 mm instead
of 8 mm and a shoulder radius of 1 mm instead of 2 mm.

Quench and partition treatments were conducted after full austeni-
tization (also mentioned as overcritical annealing in the text) as well as
after intercritical annealing. Speer’s model [31,32] was used to calculate
the optimum quench temperature for overcritical and intercritical
annealed samples to achieve the target austenite volume fraction. Fig. 2
shows the Q&P heat treatment cycles for the overcritical and inter-
critical annealed samples. Several samples were heat treated with the
same parameters. The A; and As temperatures, phase fraction of
austenite and the composition of the austenite at intercritical annealing
temperature were calculated using CALPHAD software JMaTPro
(version 12.4).

The volume fractions of retained austenite presented in Table 4 were
determined as an average of four measurements measured from two

Fig. 1. The sample geometry. Units in mm.

Time (seconds)

Fig. 2. Heat treatment cycles for the Q&P steels.

Table 4
Volume fraction of the retained austenite of the studied steels.
DHS800 Q&P_IC Q&P.OC TRIP700
Retained austenite (%) 12.6 £ 1.1 17.0 £ 2.5 6.7 + 0.6 19.4 £ 2.7

different samples for each material with the following methods: SAE
[33], Miller [34], ASTM [35], Deshayes [36] and Cullity [37]. The
average value and the standard deviation were calculated from all
measured results. The measurements of the volume fraction of the
retained austenite were carried out with Panalytical Empyrean Multi-
purpose X-ray Diffractometer with Fe-filtered Co-Ka radiation.

Fig. 3 shows scanning electron microscope (SEM) images of the
studied steels. The microstructures of DH800, Q&P_OC, and TRIP700
look rather similar to each other. However, the austenite grains in
TRIP700 are much larger than in the other more modern steels that were
studied. The modern multiphase steels have typically a finer grain size,
and the austenite in particular is almost invisible in the SEM micro-
graphs at this magnification. The austenite typically is located as fine
sheets between other grains [38,39]. The Q&P_IC and TRIP700 steels
have the largest volume fractions of austenite, whereas the Q&P_OC has
the least amount of retained austenite. The microstructure of the Q&P
steels have more martensite than the other materials. The microstruc-
ture of the Q&P_OC (Fig. 3c) is clearly different than the other studied
steels as it contains larger quantities of low carbon martensite.

2.1. Mechanical testing

Uniaxial tensile tests were performed at strain rates 10~* s71, 1072
s71,0.5s ! and 800 s 1. The low strain rate tests up to strain rate of 0.5
s~ were carried out with a servohydraulic Instron 8800 testing device
and the high strain rate tests at 800 s * were performed with a Split
Hopkinson Tensile Bar device. The test setups are shown in Fig. 4.

2.2. Full field measurements

The temperature and deformation of the samples were measured
during the mechanical loading. At low strain rates the optical images
were recorded by two M-Lite 16 Mpix CMOS cameras and at the strain
rate of 800 s~!, two Photron SA-X2 high-speed cameras were used. A
commercial Digital Image Correlation (DIC) software (LaVision, Davis
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Fig. 3. The microstructures of a) DH800, b) Q&P_IC, c) Q&P_OC and d) TRIP700.

Fig. 4. The test setups for a) low and b) high strain rate testing.

10) was used to calculate the full strain fields from the images. The
samples were patterned with black speckles on white background with
spray paint. Thermal images were obtained from the other (unpainted)
surface with a Telops Fast-IR-M2K camera at all strain rates. The
radiometric temperatures obtained by the infrared camera were cali-
brated by measuring the temperature of a (dummy) specimen with the
thermal camera and a K-type thermocouple while the specimen was
heated from room temperature up to 200-250 °C. For details about the
calibration procedure and the simultaneous temperature and deforma-
tion measurements see Ref. [40].

3. Results and discussion

Fig. 5 shows the tensile stress-strain curves of the studied materials at
different strain rates. The tensile strength of DH800 increases with
increasing strain rate.

At the lowest strain rate of 10™* s7! the yield stress is 550 MPa, as
shown in Fig. 5d. At the lowest strain rate, the ultimate tensile strength is
900 MPa and the uniform elongation is 14%. At the strain rate of 102
s7! the yield stress is increased to 600 MPa and the ultimate tensile
strength to 930 MPa, whereas the uniform elongation is at 13%. The
behavior of the material is similar at the strain rate of 1072 s~} having
the same yield stress of 600 MPa and the ultimate tensile strength of 940
MPa and the main difference is the uniform elongation which is 11%. At
the highest strain rate of 800 s1, the yield stress is 700 MPa, the ulti-
mate tensile strength is 950 MPa and the uniform elongation is 14%.
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Fig. 5. Stress strain curves at a) 800 s’l, b) 0.5 s’l, )10 2stand d) 107 *s L.

While both the yield stress and ultimate tensile strength increase with
increasing strain rate, the uniform elongation is not affected as much by
the strain rate but is rather similar at all strain rates except for the strain
rate of 0.5 s’l, at which it is lower than at the other strain rates. This
observation, however, may also be partly due to the poor temporal
resolution of the strain measurement at the strain rate of 0.5 s~ L.

The strength of the Q&P_IC steel also increases with increasing strain
rate, as seen in Fig. 5. At the strain rate of 10~% s~ the yield stress is 640
MPa, ultimate tensile strength is 1410 MPa, and uniform elongation is
8.5%. The corresponding values at the strain rate of 1072 s™! are 650
MPa, 1430 MPa and 10%, whereas at the strain rate of 0.5 s~! the yield
stress is 690 MPa and ultimate tensile strength and uniform elongation
are 1520 MPa and 8.5%. The yield stress is 850 MPa at the highest strain
rate of 800 s~! while the ultimate tensile strength is 1500 MPa and the
uniform elongation is 11%. At the lowest strain rate, no necking occurs
and the fracture is brittle. At higher strain rates, the ductility is improved
and some necking occurs, but not as much as for the DH800 and
TRIP700 steels.

Similarly to the previous two steels, the uniform deformation and
overall ductility of the Q&P_OC steel increase with increasing strain rate
as was also observed for the Q&P_IC steel. At all three lowest strain rates,
10—-4 571,102 s ! and 0.5 s7}, the yield stress is 1100 MPa and the
ultimate tensile strength is 1530 MPa. The main difference is in the
uniform elongations at different quasi-static strain rates, which are
4.5%, 6.5% and 6.5%, respectively. At the highest strain rate of 800 s,
the yield stress of Q&P_OC steel is 1300 MPa, ultimate tensile strength is
1480 MPa, and the uniform elongation 9.8%. Also, similarly as what was
observed for the Q&P_IC steel, the fracture of the Q&P_OC steel speci-
mens is brittle with no necking at the lowest strain rate, but some
necking occurs at the higher strain rates.

The Q&P_IC and Q&P_OC steels have quite similar ultimate tensile
strength at different strain rates but the yield stress of the intercritical
heat treated steel is considerably lower. This indicates that the Q&P_IC
steel strain hardens significantly more than the Q&P_OC steel. This is
also visible in the slopes of the stress-strain plots in Fig. 5. The DH800
and the TRIP700 steels have considerably lower yield strength and ul-
timate tensile strength than the Q&P steels. TRIP700 steel was only
tested at the highest strain rate. At 800 s, the TRIP700 steel has the
yield stress of 680 MPa, ultimate tensile strength of 800 MPa and uni-
form elongation of 16%, and the overall hardening behavior at this
strain rate is comparable to the behavior observed for DH800 steel.

The two Q&P steels have considerably higher strength than the
DH800 and TRIP700 steels, as shown in Fig. 5. This is mostly due to
larger volume fraction of low carbon martensite in the original unde-
formed microstructure of the Q&P steels. The Q&P_OC steel has higher
yield strength than the Q&P_IC steel at every strain rate, but the Q&P_IC
steel strain hardens considerably more especially at the higher strain
rates that its ultimate tensile strengths are similar to Q&P_OC. The
higher yield strength of Q&P_OC is caused by the high volume fraction of
low carbon martensite in the microstructure, which is seen in Fig. 3. The
strain hardening of Q&P_IC, on the other hand is at least partly due to
the extensive TRIP effect caused by the high amount of austenite
transforming into stronger martensite. The TRIP700 and DH800 steels
behave similarly to each other with small exceptions in the strength.
They have considerably lower yield stresses and ultimate tensile
strengths than the Q&P steels and they both strain harden less than the
Q&P_IC steel. The lower yield strength is likely due to the softer phases
such as ferrite present in the original microstructure. The hardening
behavior of the two steels is very similar as the slopes of the stress-strain
curves in Fig. 5 are similar. This is due to both dislocation hardening of
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the ferrite and other deforming phases, but also due to the gradually
proceeding strain induced phase transformation that add strain hard-
ening and improve ductility.

The ductility of the studied Q&P steels enhance as a function of strain
rate. At lower strain rates, almost no necking is observed in the samples,
but at higher strain rates the samples start to neck. This is clearly
observable in the high speed photographs and in the full field strain
maps. Increasing uniform elongation with increasing strain rate has
been reported for similar medium manganese steels by Yang et al. [41],
who explained the observation as due to increase in austenite stability,
which is caused by the adiabatic heating and consequent increase in
stacking fault energy. The adiabatic heating can also reduce the chem-
ical driving force, thus suppressing the rate of the martensitic trans-
formation [8]. At higher strain rates the rate of phase transformation is
slower, and less martensite is formed as the deformation proceeds. This
means that there is more austenite available even at larger plastic
strains, making the material more ductile and more capable of produc-
ing martensite even at these larger strains prolonging the necking even
further. When compared to the deformation at lower strain rates, more
or possibly even most of the austenite has already deformed into
martensite at smaller strains, and therefore, the added hardening
capability is exhausted already at smaller strains, and the maximum
elongations remain smaller.

The flow strength of the material as a function of strain rate is shown
for yield strength, 0.003 strain, 0.005 strain and at UTS in Fig. 6, and the
relative (m;) and absolute (m,) strain rate sensitivity values are given in
Table 5 and the absolute (m,) sensitivity values are listed in Table 6.

Materials Science & Engineering A 865 (2023) 144659

Table 5

Relative strain rate sensitivity values at different strains.
Material YS & = 0.03 mm/mm & = 0.05 mm/mm At UTS
DH800 0.012 0.006 0.008 0.012
Q&P_IC 0.018 0.005 0.007 0.011
Q&P_OC 0.015 —0.001 0.000 0.003

Table 6

Absolute strain rate sensitivity values at different strains.
Material YS & = 0.03 mm/mm & = 0.05 mm/mm At UTS
DHS800 17.1 10.5 15.0 27.8
Q&P_IC 31.4 14.9 20.9 40.6
Q&P_OC 39.3 -3.81 —1.45 12.2
TRIP700 31.9 [42] 11.3 [42]

Overall, the strain rate sensitivities of all studied steels are rather low
or even negative. The relative strain rate sensitivities of DH800 and
Q&P_IC steels are similar, except at yield strength where Q&P_IC steel
has a higher relative strain rate sensitivity, as seen in Table 5. The
relative strain rate sensitivity of Q&P_OC steel is between that of DH800
and Q&P_IC steels at YS. After yielding Q&P_OC steel has a considerably
lower relative strain rate sensitivity than the other two studied mate-
rials, being essentially zero or slightly negative at ¢ = 0.03 and at ¢ =
0.05.

Q&P _IC steel has the overall highest absolute strain rate sensitivity of
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Fig. 6. Relative strain rate sensitivity at a) YS, b) 0.03 mm/mm, ¢) 0.05 mm/mm and d) at UTS.
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the studied materials after yielding, as seen in Table 6. At yield strength,
the strain rate sensitivities of Q&P_IC and TRIP700 steels are similar,
whereas Q&P_OC steel has a larger absolute strain rate sensitivity, but at
UTS the strain rate sensitivity of Q&P_IC steel is the highest when
compared to the other studied steels. At ¢ = 0.03 and at ¢ = 0.05 the
Q&P_OC steel has a small negative strain rate sensitivity and at UTS it
behaves similarly to TRIP700.

The data shown in Fig. 6 show some steep upturn behavior, espe-
cially for the Q&P steels at small strains (Fig. 6a and b) and for the
DHB800 steel at UTS (Fig. 6d). The flow stress at the three lowest strain
rates seem to align well along a line, but the flow stress at the highest
strain rate deviates from this slope. This indicates a change from the
thermally activated dislocation motion into more drag controlled re-
gion, where such a strong upturn is typically observed. However, such a
strong strain rate sensitivity at higher strain rates is not typically
observed for austenite containing steels undergoing strain induced
phase transformations [1].

Out of the studied materials, the strain sensitivity of the Q&P_OC
steel changes the most as plastic deformation proceeds. At yield strength
the relative strain rate sensitivity is similar as for the other steels, but
with increasing strain, the relative strain rate sensitivity drops essen-
tially to zero and is considerably smaller than those of the other mate-
rials. The Q&P_OC steel has the lowest volume fraction of austenite, only
6.7 £+ 0.6%, as seen in Table 4, so at higher strains there is less austenite
that can transform into martensite to strain harden the metal. In addi-
tion, the deformation at yield stress is (quasi-)isothermal, meaning that
no adiabatic heating has yet occurred at that point even at higher strain
rates. As plastic deformation proceeds, strong adiabatic heating is ex-
pected as the strength of the material is remarkably high, and the
adiabatic heating is expected to decrease the rate of martensitic
transformation.

The negative or very low strain rate sensitivity can be caused by the
unstable austenite [1] and the rate effects of the phase transformation
rate as explained earlier. In general, the phase transformation rate drops
when strain rate is increased. This is at least partly due to the effects of
adiabatic heating on the thermodynamic stability of austenite [2].
However, recent studies on TRIP assisted stainless steels [10] have
shown that the strain rate itself can also change the kinetics of the phase
transformation, and the character or variant of the martensite that forms
at low strain rate is different from that observed at high strain rate. Using
crystal plasticity simulations, Lindroos et al. [43,44] have recently
shown that the adiabatic heating and plastic work can cause local
heating in the microstructure of austenitic stainless steels which can lead
to formation of ‘hot spots’ where first martensite forms rapidly, but at
the same time this area becomes hotter than its surrounding. The
extensive microscopy carried out by Pun et al. [9] indicated that the
growth of the martensite stops at those locations. This conclusion cannot
directly be applied to multiphase steels, where the austenite is distrib-
uted heterogeneously, but the theory can still hold true at least partly.
The stability of austenite also in multiphase steels is likely influenced by
both strain rate and adiabatic heating in somewhat similar manner as

é 0
0 0.02 004 006 008 0.1 012 014 0.16 0
True strain [mm/mm)]

Fig. 7. Change of temperature of the specimen deformed at strain rate a) 800 s, b) 0.5 s and ¢) 0.01 s~ .
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described by Vazquez et al. [10] and Pun et al. [9] for stainless steels, but
in multiphase steels the effects can be more difficult due to the complex
microstructure as well as the different distribution, size, and
morphology of the austenite grains. The strain rate sensitivity of the
steels studied in this work is in general rather low, which is not unex-
pected for such multiphase TRIP-aided steels. However, more work is
needed to better understand the true effects of strain rate and adiabatic
heating on the phase transformation rate.

The adiabatic heating of the specimens as a function of true strain at
strain rates 800 s_! and 0.5 s~! are plotted in Fig. 7 a) and b). The quasi-
adiabatic heating at the strain rate of 1072 s™! is plotted in Fig. 7 ¢). The
strain rate of 102 s7! is called quasi-adiabatic since the strain rate is so
low, that some of the heat is conducting from the sample. At the lowest
strain rate, 10_4, all the tests were isothermal, and no data is shown
here.

The temperatures of the samples shown in Fig. 7 were determined as
an average temperature of the whole deforming gauge section. The
gauge sections of the samples heat uniformly as long as the deformation
is uniform but after the start of necking the heating begins to concentrate
on the area of necking. The heat did not conduct to the grip areas of the
sample at the two highest strain rates shown in Fig. 7 a) and b). At the
strain rate of 1072 s™! some of the heat conducts to the grip areas. The
change in the average temperature in Fig. 7 is plotted only until uniform
elongation and the data in Fig. 7a were also used to determine the
Taylor-Quinney coefficient as will be described later.

The Q&P_OC steel has the highest average temperature change at
strain rates 800 s and 102 s . At the strain rate 0.5s 1, Q&P_IC steel
has the highest average temperature change at the end of the experiment
since it has a higher uniform deformation, but until that point the
Q&P_OC steel behaves similarly to the Q&P_IC steel. In this case, as with
the stress strain curves, at the poor temporal resolution of the strain
measurements at the strain rate of 0.5 s~ needs to be taken into account,
and because of this the data points are quite far away from each other,
which can lead to higher uncertainty regarding the determination of the
uniform elongation at this strain rate, as explained above. DH800 steel
has the lowest average temperature change among the studied mate-
rials. TRIP700 steel was only tested at the highest strain rate where it
behaves similarly as the DH800 steel except that the TRIP700 steel has a
higher uniform elongation and therefore it reaches higher average
temperature change than the DH800 steel at the end of the uniform
elongation.

At the strain rate of 1072 s™!, the heating of the tested materials
differs the most from each other. The heating is not quasi-adiabatic,
since the heat conducts to the grip areas of the samples. The DH800
steel is measured to only heat up by a few degrees, whereas the Q&P
steels heat up significantly more. At this strain rate, also the mechanical
response of the materials differs more (Fig. 5¢). The strength of the
overcritically annealed Q&P_OC steel is much higher than that of the
intercritically annealed counterpart. Therefore, it is clear that more
mechanical work is produced by the deformation of the stronger mate-
rial. However, the adiabatic heating is not only affected by the amount
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of mechanical work as will be discussed later.

The maximum temperatures obtained on the surface of the specimen
at different strain rates are presented in Fig. 8 as a function of engi-
neering strain. The data include also the temperatures obtained after
necking. The maximum temperature of each sample was determined as
the temperature of a single point in the gauge section with the highest
temperature.

At the highest strain rate, DH800 and TRIP700 steels have the
highest maximum temperatures that reach over 260 °C. This is mainly
due to the large strains that occur after necking. The Q&P steels, on the
other hand, the post uniform elongation is small and similar high tem-
peratures at the strain rate of 800 s * are not reached. At lower strain
rates, the Q&P_OC steel reaches the highest maximum temperatures,
followed by Q&P_IC and DH800 steels which have the lowest maximum
temperatures at both strain rates of 0.5 and 102 s~*. Somewhat similar
values for the adiabatic heating have been reported by, for example
Soares et al. [7] who observed similar maximum temperatures for
TRIP700 steel at 600-900 s~ and Rusinek et al. [6] who measured the
maximum temperatures of 250 °C for TRIP1000 at strain rate of 100 s~ ".

The difference in the strength and ductility of the materials partly
explain the difference in the adiabatic heating of the materials during
the tensile test. As seen in Fig. 5, the Q&P_OC steel is stronger than
Q&P_IC steel. The adiabatic heating in Fig. 8a, for example is very
similar for these two studied steels until approximately 20% of engi-
neering strain. However, the stress strain curves in Fig. 5 are different at
low plastic strains, but very similar towards the UTS. In fact, at every
studied strain rate, the Q&P_OC steel is stronger at small plastic strains
but the Q&P_IC steel strain hardens more strongly, and its strength
reaches or almost reaches strength of the Q&P_OC steel at UTS. There-
fore, it is somewhat unexpected that the adiabatic heating of the two
materials is very similar at these strain rates even though the amount of
plastic work is different.

The Taylor-Quinney coefficient describes the fraction of the plastic
work that is converted into heat during plastic deformation and that
which fraction is stored into the microstructure of the material. It can be
calculated as the total converted energy converted (i) or the based on
the rate of energy conversion (fgisf), i.e., as mechanical power and
heating power. In this paper, we used the total converted energy to
describe the energy conversion rate in the studied steels. The apparent
Taylor-Quinney coefficients (f,) includes the latent heat (AH) gener-
ated by the exothermic phase transformation. For more details and
complete derivation of the following equations please refer to Ref. [45].
The apparent Taylor-Quinney coefficient was obtained at the strain rate
of 800 s~! and the data are plotted as a function of true plastic strain in
Fig. 9. The values were calculated using Equation (1).

pC,AT
ﬂ;lm dep ( )
where £ is the apparent Taylor—Quinney coefficient, p is the density of

the material (7.80 g/cm3), Cj, is the specific heat capacity of the material
and dW, is the mechanical work increment and the AT is the
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Fig. 9. Apparent Taylor-Quinney coefficient as a function of true strain for the

studied steels at the strain rate of 800 s~

temperature change. The specific heat capacity of the DH800 steel was
measured as 0.46 J/gK. As the chemical composition of the TRIP700
steel is similar the same specific heat capacity was used for TRIP700. For
the Q&P steels, the specific heat capacity of a steel with a similar
chemical composition was obtained from literature and it was calculated
to be 0.32 J/gK [46].

In the beginning of plastic deformation, the apparent Tay-
lor-Quinney coefficient of the Q&P steels are rather high and then
decrease with increasing strain. For Q&P_IC steel the apparent Tay-
lor—Quinney coefficient is close to 0.65 at the beginning of the experi-
ment and for the Q&P_OC steel the values in the beginning of the
deformation are above 0.95. For both Q&P steels the Taylor—Quinney
coefficient decreases with plastic strain. This means that in the begin-
ning of the plastic deformation a larger fraction of the mechanical en-
ergy is converted into heat and at larger plastic strains the conversion of
mechanical energy into heat slows down and more energy is stored in
the microstructure. This can at least partly be explained by the strength
of these steels as each plastic strain increment produces large quantities
of mechanical energy. The strength of the steels is mostly due to the
larger quantities of low carbon martensite already present in the
microstructure (Fig. 3c). However, as the steels include also metastable
austenite which is continuously converting into martensite and releasing
more heat, it is not so straightforward to interpret how much energy is
stored into the microstructure. This overall behavior is also visible in the
stress strain plots in Fig. 5, where the strain hardening rate of the
Q&P_OC steel is very low, which indicates a microstructure that does not
evolve strongly, but is rather stable. The quantitative conclusions of
microstructure evolution based on the hardening behavior and the
Taylor-Quinney coefficient are similar.

(c)
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— - -Q&P
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Fig. 8. Maximum temperature of the specimen at strain rate a) 800 s’l, b) 0.5s ' and ¢) 0.01 s L.
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Talonen [8] studied a stable and a metastable austenitic stainless
steels. The adiabatic heating of the metastable steel was measured to be
approximately double when compared to the stable steel. This means
that a considerably portion, in his case half, of the total adiabatic heating
of steels was caused by the martensitic phase transformation. The
strength of the material and the austenite volume fraction also affect the
phase transformation enthalpy. The metastable austenitic stainless steels
have a fully austenitic microstructure which fully converts to
martensite, so the added heat due to the exothermic reaction is much
stronger than in multiphase steels containing only a fraction of meta-
stable austenite. For example in this study, the steels contain between
6.7% and 19.4% of austenite, and therefore the potential heat release is
smaller than that in fully austenitic steels. The heat release can still be
significant and should be evaluated more carefully while taking into
account in the energy balance calculations and interpretations of the
obtained Taylor-Quinney coefficient.

The DH800 and the TRIP700 steels, on the other hand, behave quite
differently compared to the Q&P steels. The apparent Taylor-Quinney
Coefficient of DH800 and TRIP700 steels increase with increasing
deformation, meaning that more mechanical energy is converted into
heat as the deformation proceeds. This clearly means that at early strains
the microstructure of the steels is changing more rapidly as energy is
rather being stored in the structure than converted to heat. Towards end
of the experiment, the microstructure saturates, and more mechanical
energy is converted to heat. As seen in Fig. 3, the microstructures of
DH800 and TRIP700 steels are quite similar, the mechanical response in
Fig. 5a is similar, and finally the apparent Taylor-Quinney-coefficients
at different strains are also similar. The strain hardening rate of these
two steels is also rather similar. Based on these observations, especially
concerning the strain hardening rate and the Taylor-Quinney coefficient
it can be concluded that the microstructures of the two steels change in a
very similar manner. Both the strain hardening rate and the Taylor-
Quinney coefficient describe how fast or how much the microstructure
evolves at a given strain, whereas the flow strength of the material is
proportional to the current microstructure of the material at the given
strain. For the DH800 and TRIP700 steels this conclusion is somewhat
surprising as the morphology of the retained austenite is significantly
different in these two steels. Especially in the TRIP700 steel the retained
austenite islands can be several micrometers and are mostly found in the
grain boundaries between ferrite grains, whereas the austenite in DH800
steel is much finer. The smaller retained austenite islands are typically
considered more stable [11,47] and should thus transform later during
the deformation [48]. This could be expected to lead to different hard-
ening behavior, adiabatic heating and also different Taylor-Quinney
coefficients. However, our current observations are only indirect con-
clusions of the true phase transformation rate and overall microstructure
evolution rate, as no in-situ measurements of the microstructure are
currently available. A measurement of the phase fractions of these steels
during high strain rate deformation combined with this current data
could reveal much more information and lead to more quantitative
description of the evolution of the microstructure and stability of the
austenite at different strain rates.

4. Conclusions

e Four different multiphase steels containing retained austenite were
studied at four strain rates of 1074, 1072, 0.5 and 800 s~ . The steels
included industrially produced TRIP-assisted DH800 and TRIP700
steels and a medium manganese steel which was intercritically and
overcritically heat annealed before quenching and partitioning heat
treatment.

Stress strain response of the materials differs quite significantly. The
Q&P steels had higher strength than the DH800 and TRIP700 steels.
The overcritically annealed Q&P_OC steel had higher yield strength
than the intercritically annealed Q&P_IC steel at all strain rates, but
at UTS the true stress of the materials was similar since Q&P_IC steel
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strain hardens considerably more. The higher strength of the

Q&P_OC steels was due to the large fraction of low carbon martensite

in the original microstructure.

At yield stress both the relative and absolute strain rate sensitivity of

all the studied materials are positive with DH80O0 steel being the least

strain rate sensitive and the other materials being quite similar to
each other. At strains of 0.03 and 0.05 mm/mm, the strain rate
sensitivity of Q&P_OC steel is slightly negative or zero. DH800 and

Q&P_IC steels have really similar relative strain rate sensitivities, but

the Q&P_IC steel has the overall highest absolute strain rate

sensitivity.

o The maximum adiabatic heating was at the strain rate of 800 s
where the maximum temperatures reached 70-260 °C. The highest
temperatures were observed for the DH800 and the TRIP700 steels
that showed most post necking plasticity. No strain localizations
were observed for the Q&P steels at low strain rates, but some
necking was observed at higher strain rates. The overall plasticity of
the Q&P steels also increased with strain rate.

e The Taylor-Quinney Coefficients of the Q&P steels were high in the
beginning and then decreased gradually with plastic deformation.
For the Q&P_IC steel the Taylor-Quinney coefficient was much lower;
around 0.65, which indicates a strongly changing microstructure
compared to the Q&P_OC steel whose Taylor-Quinney Coefficient
was close to 0.95 at the beginning of plastic deformation. Similar
qualitative conclusions about the changes in the microstructure were
drawn based on the hardening rates of the two materials.
The Taylor-Quinney Coefficients of the DH800 and the TRIP700
steels were rather low at small plastic strains, but gradually increased
with plastic deformation indicating a microstructure that is actively
changing in the beginning of the plastic deformation, but gradually
stabilizing so that more plastic work is converted to heat and the
microstructure is more stable. The energy conversion, strain hard-
ening, strength, and ductility of these two materials are very similar,
which is rather surprising considering that the microstructure, and
especially the morphology of the retained austenite, are different
from each other. It seems, therefore, that the energy conversion ratio
and the adiabatic heating of the alloys is not strongly dependent on
the morphology of austenite.
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