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Abstract

Low cycle fatigue behavior of a quenched and tempered high-strength steel (Q960E) was studied in the strain amplitude
ranging from + 0.5% to + 1.2% at room temperature. As a result of fatigue loading, the dislocation structural evolution and
fracture mechanism were examined and studied by transmission electron microscopy and scanning electron microscopy
(SEM). The results showed that this Q960E steel showed cyclic softening at different strain amplitudes, and the softening
tendency was more apparent at strain amplitude of + (0.6-1.2)% than that at + 0.5%. The reduction in dislocation density
with increasing strain amplitude is responsible for the softening tendency of cyclic stress with the strain amplitude. The
material illustrates near-Masing behavior at strain amplitude ranging from + 0.6% to + 1.2%. The near-Masing behavior
of Q960E high-strength steel can be the result of stability of martensite lath at different strain amplitudes. Partial transfor-
mation from martensite laths to dislocation cells is responsible for the derivation from ideal Masing behavior. In the SEM
examination of fracture surfaces, transgranular cracks initiate on the sample surface. Striations can be found during the crack
propagation stage.
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1 Introduction in the design of components. LCF behavior of HSS with

strength level within 900-1100 MPa has been studied by

High-strength steels (HSS) with the yield strength more than
900 MPa have been widely used as a structural material in
major equipment, such as coal mining hydraulic support,
cement pump truck, large crane boom and mine truck girder.
This major equipment in localized regions often undergoes
cyclic plastic deformation under service condition. Hence,
it is important to consider low cycle fatigue (LCF) behavior
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many researches [1-3]. The results show that steels with
high strength have the cyclic softening behavior or cyclic
saturation in the cyclic stress response curves. And level
of cyclic softening is affected by strain amplitude. At the
same time, Masing and non-Masing behaviors of the high-
strength steels are related with the cyclic softening—harden-
ing behavior. The modified 9Cr-1Mo steel (P91) under LCF
at room temperature (RT) exhibits non-Masing behavior at
low strain amplitude of +0.25% and Masing behavior at the
strain amplitudes > +0.375% [4]. The 12Cr-ODS (oxide-
dispersion-strengthened) ferritic steel in the cyclic stress
response shows four distinct stages which include instant
initial cyclic softening followed by gradual cyclic harden-
ing, continuous linear cyclic softening, and finally fatigue
fracture [5]. And the stabilized hysteresis loops in 12Cr-
ODS steel revealed that the Masing behavior occurred at
550 °C, while a progressive deviation from Masing behavior
took place at 650 °C. In 34CrNiMo6 high-strength steel,
the shape of the hysteresis loops exhibited an ideal Masing
behavior [1].
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Masing and non-Masing behaviors of the high-strength
steels may be resulted from different dislocation micro-
structures. The tempered martensitic structure of P91 steel
was unstable and easily transformed into lower energy dis-
location cell structure under cyclic loading at room tem-
perature [4]. Otherwise, the tempered martensitic ODS
Eurofer steel is stable under cyclic loading at RT and
650750 °C, and only minor changes in the microstruc-
ture are detected [9].

There are different kinds of HSS with different micro-
structures, for example, quenched and tempered (QT) high-
strength steels [6-8], a dual-phase (DP) ferrite-martensite
steel [3, 9], and ultra-high-strength low-alloy TRIP-aided
steels with bainitic—ferrite matrix [6], high-strength bai-
nitic steel [10, 11], and quenching and partitioning (Q&P)
steel [12—-14]. Among these HSS, 900-1000 MPa grade
QT high-strength steels are new type ones, and they have
many advantages. Firstly, they have high strength while
maintaining good toughness. Secondly, QT high-strength
steels are higher than conventional non-tempered low-alloy
steels. At the same time, compared with other steels of the
same strength, QT high-strength steels have lower content
of the carbon and alloy elements. Therefore, they have
good weldability, excellent workability, and low cost [14].
A number of studies have focused on LCF of dual-phase
(DP) ferrite—martensite steels [3], martensitic steels [15, 16],
and high-strength bainitic steels [11]. However, the stabil-
ity of QT microstructure and fracture mechanism remains
unclear under LCF loading. The present work aims at study-
ing LCF behavior and evolution of dislocation structures in
a 900 MPa grade high-strength steel (Q960E). The evolu-
tion of dislocation structure as a result of fatigue loading is
examined by means of TEM. The fatigue crack initiation and

propagation, as well as fracture surfaces, are accomplished
by SEM examination.

2 Experimental

The chemical composition of Q960E steel used in this study
is listed in Table 1. The received steel is heat-treated by
means of QT process. The QT microstructure of the steel
is shown in Fig. 1. The OM image is shown in Fig. 1a. The
TEM image in Fig. 1b shows that the steel is composed of
martensite laths, and there is higher density dislocation in
the interior of martensite laths.

Tensile tests were conducted at RT with a constant
strain rate of 3x 107 s™!. The 0.2% yield strength (c,,) is
975 MPa and ultimate tensile strength (oyrg) is 1105 MPa
for this Q960E steel. The tensile properties of this steel are
listed in Table 2.

The samples for fatigue testing are cut from the Q960E
plate with the thickness of 6 mm. The schematic diagram of
fatigue specimens is shown in Fig. 2. The specimen surface
was polished along the longitudinal direction with the emery
paper down to #1000 in order to remove surface defects,
such as machining marks and scratches. All LCF tests were
carried out under a fully reversed, total axial strain control
mode at RT in air. The applied strain amplitude (Ag/2) is
from+0.5% to + 1.2% controlled by a Shimaduz extensom-
eter at a constant strain rate of 3x 107> s™!, where Ae, is the
total strain amplitude. A symmetrical triangular waveform
was employed using a testing system (Shimaduz IEHF-
EM200k1-070-0A). Scanning electron microscopy (SEM,
JSM-6360LV) was applied to examine the fracture surface
of the specimen. Transmission electron microscopy (TEM,

Table 1 Chemical composition C Mn Si N
of Q960E steel (wt%)

P S (@) Cr+Mo Nb+Ti+V Fe

<0.004

<0.008 <0.002 <0.0015 1.0 0.10 Bal.

Fig. 1 Microstructure of 900 MPa grade high-strength steel, a OM image, b TEM image
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Table2 Monotonic tensile properties and parameters of Q960E steel

0.2% yield Ultimate tensile Total elongation, & Tensile strength coeffi- Tensile strain-harden-
strength, o, , (MPa) strength, oypg (MPa) cient, K (MPa) ing exponent, n
975 1105 15% 660 0.16
AW/
<

65

194

=
24

Fig.2 Specimen geometry used in low cycle fatigue tests
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Fig.3 Cyclic stress response curves of Q960E steel

JEM1200EX) was used to examine the evolution of disloca-
tions under LCF conditions. Samples for TEM are obtained
from thin slices cut at | mm away from the fracture surface.

3 Results and Discussion
3.1 Cyclic Stress Response Curves

The cyclic stress response curves at different stain ampli-
tudes are shown in Fig. 3. As can be seen, the fatigue life
reduces with the strain amplitudes. No stabilized state
appears at all strain amplitudes. At lower strain ampli-
tudes of +0.5%—+0.7%, it is found that there are two
typical stages for cyclic stress response. That is an initial
cyclic hardening appeared at the several cycles, followed

@ Springer

by cyclic continuous softening with rapid stress drop until
fatigue fracture. While, at higher strain amplitudes ranging
from+0.8% to+ 1.2%, all samples illustrate a continuous
cyclic softening until a rapid stress drop.

It is worth noting that there are different cyclic stress
response curves between below strain amplitude of +0.6%
and above strain amplitude of + 0.6%, which indicates
that the cyclic stress responses rely on the applied strain
amplitudes. Cyclic softening is more remarkable at
the strain amplitudes from +0.8% to+ 1.2% than that
at+0.5%. In particular, the trend of cyclic softening
behaviors at the strain amplitudes from +0.8% to+ 1.2%
shows the same trend. These continuous cyclic soften-
ing behaviors are also found in 34CrNiMo6 high-strength
steel with strain amplitudes in the range of + 0.4—+2.0%
[1], 9-12% Cr steels [15—18] and austenitic stainless steel
[19, 20].

3.2 Hysteresis Loops and Cyclic Stress—Strain Curve

To further study the cyclic softening without a stabilized state
at the different strain amplitudes, it is necessary to investi-
gate the half-life hysteresis loop. Cyclic stress—strain curve
of Q960E steel is originated from the half-life hysteresis
loop with the different strain amplitudes, as shown in Fig. 4.
Meanwhile, tensile stress—strain curve is also shown in Fig. 4.
It can be seen that at lower strain amplitudes of +0.5%, the
area of hysteresis loops is very small, indicating that elas-
tic strain is much higher than plastic strain. Similarly, in
34CrNiMo6 high-strength steel with continuous cyclic
soften behaviors, plastic strain is negligible at low strain
amplitudes below +0.5% [1]. The tensile stress—strain curve
lying above cyclic stress—strain curve in Fig. 4 indicates that
cyclic softening behavior of Q960E steel under LCF loading.
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Fig.4 Comparison between tensile stress—strain curve and cyclic
stress—strain curve from Half-life hysteresis loops at a range of total
strain amplitude between+0.5% and +1.2%

This result is consistent with that of cyclic stress response in
Fig. 3. The cyclic stress—strain curve can be represented by
the following power law relationship [5]:

Ac/2=K'(Ae,/2)", (1)

where K' is the cyclic strength coefficient, n' is the cyclic
strain-hardening exponent, Ao is the amplitude of stress,
and Ag, is the amplitude of plastic strain. The values of
monotonic and cyclic stress—strain curve parameters (K,
n, K" and n') of Q960E high-strength steel are 1117 MPa,

0.0195, 1363 MPa, and 0.0987, respectively. K and n
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represent tensile strength coefficient and tensile strain-hard-
ening exponent, respectively.

3.3 Masing and non-Masing Behavior

The hysteresis loops obtained by LCF test can be used to
determine the cyclic stress—strain curve. At the same time,
the hysteresis loops can be employed to describe Masing
or non-Masing behavior of a material. The plastic strain
energy (AW) is associated with the cyclic Masing, or non-
Masing behavior of a material. The plastic strain energy is
an important parameter to be applied to predict fatigue life
under strain-controlled loading. According to the method in
Ref. [21, 22], the upper or ascending branches of the stable
or half-life hysteresis loops at different strain amplitudes
were translated to common origin, as shown in Fig. 5a. It
is evident that upper branches of the stable hysteresis loops
do not follow the common curve, especially at relatively
lower strain amplitudes of +0.5%, representing the non-
Masing behavior. However, at high strain amplitudes of
(£0.6% to +1.2%), the upper parts of stable hysteresis loops
are found to almost follow the common loading curve, as
shown in Fig. 5a. Sarkar et al. [23] found that plain C-Mn
rail steel also deviated from an ideal Masing behavior. How-
ever, the divergence was not large enough. Therefore, this
behavior in Q960E steel can be defined as near-Masing-type
material. In this study, near-Masing behavior is applied to
depict Q960E steel under LCF loading at strain amplitude
varying from +0.6 to +1.2%. The stable hysteresis loops
in 9Cr-1Mo steel also displayed near-Masing behavior at
lower strain amplitudes at RT and 500 °C [24]. The cyclic
stress—strain response of a material may show Masing or

(b)
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Fig.5 a Cyclic stress—strain curve obtained by connecting the tips of half-life hysteresis loops; b construction of master curve obtained by envel-

oping the upper branches of hysteresis loops
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non-Masing behavior depending on the microstructure and
the experimental loading conditions, especially strain ampli-
tude [25].

For non-Masing- and near-Masing-type materials, the
master curve can be obtained by enveloping the ascend-
ing branches of hysteresis loops at different strain ampli-
tudes [16, 21]. The master curve for Q960E steel at strain
amplitude of +£0.6—+1.2% is illustrated in Fig. 5b. This
master curve is similar to that of the modified 9Cr-1Mo
steel under LCF at RT [4]. It is worth noting that this
master curve is different from other materials, the ascend-
ing branches transfer to left and down direction in Q960E
steel, while ascending branches transfer to the opposite
directions in other steels, for example, a 304LN auste-
nitic stainless steel and SA333 Gr.6 C-Mn steel [26]
and 316 LN stainless steel [25]. The Masing and cyclic
hardening—softening behavior of a material is believed to
be related with its initial microstructure [15] and load-
ing conditions, such as strain amplitude and temperature.
The master curve for Q960E steel being different from
other materials [25, 26], may be resulted from different
microstructures.

Fig. 7 Martensite lath structures under strain amplitude of +0.8%
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3.4 Microstructure

Both cyclic softening at all strain amplitude in Figs. 3 and 4 and
near-Masing behavior appear at strain amplitude from + 0.6%
to + 1.2% in Fig. 5. These mechanical behaviors should be
resulted from microstructure evolution under LCF loading.
Therefore, microstructure, such as dislocation density and dis-
location patterns including martensite laths and cell structures,
will be discussed in detail in the following TEM images.
Figures 6, 7, and 8 show the evolution of martensite laths
of QT steel investigated by TEM under different strain ampli-
tudes, respectively. At low strain amplitude of +0.5%, mar-
tensite lath is clearly shown in Fig. 6, and dislocation struc-
tures are similar to those prior to LCF shown in Fig. 1b. When
strain amplitude increases to +0.8%, martensite lath structures
keep stable in Fig. 7, compared with that at low strain ampli-
tude of +0.5%. At the higher strain amplitude of + 1.2%, mar-
tensite lath structures remain largely unchanged in Fig. 8. In
Figs. 6 and 7, martensite laths in a prior austenite grain have
the same orientation. A clear prior austenite grain boundary
(PAGB) is found in Fig. 8, and martensite laths with different
orientation arrange on both sides of the PAGB. Note that the




Masing Behavior and Microstructural Change of Quenched and Tempered High-Strength Steel Under... 1351

Fig. 8 Martensite lath under strain amplitude of +1.2%, b an enlarged image from the red dotted box in (a)

dislocation density continues to decrease with the increase in
strain amplitude varying from=+0.5% to+1.2%. The reduc-
tion in dislocation density with increasing strain amplitude is
responsible for the same softening tendency of cyclic stress
with increase in the strain amplitude in Fig. 3. It is worth
pointing out that the material nature of Masing behavior is
that the deformation structure remains stable under fatigue
loading, and is independent of strain amplitude or disloca-
tion motion [25-27]. Therefore, the near-Masing behavior of
QT high-strength steel can be due to that the martensite lath
hardly changes with the strain amplitude. This result is con-
sistent with that in the 12Cr-ODS ferritic steel. This steel also
shows Masing behavior [5]. The microstructure of QT high-
strength steel under LCF loading is different from that in P91
martensite steel during mechanical cycling at 550 °C [16].
The initial lath structure of P91 steel is entirely transformed
into a cell structure. Therefore, P91 steel shows no-Masing
behavior.

Figures 9 and 10 show the formation of dislocation cells
and reduction in dislocation density at high strain ampli-
tudes. At strain amplitude of +0.8%, some dislocation cells
are produced, and martensite laths are also found near cells.
It is clear that dislocation density inside cells and laths is

lower than that before LCF loading in Fig. 1b and at low
strain amplitude of +0.5% in Fig. 6. A lot of nanoscale
particles are found inside laths, which are labeled by red
arrow in Fig. 9. PAGB is also observed in Fig. 9b. It should
be pointed out that these nanoscale particles precipitate in
the process of QT treatment rather than under LCF load-
ing. These particles are not easily observed in raw Q960E
steel because high-density dislocations shield them. When
the steel undergoes high-strain-amplitude LCF, dislocation
density decreases inside laths and thus nanoparticles appear.
Both high-density dislocations and these nanoparticles are
responsible for high strength of Q960E, as shown in Table 1.
On the other hand, some dislocation cells form under LCF
loading. However, the quantity of dislocation cells is much
lower than that of martensite laths. Most martensite laths are
very stable, which is helpful for the appearance of Masing
behavior in Q960E steel. Some transformation from mar-
tensite laths to dislocation cells make the material deviate
from the ideal Masing behavior. Hence, near-Masing behav-
ior is investigated in Fig. 5. Based on the detailed observa-
tion and discussions of TEM images in Figs. 6, 7, 8, 9, 10,
schematic representation of evolution of dislocation struc-
tures at low and high strain amplitudes is shown in Fig. 11.

Fig.9 Martensite lath and dislocation cell structures under strain amplitude of +0.8%
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Fig. 10 Martensite lath and dislocation cell structures under strain amplitude of +1.2%

3.5 Crack Propagation and Fracture Features propagation surface of the specimen tested under strain
amplitude of +0.8%. The surface transgranular crack ini-
The crack specimen surface and fracture surfaces are inves-  tiates at the surface slip. The fatigue crack formation is

tigated in order to understand the LCF damage of high- ~ predominantly orientated about 45° to the loading direc-
strength steel. Figure 12 shows OM micrographs of crack  tion (LD), which is commonly called stage 1. Stage II

+0.5%

lath

Nano-particles

~

+1.2%

~

Fig. 11 Schematic representation of evolution of dislocation structures under LCF loading in high-strength steel. PAGB is an abbreviation of
prior austenite grain boundary
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Fig. 12 OM micrographs taken from the surface of the specimen tested under the strain amplitude of +0.8%

means fatigue crack propagates after stage I crack initia-
tion. Although the crack propagation direction frequently
changes, the whole crack direction is almost perpendicular
to the LD. The remarkable secondary cracks are observed in
stage II (marked red arrows in Fig. 12). These crack orien-
tation relationship to the LD and secondary crack or crack

branching are also found in a bimodal 12Cr-ODS steel under
high-temperature cyclic loading [5].

Figure 13 shows fracture features of the specimen at
Ag,=+0.8%. It can be seen in Fig. 13a that fatigue cracks
initiate at the slip bands connected to the specimen free sur-
face instead of the interior of the specimen, designated as

Fig. 13 Fracture features of Q960E steel at Ae,=+0.8%, a crack initiation, b crack propagation, ¢ striations, ¢ an enlarged image from the red

box in b, d dimple fracture
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