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Abstract: This study aims to discover the stress-state dependence of the dynamic strain aging (DSA) effect on the deformation and fracture be-
havior of high-strength dual-phase (DP) steel at different deformation temperatures (25-400°C) and reveal the damage mechanisms under these
various configurations. To achieve different stress states, predesigned specimens with different geometric features were used. Scanning elec-
tron microscopy was applied to analyze the fracture modes (e.g., dimple or shear mode) and underlying damage mechanism of the investigated
material. DSA is present in this DP steel, showing the Portevin—Le Chatelier (PLC) effect with serrated flow behavior, thermal hardening, and
blue brittleness phenomena. Results show that the stress state contributes distinctly to the DSA effect in terms of the magnitude of thermal
hardening and the pattern of blue brittleness. Either low stress triaxiality or Lode angle parameter promotes DSA-induced blue brittleness. Ac-
cordingly, the damage mechanisms also show dependence on the stress states in conjunction with the DSA effect.

Keywords: dynamic strain aging effect; Portevin—Le Chatelier effect; damage mechanism; dimple fracture; shear fracture; dual-phase steel

1. Introduction

The dynamic strain aging (DSA) effect has been widely
investigated since the middle of the 20th century because it
strongly affects mechanical properties, including the strength
and ductility of metals [1—5]. Early-stage investigations
mainly focused on mild steel and iron under tension loading.
The four basic characteristics of the DSA effect are as fol-
lows: (1) serrated flow behavior, (2) enhanced strength with
temperature increase, (3) anomalous strain rate dependence,
and (4) blue brittleness phenomenon [6]. The conventional
understanding of the DSA effect is based on Cottrell atmo-
sphere theory [7—8]. At a specific temperature and strain rate
range, the solute atoms could diffuse and segregate to the dis-
location core, which forms the Cottrell atmosphere and pins
the dislocation movement. For dislocations to break away
from the solute cloud, external stress is required to reactivate
the dislocation movement. The repeated interaction between
dislocations and solute atoms results in the serrated plastic
flow and strain localization bands on the material surface;
this phenomenon is known as the Portevin—Le Chatelier
(PLC) effect [9]. The induced extra resistance to dislocation
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mobility also results in enhanced strength with temperature
increase (referred to as thermal hardening in the present
study) and negative strain rate sensitivity within a specific
temperature and strain rate range. The consequent blue brit-
tleness is also related to the dislocation—solute atom interac-
tion. However, a clear explanation has been lacking in the lit-
erature. The blue brittleness behavior of mild steel under tor-
sion loading is related to the diffusion rate and concentration
of the carbon or nitrogen atoms [10]. In addition, different
blue brittleness behavior under static and dynamic loading is
observed, whereas a considerably high dislocation density
under dynamic loading is expected [11].

With the development of modern steel with additional al-
loying concepts and microstructure features and experiment-
al techniques, investigations on DSA have been enhanced in
recent decades. The understanding of the DSA mechanism
becomes increasingly important as DSA-related phenomena
occur in many commercial-grade steels and various applica-
tions, which mostly bring detrimental performance during
service (e.g., increased surface localization and defects
[12—13], reduction of ductility [14—15], fatigue life [16—17],
and fracture resistance [18—19]). Previous studies have illus-
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trated that the DSA effect occurs not only in low-carbon steel
(e.g., ferritic [20], martensitic [21], bainitic [19], and austen-
itic [22] steel) but also in high-carbon ones (e.g., pearlitic
steel [23—24]). Furthermore, cementite decomposition could
be related to the DSA effect in pearlite steel [23—24]. To ob-
tain an improved understanding of DSA, scanning and/or
transmission electron microscopy (SEM/TEM) techniques
are normally used to assist investigations. An investigation
on pure iron with in situ TEM indicated that pure screw dis-
location locking could contribute to the DSA effect, and a
new Peierls mechanism could be active at high temperatures
[25]. A study on ferritic steel also identified the effect of
screw dislocations in DSA [26]. The jerky flow behavior at
low temperatures is caused by the conventional Cottrell dis-
location—carbon atom interaction, whereas serrated flow
curves at high temperatures are due to the strong screw dislo-
cation—carbon interaction, which could result in straight
screw dislocation lines. At DSA temperatures, distinctly high
dislocation density, clear straight dislocation lines, less cellu-
lar structure but dense dislocation walls/tangles can be ob-
served; these characteristics could be correlated to the restric-
ted dislocation substructure rearrangement and enhanced dis-
location multiplication caused by DSA [27]. In conclusion,
the interaction between dislocation and solute atoms could
lead to dislocation multiplication, increased dislocation dens-
ity, and dense dislocation walls/cells, and the restricted dislo-
cation cross-slip contributes to the planarity of dislocation
glide.

For DSA behavior during the plastic deformation stage,
the microscopic dislocation mechanisms have been well
characterized. As previously reported, dislocation mechan-
isms considerably affect plastic deformation and the fracture
behavior of steels; such influence could be observed via post-
mortem fractography of SEM. For example, dimple refine-
ment was observed on most dimple dominated ductile frac-
ture surface of steels [20—21] that failed at the DSA regime.
The reasons could be related to the increased dislocation sub-
structure density, which brings additional void nucleation
sites [27]. Furthermore, the occurrence of shallow dimples is
another common feature of the fractography at the DSA re-
gime [20—21]. This occurrence is generally explained by a
lack of void growth process and reduced crack growth resist-
ance [27]. Except for dimples, ductile-tearing and brittle-like
fractures were also observed in a high-martensite dual-phase
(HMDP) steel within the DSA range [28]. In addition, the
dislocation—carbon interaction could induce intergranular
cracking and reduce the ductility in high-Mn steel [29]. The
mixed transgranular and intergranular fracture modes were
also observed in a 316L stainless steel under cyclic loading at
the DSA regime [17]. As a result, the increased inhomogen-
eity, additional damage initiation, accelerated damage/crack
propagation, featureless flat fracture surface, and premature
fracture were enhanced by DSA.

Furthermore, from the perspective of mechanics, the un-
derstanding of DSA-related embrittlement was also de-
veloped. A common feature for DSA-related embrittlement is
the fast crack propagation rate. Hong and Lee [16] con-
cluded that the fast crack propagation rate could be related to
the enhanced work hardening rate, which is often a result of
the DSA. Another feature revealed by crack growth tests is
periodic crack jumps [18] or the alternate tension—tear pro-
cess [19] at the crack tip zone, indicating a repeated crack tip
blunting and tearing. This feature could be attributed to the
release of PLC bands during DSA, which may affect the ex-
tent of plastification at the crack tip. A lack of crack tip plas-
tification would affect the relaxation of the crack tip stresses
and lead to crack jump or tearing fracture [18]. An interest-
ing feature of DSA-related embrittlement is that DSA mani-
festations are not always detrimental as opposed to the com-
mon blue brittleness behavior. Furthermore, fracture tough-
ness is enhanced in the DSA regime for Armco iron [30].
Alomari et al. [31] also found increased ductility within the
DSA range for austenitic steel.

Although substantial literature on DSA exists, DSA re-
mains to be a constantly updated issue worthy of attention.
For instance, for advanced high-strength steel, complex mi-
crostructures and service environments would bring new
questions on DSA manifestation. A study on high-Mn twin-
ning-induced plasticity steel suggested that DSA could be
suppressed by increased stacking fault energy [32].
Moreover, DSA mechanisms in medium-Mn transformation-
induced plasticity (TRIP) steel may have three kinds, includ-
ing Mn ordering in the e-martensite and austenite interface
stacking faults, carbon diffusion and dislocation—Mn—C pair
formation in y-austenite, and dislocation interaction with ni-
trogen in a-ferrite [33]. In terms of ferritic-martensitic dual-
phase (DP) steel, the DSA effect is mainly attributed to fer-
rite, whereas martensite or carbides do not affect the DSA be-
havior [34]. Several studies have also focused on the syner-
getic effect of DSA and hydrogen [35—38]. However, micro-
structure-level investigation on the DSA-related damage
mechanism remains lacking, especially for DP steels.
Moreover, stress state has a considerable influence on the
ductile fracture for metallic materials, as revealed by micro-
structure-level damage mechanisms [39—41] and the ob-
served mechanical tests [42—44]; however, the focused stress
state for DSA-related case is typically uniaxial tensile or
compression tests under either monotonic or cyclic loading.
DSA investigation still needs to explore a wide range of
stress states other than uniaxial tension or compression.

Therefore, this study aims to discover the stress-state de-
pendence of the DSA effect in a DP steel at different deform-
ation temperatures and reveal the damage mechanisms under
these various stress states in conjunction with the DSA effect.
The investigation covers a testing temperature range from
room temperature (RT) up to 400°C, keeping loading under



856

quasistatic conditions. The two major characteristics of the
DSA behavior explored in the current study are thermal
hardening and blue brittleness. The various stress states in-
clude the typical uniaxial tension, as well as simple shear and
plane-strain (PS) tension, and the ones in-between, which
could be often met during material forming applications or
in-service loading. Tests with specific featured stress states
vary from simple shear to plane-strain tension. The DSA be-
havior is first characterized under the uniaxial tension condi-
tion by tensile tests, where yield strength (YS), ultimate
tensile strength (UTS), uniform elongation (UE), and frac-
ture elongation (FE) are the main measures. For other tests
with extended stress states from uniaxial tension, a specific
experimental program with featured sample geometries is de-
signed and implemented via creating notches and cuts on typ-
ical dog-bone tensile samples. Peak force, peak-force dis-
placement, and fracture displacement are considered to char-
acterize the DSA effect. After mechanical testing, the ductile
damage mechanisms in conjunction with the DSA effect un-
der varying loading conditions are analyzed by postmortem
SEM fractography, as well as metallography on the lateral-
cut specimen planes right beneath the fracture surfaces. The
results could provide information on microstructure features
at damage initiation.

2. Experimental

An advanced high-strength automotive DP steel (DP1000)
sheet with a thickness of 1.5 mm was selected as the invest-
igated material in this study. It consists of 55% ferrite and
45% martensite. Detailed microstructural information was
given in a previous study by Liu et al. [45].

2.1. Experimental program

The experimental program consisted of two groups of
mechanical tests: uniaxial tensile tests with smooth dog-bone
(SDB) specimens and tensile tests with featured specimens.
For the first group test with SDB specimens, five temperat-
ures (25, 100, 200, 300, and 400°C) were chosen under a
strain rate of 107 s™".

For the second group of tests, six featured dog-bone speci-
mens with different notches and cuts were used, as shown in
Fig. 1. The specific geometric features were created to trig-
ger a specific stress state at the crack initiation point to in-
vestigate the stress-state dependency of fracture. For the
characterization of stress states, two dimensionless variables,
namely, stress triaxiality and Lode angle parameter, were
used; the detailed definition and interpretation of these vari-
ables could be found in several studies [46—47]. Under
monotonic loading, the crack initiation point usually coin-
cides with the material point that undergoes the most plastic
deformation and is often referred to as the critical point of the
specimen because it also suffers from the most damage. To
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identify the position of the critical point and ensure that the
stress state of this point is as desired and constant during de-
formation, numerical modeling is used for the design process.
The detailed procedure and sample geometries for these des-
ignated stress states could be referred to in a previous study
[48]. For the completeness of the current work, a summary is
also provided. The six types of specimens can be further clas-
sified into four subgroups:
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Fig. 1. Experimental testing plan for the investigation of the
fracture behavior of DP1000 steel with all sample geometries
and their corresponding stress states at the fracture.

(1) The central-hole (CH) specimen with a hole diameter
of 6 mm (CHD®6) provides a constant uniaxial tension stress
state at the critical point, which is located at the intersection
point of the circular hole edge with the two symmetry planes
in the thickness and length directions.

(2) The notched dog-bone (NDB) specimens correspond
to the transition stress sates from uniaxial tension to plane-
strain tension at the critical point. The specimen with a large
notch radius (NDBR50) tends more toward the uniaxial ten-
sion, whereas the one with a smaller notch radius (NDBR6)
is closer to the plane-strain tension. The critical point for
these specimens is at the center of the specimen.

(3) The plane-strain specimens provide a generalized
plane-strain tension stress state at the critical point, which is
also the central location of the specimen. The geometry with
a larger out-of-plane notch radius (PSR16) has a rather lower
stress triaxiality than the one with a smaller radius (PSR2).

(4) The shear (SH) specimen provides a simple shear
stress state at the critical spot, which corresponds to an area at
the center of the specimen in the mid-thickness plane.

These desired stress states are closely related to the critic-
al point, implying that the entire deformation volume of the
specimens is likely not subjected to the same stress state. A
gradient of the stress state of the plastic deformation region is
expected to exist in the featured specimens, whereas the crit-
ical point features a stable and constant stress state, with the
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only exception of NDB samples, where a certain evolution of
the stress state could be found [48]. For the second group of
tests, the chosen loading velocity was 0.2 mm/min to ensure
that a quasistatic condition was fulfilled at critical points.
Four temperatures (25, 100, 200, and 300°C) were con-
sidered for all the six geometries, i.e., 24 groups of fracture
tensile tests with featured stress states in total.

2.2. Experimental procedures

The tests were executed on a multifunctional testing ma-
chine installed with a temperature chamber manufactured by
Zwick/Roell. All the specimens were loaded along the rolling
direction (RD) according to EN ISO 6892-1:2016 [49]. The
force was measured by the load cell, whereas the displace-
ment was measured by one extensometer in conjunction with
an optimal camera. An initially given distance between the
extensometer was set along the RD. At least three parallel
tests were conducted for each tensile test condition to ensure
reliable measurement of the tests. For testing above RT, a
temperature chamber where the temperature could reach up
to 500°C via induction heating was used. During the test,
real-time temperature was measured by two thermocouples
located at the top and bottom parts of the specimen, directly
on the specimen surface. These measurements were used to
adjust the controlling system of the thermal chamber to en-
sure that the sample temperature was as desired and stayed
stable during the test.

2.3. Microstructure characterization

SEM investigation was conducted on the featured-stress-
state specimens after fracture to study the damage mechan-
isms of DP1000 under different loading conditions. Observa-
tions, including the fractographs on the fracture surfaces and
the micrographs on the cross-section planes right beneath the
fracture surface, were performed. In consideration of the ef-
fort for sample preparations and SEM measurements, only
one sample for each stress state and loading condition was
chosen in this study. The investigated specimens were
CHD6, NDBR6, PSR16, and SH.

After the tests, the fracture surfaces of the two broken
parts of specimens were covered by atomizing the anticorro-
sion coating. A small piece of the sample with a height of ap-
proximately 10 mm starting from the fracture surface was
then cut by a disk saw for both broken parts. As a result, two
pieces with the fracture surface for each fractured specimen
were obtained. The first one was cleaned in an ultrasonic
cleaner with alcohol and then placed in the SEM chamber for
fractographic observation.

The second piece was used for the SEM micrographs
taken beneath the fracture surface to investigate the micro-
structure-sensitive damage mechanism of DP1000. The ob-
servation positions were the critical damage initiation points
of each geometry as described in Section 2.1. Therefore, the

investigation of CH, NDB, and PS specimens focused on the
through-thickness cross-section, i.e., RD-ND (normal direc-
tion) plane, whereas the RD-TD (transverse direction) plane
was chosen for the SH specimen. For sample preparation, an
additional cutting by electrical discharge machining for CH,
NDB, and PS was necessary. The cut was performed along
the loading direction throughout the thickness at a position
approximately 2 mm away from the focused points. For SH,
the specimen thickness was only 1.5 mm, and the middle
RD-TD plane was the observation position; thus, mechanic-
al grinding was directly used for reduction to half-thickness.
All SEM samples were carefully ground to the critical dam-
age initiation planes. Then, mechanical polishing until 3 pm
and chemical etching with a 3% Nital solution were used to
prepare the final observation surface. After etching, the fer-
rite and martensite phases can be distinguished on the SEM
micrographs. The SEM observation was conducted on a Carl
Zeiss GeminiSEM field emission gun scanning electron mi-
croscope.

3. Results and discussion
3.1. DSA behavior of DP1000 steel under uniaxial tension

Figs. 2(a)-2(b) show the engineering stress—strain curves
for testing under quasistatic loading (strain rate of
107 s™") at all five different temperatures. The yielding and
flow stress slightly decrease from 25 to 100°C due to the nor-
mal thermal softening effect, and then an abnormal stress in-
crease, referred to as thermal hardening, with a further tem-
perature increase to 200 and 300°C is observed (Fig. 2(a)).
Simultaneously, the serrated flow curves are also observed at
200-400°C (Figs. 2(a)-2(b)); this phenomenon is referred to
as the PLC effect. In addition, blue brittleness (shortened
ductility) appears at a temperature range of 100-200°C,
which are defined as blue temperatures. Figs. 2(c)-2(d) show
the combination of flow curves (in solid lines) and strain
hardening rate curves (in dot lines) until the UE points, from
which the enhanced strain hardening rate at 300°C can be
clearly observed. With strain evolution, the strain hardening
rates of 100 and 200°C are larger than that of RT; even for
400°C, when the plastic strain is larger than 0.04, its harden-
ing rate is higher than that of RT. Furthermore, the engineer-
ing and true stresses of 300°C are not always higher than
200°C (Figs. 2(b) and 2(d)), indicating the evolution of
thermal hardening with plastic strain. All these phenomena
indicate that DSA occurs in this DP steel at a specific temper-
ature and plastic strain range. When temperature increases to
400°C, the flow stress—temperature behavior returns to the
normal correlation, under which the thermal softening beha-
vior becomes dominant again.

Detailed analyses on the characteristic features of tensile
properties, including YS, UTS, UE, and FE, are summarized
in Figs. 2(e)-2(f). Data are plotted as the average values with
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error bars from all parallel tests. The DSA dominant region at
10 s loading is 200—-300°C, whereas at 100°C, the DSA
probably has already appeared in accordance with the
shortest FE; however, the thermal softening remains domin-
ant on the stress level. In addition, the UE is only slightly de-
creased from RT to 100°C and keeps increasing with temper-
ature until 300°C. Compared with the decrease in FE at
100°C, the shortening of the post-necking elongation mainly
contributes to the total elongation reduction. On the contrary,
the UTS is always enhanced from 100 to 300°C, whereas the
YS first increases when the temperature changes from RT to

200°C and then decreases when the temperature increases
from 200 to 300°C. The effect of DSA is also dependent on
plastic strain, indicating that DSA-induced thermal harden-
ing strength is distinct at 300°C. For 400°C, the smaller YS
and UTS and the larger UE and FE than those at RT indicate
a clear thermal softening behavior. In summary, the DSA
starts at approximately 100°C and ends after 300°C under the
quasistatic condition.

For bce metals, at relatively low temperatures (RT < 7' <
0.5T,, where T, indicates the melting temperature) and low
strain rates (quasistatic to intermediate), the dislocation
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movement is the basic plastic deformation mechanism. In an
ideal situation, dislocation movement is only constrained by
the crystal lattice obstruction, i.e., Peierls stress. When ambi-
ent temperature increases, the thermal activation contributes
to reducing the critical resolved shear stress for dislocation
movement and results in the thermal softening of macroscop-
ic strength. However, when DSA appears, the interaction
between dislocation movement and solute atoms, especially
the interstitial elements, e.g., C or N atoms, becomes non-
negligible, thus bringing complex temperature responses on
mechanical properties. During plastic deformation, the solute
atoms tend to segregate to the dislocations. The diffusion rate
of the solute atoms is strongly controlled by temperature,
whereas the dislocation movement rate is mainly determined
by the plastic strain rate. At a certain strain rate, the diffusion
rate of the solute atoms increases with elevating temperature.
When it becomes comparable with the mobility of the dislo-
cations, solute atoms have enough time to diffuse with dislo-
cation movement and adhere to the dislocation core when it is
waiting before an obstacle, ultimately restricting dislocation
movement. Accordingly, externally applied stress is required
to free the dislocations and produce further plastic deforma-
tion. The alternating adhesion and release process leads to the
serrated flow stress and distinct strain localization on sample
surfaces. In addition, at a certain DSA temperature, the accu-
mulated plastic strain results in an increase in dislocation
density and an interaction opportunity between dislocations
and solute atoms, thus enhancing the DSA effect.

Regarding the elongation and ductility, around the DSA
starting temperature, DSA-induced embrittlement comes
from the extremely short post-necking elongation, which can
be explained by the DSA-related strong surface localization
and defects in some studies [13,50]. From the compensation
between the strength—ductility point of view, once the dislo-
cation is locked by the solute cloud, it needs high stress to re-
move the pinning at relatively low DSA temperatures. If the
required strength is too high, then the plastic deformation is
difficult to sustain, and failure happens. However, explaining
the enhanced ductility at a high DSA temperature, e.g.,
300°C, is difficult. The authors hypothesize that as thermal
activation contributes to solute atom diffusion and disloca-
tion movement at a high temperature, the necessary external
stress for dislocations to move away from the solute cloud is
low. Hence, the repeated pinning and detachment process
between solute cloud and dislocation could be easily sus-
tained and more homogeneously distributed in the entire uni-
form region, strongly contradicting the strong surface local-
ization dominating at 100 and 200°C. As a result, the en-
hanced UTS/YS ratio, as well as the enlarged uniform and
post-necking elongation, are presented at 300°C. These
aforementioned explanations on the complex temperature ef-
fects are only based on the theoretical understanding of the
dislocation-related plastic deformation mechanism. Substan-

tial demonstrations shall be based on reliable experimental
observations, e.g., in situ TEM for dislocation investigation
during deformation. However, the elevating temperature
might increase the challenges of the current experimental
techniques.

3.2. DSA behavior of DP1000 steel under extended stress
states from uniaxial tension

To investigate the temperature and DSA effect under oth-
er stress states, tests with the featured fracture specimens in
Fig. 1 are analyzed. Fig. 3(a) takes the NDBRG6 as an ex-
ample of the measured force—displacement curves at differ-
ent temperatures. From the force—displacement curves, char-
acteristic features, such as peak force, peak-force displace-
ment, and fracture displacement, are investigated for all stress
states, as shown in Figs. 3(b)-3(d). The average values with
error bars are plotted to consider all parallel tests. In Fig. 3(b),
the normalized peak force of all the specimens at different
temperatures is presented. The peak forces of different speci-
mens at RT are chosen as the reference, therefore leading to
unity for all the tests at RT in the plot. A general V-shaped
trend in terms of the force response is similar to the uniaxial
tensile test. For all fracture tests, the peak force first drops
when the temperature rises from 25 to 100°C and then in-
creases when it changes from 100 to 300°C with the maxim-
um peak force always at 300°C. The clear thermal hardening
behavior of all geometries indicates that the DSA effect oc-
curs in all tests. However, the quantitative trend of the DSA
influence is not completely the same for varying stress states.
For example, the rate of increase in peak force from RT to
300°C is only approximately 1% for PS tension (PSR16) but
above 5% for NDBR6, and both SH and CH perform the in-
termediated increase in peak force. Shen et al. [14] reported
that the DSA effect is anisotropic for certain bainitic steels,
and the current findings imply that the DSA effect might be
stress state dependent as well. However, the force response to
temperature changes is decided by material behavior and
sample geometries, and a detailed study relying on the con-
stitutive stress—strain relation must be performed to draw fur-
ther quantitative conclusions.

Analogous to the uniform strain in the uniaxial tensile
tests, the displacements at the peak-force point generally in-
crease with elevated temperatures, as shown in Fig. 3(c), and
the rate of increase could reach 40% at 300°C compared with
RT. Only a little fluctuation is observed at approximately
100°C for NDBRS50 and PSR16, with a decrease within 10%
from RT. Concerning the ductile fracture, fracture displace-
ment always presents a minimum value at 200°C (Fig. 3(d)),
indicating the severe blue brittleness caused by DSA. Com-
pared with the increased peak-force displacement from 100
to 300°C, the DSA-induced embrittlement is related to the
shortened post-peak-force process. In addition, as shown in
Figs. 3(b)-3(d), a strong stress-state dependence of the DSA-
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induced brittleness can be observed. First, shear is an excep-
tion as the significant opposite tendency on ductility is
presented with SH specimens. With the Lode angle paramet-
er and stress triaxiality close to zero, the ductility always re-
duces when the temperature changes from RT to 300°C. The
shortest post-peak-force displacement still occurs at 200°C
but with limited deviation compared with other temperatures.
This limited deviation may be due to the fact the total ductil-
ity under shear condition is dominated by the elongation be-
fore peak force because its stress state and designed geo-
metry induce the significantly delayed localization and fast
fracture, and the short macroscopic localization stage cannot
decide the ductility anymore. Considering the PS and ND-
BR6 tension with the similar Lode angle parameter as SH,
the improved ductility at 300°C remains limited, and the ND-
BR6 specimen even obtains a shorter fracture displacement at
300°C than RT. That is, their sensitivity to fracture is much
less. When the Lode angle parameter moves to one, the CH
and NDBRS50 show a distinct increase in fracture displace-
ment at 300°C. In addition, stress triaxiality plays a role in
this increase because the PSR2 specimen that owns the
highest stress triaxiality also shows a distinctly promoted
fracture displacement at 300°C. An interesting point is that
this condition still holds a reduced post-peak-force displace-
ment compared with RT and 100°C, but it performs the

Int. J. Miner. Metall. Mater., Vol. 28, No. 5, May 2021

1.10
®) Peak force
» CHD6 NDBR6
1.05} ONDBR50 4 PSR2 &
5 APSRI6  WSH ;
2 i
.5 -J_
= 1.00F m,... v
g
Q
Z
0.95} :
0.90 : s s
0 100 200 300
Temperature / °C
1.3 —
@ < cHpe NDBR6 A
12} ONDBRS0 & PSR2 2z

PSR16 ® SH

Normalization
=}

Fracture displacement

0.7 . . .
0 100 200 300

Temperature / °C

(a) force—displacement curves of NDBR6; (b) normalized peak

longest peak-force displacement at the same time. As high
stress triaxiality and the Lode angle parameter tend to im-
prove the fracture displacement at 300°C, the competition
between these two aspects exists and results in the complex
performance pattern of all stress states. Analogous to smooth
tensile testing, a clear physical and quantitative explanation
on the complex DSA effect on ductility is still missing, but it
can be concluded that the promoted ductility is contributed
from the postponed localization and necking, whereas the
embrittlement is caused by the fast post-necking process.

3.3. Fractography analysis of failure under variable
loading conditions

The SEM observation on the fracture surfaces of speci-
mens at different temperatures is shown in Fig. 4. The fracto-
graphs are taken at the critical damage initiation point in each
geometry to indicate the specific stress state. At RT, as dis-
cussed in the previous study [48], the investigated DP1000
steel shows a void-controlled ductile fracture mechanism. In
terms of void growth and coalescence, the CH and NDB spe-
cimens are dominated by the dimple fractures. Their fracture
surfaces are full of primary and secondary voids. The contra-
dictory results are shown in the SH specimens, where the
shear/slip fracture is the main mechanism accompanied by
limited primary voids. The PS specimens exhibit the combin-
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Fig. 4. Damage mechanism of DP1000—SEM fractographs of fractured specimens under variable stress states and temperatures.

ation of the dimple and slip fracture.

In terms of temperature effects, for CH, when the temper-
ature increases from RT to 200°C, the distinctly enlarged and
deepened primary voids on the rugged fracture surface can be
observed. Furthermore, the link between primary voids is
shear instead of secondary voids at RT and 100°C. This res-
ult proves the evident drag on the internal surface edge of the
voids, corresponding to the locked dislocation movement in
the DSA blue brittleness region. At 300°C, the fracture sur-
face becomes smoother as the voids become shallower. The
nested and overlapped large void structure and the close-
packed fine dimple zone are observed. This might be related
to the repeated dislocation and solute atom interaction and the
improved ductility of CH at 300°C. Regarding NDB tension,

the enlarged voids have already occurred at 100°C. At
200°C, the shear mode is promoted while being accompan-
ied by deep and elliptical voids. Moreover, the contiguous
shear zones are easy to link with each other and form the fi-
nal crack path, thus verifying the distinct ductility loss. At
300°C, the glossy inner surface of primary voids is also sim-
ilar to shear mode, which is responsible for the slightly short-
er fracture displacement and distinctly reduced post-peak-
force displacement compared with RT. However, compared
with CH, the concentrated fine dimples disappear in NDB at
300°C. Similar behavior is observed in the PS specimen.
Given the fast damage and fracture process, the generally
smaller void size is observed in PS. For PSR16, the severest
shortening of post-peak-force stage occurs at 300°C, corres-
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ponding to the reduced void depth on the fractography. In
terms of SH, as aforementioned in Section 3.2, the total
ductility is mainly controlled by before-necking behavior,
which is difficult to distinguish from the fractographs. Thus,
the focus is the post-peak-force displacement, which shows a
minimum point at 200°C but a maximum value at 300°C.
The fractographs prove that the specimen at 300°C presents
the largest fraction of fine dimples, whereas almost pure
shear bands dominate the fracture surface at 100 and 200°C.
In conclusion, the formation of shear mode is related to the
reduced post-necking ductility in the DSA region, whereas
improved ductility is normally accompanied by fine dimples.

3.4. Microstructure-sensitive damage mechanism analys-
is in conjunction with DSA behavior

In the investigated DP1000, the main damage mechan-

CHD6, 300°C

—
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isms are the ferrite—martensite interface debonding and
martensite cracking according to the previous study [48]. At
RT, shear with low stress triaxiality and Lode angle paramet-
er promotes martensite cracking, whereas high stress triaxial-
ity and Lode angle parameter are prone to ferrite—martensite
debonding. Here, the temperature effects on damage mech-
anisms under different stress states are discussed.

Fig. 5 presents the temperature effects coupled with stress
states on the microstructure-sensitive damage mechanism of
DP1000. Generally, for CH, NDB, and PS specimens, the
number of microdefects at the blue temperatures, i.e.,
100-200°C, is distinctly increased. Meanwhile, the enlarged
or elongated defects also indicate the evident void growth
and coalescence process, which shall be responsible for the
shortened post-peak-force stage. Regarding grain deforma-
tion, if the shape factor or aspect ratio is defined as the length

Fig. 5. Microstructure-sensitive damage mechanism of DP1000 at different temperatures—SEM micrographs on the ND-RD plane

of the fractured CH, NDB, and PS specimens.
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ratio of the minor axis to the major axis of the ellipse-fitted
grain [45] in tensile specimens, then the smaller the shape
factor, the larger the elongation rate of deformed grain. After
the fracture, the macroscopic necking behavior is clear for all
CH, NDB, and PS specimens. Even for SH, a small thinning
zone within 200—300 pm is still observed. That is, the fo-
cused observation zones beneath the fracture surface are
elongated at the macroscopic uniform deformation and post-
necking stages. Therefore, investigating only the microstruc-
ture evolution at peak-force displacement is difficult.
However, grain elongation still provides some hints for eval-
uating the final ductility behavior. For CH, NDB, and PS, the
elongated grains with the smallest shape aspect ratio are ob-
served at 300°C, indicating the increasing peak-force dis-
placement and relatively large fracture displacement at
300°C. The debonding at phase boundaries is the main mech-
anism for CHDG6, but the martensite cracking appears at
200°C. Similar behavior in terms of defect number, void size
and shape, grain elongation rate, and damage mechanism
change is exhibited in NDBR6. In addition, the boundary
shape of the longitudinal section on the fracture surface veri-
fies the dimple/shearing morphology observed from the SEM
fractographs in Fig. 4. For instance, the dimple-dominant
fracture surface with some deep primary voids is presented
for NDBR6 specimens at RT and 100°C, and a clear
curvature can be observed along the longitudinal section
boundary, which is marked with white wavy lines in Fig. 5.
When the temperature is increased to 200°C, the shearing oc-
currence brings relatively long and straight boundary lines
(marked with green lines), and the lateral profiles of some
deep elliptical voids are observed simultaneously. At 300°C,
the flat fracture surface with fine ripples is presented, and the
severe shearing behavior is shown near the fracture surface.
That is corresponding to the shearing formed inner surface of
primary voids and the reduced void depth in Fig. 4. Regard-
ing PS specimens, interface deboning and martensite crack-
ing are observed at RT due to its low Lode angle parameter
[48]. Furthermore, martensite cracking is enhanced at
100—200°C. In addition, the extremely sheared grains along
the fracture surface profiles are presented at 200 and 300°C.
All these phenomena prove the shortened post-necking stage
and fast fracture behavior in the DSA region.

In terms of SH, the SEM micrographs with two image
magnifications are shown in Fig. 6 to investigate the shear-
ing behavior of grains and the microdefects under the frac-
ture surface with the RD, i.e., loading direction, indicated for
each specimen. Except for a few inclusion-related or sample-
preparation-induced voids/cracks, the microdefects are lim-
ited in SH specimens. This finding verifies the extremely
short post-necking stage and the fast fracture in SH. Except
for inclusions, the dominant microstructure damage mechan-
ism is still martensite cracking for all SH conditions. The
fracture surface boundary is wavy with curvy dimple profiles

at RT and 300°C, and it becomes flat at 100—200°C. This res-
ult is consistent with the observation of fractographs of SH in
Fig. 4, and it might imply that the voids of the SH specimens
could be simply created by the uneven connections of the in-
ternal shear fracture rather than by the normal void growth
under high stress triaxiality. Further investigation with an in
situ testing method would provide further hints on this hypo-
thesis. The simple shear stress state causes the rotation of the
material coordinates. In accordance with the marked loading
direction (i.e. RD) on the micrographs, the distinct grain rota-
tion can be observed, especially in the region close to the
fracture surface. The rotated grains are only concentrated
within the zone around 10 um away from the fracture sur-
face at RT. Then, with temperature increases, the rotation
area also increases. The rotation area finally reaches near 100
pm at 300°C. Combined with the decreased ductility from
RT to 300°C, it is concluded that the contribution of shear ro-
tation to global elongation is limited. Generally, reduced
ductility always relates to promoted martensite cracking in
the microstructure and the appearance of shear mode regard-
less of loading condition.

4. Conclusions

(1) Under quasistatic loading, the DP1000 steel exhibits a
distinct DSA effect at a specific range of temperature and
plastic strain under uniaxial tensile loading and general stress
states. DSA generally starts at 100°C and is enhanced at
200-300°C. The effect fades away when the temperature
rises to 400°C.

(2) DSA brings thermal hardening, i.e., enhanced strength
with increasing temperature and wavy strain hardening beha-
vior. In terms of ductility, blue brittleness is observed at low
DSA temperatures (100—200°C) with short post-necking
elongation. Surprisingly, the improved ductility accompan-
ied by enhanced strength is also present at a high DSA tem-
perature (300°C). This result provides a new design rule for
materials in specific applications by engineering the DSA ef-
fects.

(3) DSA behavior is highly stress-state dependent as the
quantitative trend of DSA influence is not completely the
same for varying stress states. The dependency applies to the
strength and fracture behavior of DSA. Either higher Lode
angle parameter or stress triaxiality tends to limit the blue
brittleness behavior.

(4) For CH, NDB, and PS specimens, the reduced ductil-
ity at blue temperatures is generally accompanied by the en-
larged void size and increased shear mode on the fracture
surface. From a microstructure-sensitive perspective, more
and larger microdefects and martensite cracking are ob-
served in this temperature range.

(5) Shear specimen with the lowest Lode angle parameter
and stress triaxiality strongly prohibits necking and promotes
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a fast fracture. Its ductility is determined by the before-neck-
ing stage, which reduces with increasing temperature. The
damage mechanism changes from a mixture of dimple and
shear modes to pure shear when the ductility is reduced at
100 and 200°C. However, even though the small dimples are
observed at 300°C, it still shows minimum fracture displace-

SH, 200°C

Int. J. Miner. Metall. Mater., Vol. 28, No. 5, May 2021

41

¥ ’

SH, 300°C S8
Fig. 6. Microstructure-sensitive damage mechanism of DP1000 at different temperatures—SEM micrographs on the RD-TD plane
of SH specimens with different magnifications.

ment, which might be related to the enhanced shearing rota-
tion.
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