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Abstract

Twinning Induced Plasticity steels exhibit a high strain hardening rate which translates
into a remarkable combination of ductility and strength. A thorough experimental
approach was performed by advanced characterization techniques to study the
deformation mechanisms developed under high cycle fatigue conditions. Results clearly
lay out that the cumulative strain damage leads to strengthening but also induces micro-

cracks at the intersection of twin boundaries which promote fracture.
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1. Introduction

The automotive industry is continuously making developments to decrease vehicle
weight and thus polluting emissions, while improving crash performance by energy
absorption of structural elements [1]. In this sense, recent developments of steel
manufacturers have led to the commercialization of multiphase TRIP (Transformation
Induced Plasticity) and TWIP (Twinning Induced Plasticity) steels, in which phase
transformation and twin formation, respectively, act as reinforcing mechanisms.
Stacking Fault Energy (SFE) is the main parameter that controls activation of the
different deformation mechanisms, i.e., with a decreasing SFE the deformation
mechanisms are sequentially: i) glide of dislocations in specific planes, which is the
most common deformation pattern for metals; ii) formation of mechanical twins, also
known as deformation twins; and iii) &martensite transformation (creation of a compact
hexagonal phase). Mechanical &martensite transformation only occurs if the SFE is
below 18 mJ-mol™, whereas deformation twinning takes place if the SFE is in the range
of 12-35 mJ-mol” [2]. In TWIP steels, twin boundaries act as strong obstacles to
dislocation motion, so twinning is considered a dynamic Hall-Petch mechanism [3]. As
the formation of deformation twins involves the creation of new crystal orientations,
twins progressively reduce the effective mean free path of dislocations and increase the
flow stress, resulting in high strain hardening [4,5,6].

Fatigue limit is a key parameter for a reliable application of TWIP steels in automotive
parts. One important limitation for the study of the fatigue behavior of those steels is the
complexity of their microstructure, as it involves features of different length scales,
from the micro- to the nanometric range [7]. Niendorf et al. [8] and Hamada et al. [9]

studied the fatigue life for pre-deformed TWIP steel using flexural bending fatigue with
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zero mean stress. In both studies, they reported that after 2- 10° cycles, the fatigue limit
was around 400 MPa. TWIP steels deformation mechanisms as well as their fatigue
behavior under low cycle fatigue conditions have been studied during the last years by
several research groups [8,9,10,11,12,13]. Recently, Niendorf et al. [14] investigated
the influence of pre-deformation and also the presence of notches on damage initiation
of commercial high manganese steel under high cycle fatigue conditions. This
investigation pointed out that the fatigue properties and notch sensitivity are altered
drastically under fatigue. Nevertheless, fatigue experiments performed under high cycle
fatigue have received scarce attention and the corresponding deformation and fracture
mechanisms activated are not well understood. Although it is known that mechanical
twinning is activated [15] during loading cycles, it is necessary to better understand the
nucleation and grow of microcracks and the twinning density as a function of load
cycles.

The objective of this work is to provide some evidence of the deformation and fracture
mechanisms involved during fatigue tests of TWIP steels in the high cycle fatigue

regime.

2. Experimental procedure

2.1. Sample preparation

In this work, the studied material was 1.4 mm thick TWIP 17 Mn steel sheet provided
by POSCO (South Korea) in cold rolled plus annealed condition. Mean grain size was
measured following the linear intercept method on micrographs taken with a field-

emission scanning electron microscope (FESEM), resulting in a grain size of 6.2 £ 2.2
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pum. The chemical composition and mechanical properties are presented in Tables 1 and
2, respectively. The surface of the specimens was grinded and subsequently polished
using silicon carbide abrasive and subsequently with diamond suspension of decreasing
particle size (30, 6 and 3 wm), finalizing with a colloidal alumina suspension polishing

step.

2.2. Fatigue tests

Fatigue limit (defined as the fatigue strength corresponding to 1.2-10° cycles) was
determined with the staircase method [16]. Specimens were machined following the
ASTM E466-96 Standard [17] and tests were carried out employing a resonant testing
machine at ~ 150 Hz and load ratio (R = Gpjn/Omax) Of 0.1. The maximum stress to
initiate the staircase procedure was taken as 550 MPa, a value that corresponds to ~
40% of the ultimate tensile strength.

In order to observe the surface damage evolution at two different stages of the fatigue
life, one of the test was stopped after 5- 10° cycles and then continued up to 1.2:10°

cycles and atomic force microscopy (AFM) images of the same region of interest (40 x

40 pm?) were taken (Figl).

2.3. Surface observation

Surface analyses were performed by field emission scanning electron microscopy

(FESEM) at 20 kV and AFM working in tapping mode. All the AFM images were

processed with WSxM software [18].



2.4. Sub-surface damage characterization

Focused ion beam/FESEM (FIB/FESEM) was used to analyze the fracture initiation and
to elucidate the deformation mechanisms below the surface. A thin platinum layer was
deposited on the sample prior to FIB with the aim of reducing ion-beam damage. A Ga*
ion source was used to mill the surface at a voltage of 30 kV. The final polishing of the

cross-sections was performed at a current of 500 pA.

2.5. Microstructural characterization

Electron Backscattered Diffraction (EBSD) analyses were done on a FESEM operating
at 20 kV. The orientation imaging microscopy (OIM) software developed by TSL was
used to index Kikuchi diffraction patterns [19]. The intensity of Kikuchi lines is greatly
dependant on the local crystallographic orientation. The diffraction response of grains
oriented with a surface normal to the basal direction was sufficient for indexing with
beam current in the order of 1 nA. EBSD measurements were performed in two
different zones: inside the maximum stress field and in different fracture regions at 50
nm of scanning steps in order to have better resolution with beam currents of 9 nA.

In order to better understand the deformation mechanisms and determine the twinning
planes activated during the fatigue tests, small regions were characterized using
transmission electron microscopy (TEM) and scanning-transmission electron
microscopy (STEM). For TEM observations, a TEM-lamella was taken from the region
of interest by FIB using decreasing currents down to a final polishing stage at 5 kV and

10 pA. The STEM observation was done inside the FIB microscope. Furthermore, a



TEM using an acceleration voltage of 120 kV was employed for microstructural

observations and to obtain electron diffraction patterns.

3. Results and discussion

3.1. Fatigue limit

The fatigue limit (oy) [20] of the studied TWIP steel was experimentally determined
following the staircase method. The stress vs. the number of specimen in sequence is
presented in Fig. 2. Using the equations proposed by Grove et al. [21], the
corresponding fatigue stress limit is 579 = 50 MPa for 1.2:10° cycles. As it can be
appreciated in this figure, deformation strengthening of the commercial TWIP steel is
produced due to the accumulation of the mechanical twins during high cycle fatigue
experiments. During the fatigue tests, plenty of different deformation and damage

events were activated, which will be discussed in the following sections.

3.2. Microstructural study in the plastic deformation region

The TWIP steel studied here presents a distribution of titanium nitrides (TiN) with a
size of a few micrometers, Fig. 3a to Fig. 3¢ show AFM images (error signal mode)
taken in the same region (close to two inclusions) but at different number of fatigue
cycles, i.e., 0, 5 10° and 1.2- 106, respectively. The nitrogen in the presence of Al and Ti,
both AIN [22] and TiN are likely to precipitate. The different inclusions observed by
AFM present a square-like morphology, which were identified as TiN [23]. Near the

nitrides, the stress concentration is different due to different expansion coefficients and
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crystallographic structure between inclusions and matrix. However, no additional
deformation mechanisms were observed close to these TiN particles. After 5- 10° cycles,
several mechanical twins were formed, indicating that the activation of twins can take
place at macroscopic load levels corresponding to the elastic zone in the tensile stress-
strain curve.

Images on Fig. 3 do not show the generation of &martensite due to the stress field
induced during the fatigue tests. According to De Cooman et al. [20], the main
responsible to limit the nucleation of the &martensite phase is the Al content (1.9%) in
the TWIP steel. Furthermore, as the strain accumulation increases with the number of
cycles, the volume fraction of twins increases steadily, continuously dividing grains into
smaller units [24]. More specifically, the dominant deformation mode in TWIP steels is
dislocation glide, and the deformation-induced twins gradually reduce the effective
glide distance of dislocations which results in the Dynamical Hall-Petch effect [3]. One
twin system is activated at the early stages of plastic deformation, followed by the
nucleation of secondary twin systems between the boundaries of the primary set of
twins, leading to a ladder-like structure [25]. Moreover, twins grow on a macroscopic
scale with ongoing deformation, which is mainly attributed to the stacking of
microscopic twins, as reported by Allain ef al. [25]. In order to nucleate the different
types of twins, a critical shear stress level needs to be attained, for instance by stress
localization brought about by dislocation pile-ups. In this case, local stresses increase
and allow the formation of new twins.

Thus, a dynamic Hall-Petch effect can be considered, since the effective grain size is
continuously being decreased. Fig. 3d is an AFM topographical image which shows the
profile of several twins and the same region in 3D view, for a sample tested up to 5- 10

cycles. Two different grains and two different twinning directions, which correspond to
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the direction of emergence of the (111) plane onto the surface, can be observed. A close
examination of the profile of the twinning region reveals a non-periodic structure
composed by small steps of several nanometers (30-60 nm) in height, equally spaced by
1 um. Moreover, the three-dimensional representation shows a large step at the left side
edge of the image, which can be attributed to a grain boundary between two austenite
grains. In this 3D image, the difference in the orientations of the twins belonging to
different grains is also evident. This grain orientation dependence of twinning explains
that the density of twins and the space between them inside each grain are different, see
Fig. 3 (i.e. in the AFM image at 1.2 10° cycles, see white dot square). It is also worth
mentioning that after fatigue deformation, it becomes easier to identify the grain
boundaries. This effect can be attributed to the emergence of the different twins to the
surface, which are the responsible of the differences in stress distribution between the
center of the grain and its boundary, being the stress higher at the grain boundaries.

The FESEM image on Fig. 4 exhibit a detail of the grain boundary where the maximum
stress localization, brought about by dislocation pile-ups, is concentrated during the
fatigue test. Also, several micro-cracks with a serrated shape are observed near some
grain boundaries close to the fracture zone (see white arrows in Fig. 4b). This fracture
mechanism can be attributed to the high stress concentration produced by the emergence
of deformation twins at grain boundaries and/or by twin-twin intersection. The serrated
crack morphology results when the interface is halted just below the free surface and its
stress field is relieved by matrix slip, on the protruding side of the tilted surface
[26,27,28,29]. These results indicate that micro-cracks undergo stress relaxation in
some crystallographic orientations, in agreement with Low [30], who reported the same

effect and crack shape for 3% Si-Fe.



Twin mobility during cyclic loading occurs earlier than the formation of twins markings
at the surface. Nevertheless, a twin system is supposed to be activated when associated
twin traces are observed at the surface. To identify the twin system activated in
austenite grains, EBSD measurements were performed. Fig. 5 shows the microstructure
through the EBSD analysis of several grains in the region of interest. In order to make
the description easier, the grains have been numbered. The straight green lines draw in
EBSD map (Fig. 5a) illustrate the deformation twins, which appear within the initially
equiaxial austenite grains as thin parallel bands dividing the grains. Grain 3 presents a
strange feature appearing at a grain boundary (see white dotted line); a boundary is
present in the middle of this grain however no crystal rotation can be observed by
EBSD data.

Fig. 5b illustrates the EBSD mapping of the deformed surface showing the normal
direction (ND) orientations. All the different grains present in the region of interest have
been numbered and their ND orientations are in the ND inverse pole figure (IPF). Twins
are clearly observed at the resolution of the EBSD analysis after fatigue tests in Fig. Sb.
Such twins are mostly present in <111> grains parallel to the tensile axis. This is in
accordance with previous observations of various TWIP steels subjected to tensile tests
[31,32,33,34,35] but not under fatigue. Besides, as reported by Lee [36], the Schmid
factor for mechanical twinning in <111> oriented grains is larger than for dislocation
slip in <001>.

As previously reported in the literature [37,38,39,40], the twins retain an average
thickness of 100 — 400 nm. The white arrow in the image quality map (Fig. Sa) for grain
number 9 presents a boundary. No crystallographic rotation can be observed in the
inverse pole figure image (Fig. Sb). Thus, this boundary can be related to a low angle

twin boundary. The intra-granular misorientations resulting from the deformation were
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analysed by measuring the cumulative misorientation profiles along the thick black lines
in several grains (see Fig. 5c¢). Such intra-granular misorientations for grains 3, 6 and 11
can be associated to the formation of dislocations, because the cumulated misorientation
is lower than 10°. This effect has been previously observed by Verbeken et al. [41],
Jorge-Badiola et al. [42] and Barbier et al. [43]. Consequently, the dislocation activity
always is viewed as a precursor to the twinning process. This consideration is in
agreement with Karaman et al. [44] and Ding et al. [45]. Therefore, over a distance of
15 um (grains 1 and 7), the cumulated misorientation reaches a value higher than 60°.
Several fundamental mechanisms for mechanical twinning in fcc materials are proposed
in the literature [46], probably due to the heterogeneous character of the observations.
As it can be observed from the profiles, the twin thickness is different from one grain to
another. Thus, the grain size and crystallographic orientation play a significant role in
the thickness of the deformation twins. This agrees with the data reported by Soulami et
al. [46].

There are several twinning mechanisms proposed for this steel grade: the study of
Venales [47] referred to pole mechanisms; Cohen and Weertman [48,49] considered the
dissociation of a perfect dislocation into a sessile Frank partial screw dislocation and a
mobile Schokley partial dislocation; based on the presence of an extrinsic stacking fault
developed by Mahajan and Chin [50]; and the work of Karaman et al. [51], specific for
Hadfield steels.

EBSD analysis was carried out in order to explain the mechanisms involved during the
twin boundary motion to create a new twin boundary under a stress field, Fig. 5. This
event was observed concretely in grain number 6, where the 1Q (Fig. 5a) and the IPF
(Fig. 5b) show a boundary in the middle of the grain and a crystallographic rotation,

respectively. This boundary in the middle of the grain can be attributed to a deformation
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twin boundary. As showed in the scheme of Fig. 6, deformation twins present a pile-up
of partial dislocations in the twin boundary. When the strain accumulated due to cyclic
loading becomes higher than the critical stress for deformation twins in TWIP steels, the
partial dislocations present in the deformation twin boundary will glide and translate
this boundary a certain distance (see Fig. 6b). The dislocation displacement corresponds
to the movement of the twin boundary and thus propagation of the twin area. This
movement of the twin boundary corresponds to the new zone, swept by the twinning
dislocations, which are still mobile at room temperature. This consideration is in
agreement with Albou et al. [52], who suggested the creation of orientation gradients
within the matrix at the onset of plasticity due to dislocation glide activity, producing a
progressive rotation of the {111} plane of the matrix, which becomes the twinning
plane once the critical resolved shear stress of twin nucleation is reached. Furthermore,
Wu et al. [53] observed that the first mechanisms activated under nano-compression of
pillars was the movement of partial dislocations, which is the main cause to create the
twinning mechanism.

Characterization of the deformation and damage mechanisms at the end of the fatigue
test (N = 1.2-10° cycles) was performed by cross-sectional analysis, perpendicular to
the surface and across the grain boundary, using FIB and FESEM, as shown in Fig. 7.
One section was milled in a region where several grains were involved in the
deformation process. Fig. 7a shows a general view of the trench of interest obtained by
FIB. The deformation twins and their direction can be easily observed, as well as the
grain boundary, in the middle of the image. The white dot line plotted in Fig. 7b shows
that in the vicinity of the grain boundary the surface is not flat. This phenomenon is
attributed to the high concentration of stresses in the interface between two different

crystallographic grains due to the emergence and intersection of deformed twin
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boundaries. Fig. 7c illustrates a bimodal grain size distribution, with fine grains close to
the surface and coarse ones after the first 50-100 nm of depth. Several authors assumed
that this feature is related to the surface damage created during the sample preparation
(mainly in the grinding process) and not with an amorphization effect induced by the
Ga" ions as well as due to the final polishing step [54,55]. The fine grains are generated
during the preparation of the surface by grinding and polishing before the fatigue test.
These new grain boundaries close to the surface are responsible of blocking some
dislocation movements, leading to a slight increase in the SFE to produce the activation
and emergence of dislocations at the surface. The white arrow indicates a twin of
several micrometers passing through one grain and being blocked close to the grain
boundary. In order to reveal the microstructure in the trench of interest, the zone of
study was exposed to the ion beam during several seconds to produce ion etching and
afterwards it was observed by FESEM, see Fig.7d. This image corresponds to a region
close to the one observed in Fig. 7¢ but at a lower magnification. In this zone, primary
and secondary twins be seen. Primary twins go from grain boundary to grain boundary,
whereas secondary twins extend from twin boundary to twin boundary.

The STEM micrograph perpendicular to the surface and across two different grains
corresponding to Fig. 7c is presented in Fig. 8. At the top of this image, the Pt layer can
be observed. This image shows the emergence of second order twins into the surface
(see black arrows). The high stress concentration generated during the growing of first
order twins produced an internal crack. This result is in agreement with the observations
presented in Fig. 4, where several cracks were visualized at the grain boundary.

The TEM micrograph and the diffraction pattern corresponding to 1* and 2" order
twins close to a grain boundary are presented in Fig. 9. Fig. 9a shows a microstructure

with a high density of dislocations and several clear bands. The selected area diffraction
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pattern (SADP) reveals a splitting spot, mainly related with the crystallographic
orientation yielding a zone axis of [011]. The small satellites indicate the band to be a

twin or another artefact surrounding the region of study.

3.3. Microstructural study of the fracture region

Kim et al. [56] suggested that the fracture mechanisms in TWIP steels are related to
martensitic transformation in the presence of residual stresses. This consideration can be
accepted for TWIP steels containing less than 1% of Al. However, this is not the case of
the material studied here, which presents an Al content close to 2%. Thus, this
supposition is not in agreement with the observation performed by FESEM (Fig. 10a)
and AFM (error signal mode, Fig. 10b), at around 50 pum from the fracture zone.
According to these images, the damage generated during the tensile fatigue tests can be
explained by the high strain accumulated which promotes intensive twinning and thus
some micro-cracks with a serrated geometry nucleate at grain boundaries.

White arrows in Fig. 10a indicate a cavity created before the fracture. This cavity and/or
micro-cracks play an important role because they decrease the high stress field
generated during the emergence and accumulation on the surface of deformation twins
at grain boundaries. A typical aspect of an intergranular crack is given in Fig. 10a. It
was also observed that many areas on this sample exhibited numerous intergranular
cracks localized near grain boundaries (see Fig. 4a). Due to the intensive twinning
creation, a pull-out effect of TiN particles can also be appreciated (see dash white
square). Fig. 10b exhibits an AFM image at 50 pum from the fracture region, showing
the intensive twinning due to the high accumulated strain just before the fracture

process.
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Fig. 11a shows the FESEM image at 70° of the fracture region of study after high cycle
fatigue tests. The black dash square presents the zone of observation by EBSD. Fig. 11b
presents the corresponding quality map. Twins are clearly visible as thin reoriented
lamella, which shows massive deformation twins. This phenomenon indicates that the
strain hardening and the superior ductility of TWIP steels are mainly due to the
interaction of twins and dislocations. Moreover, Fig. 11c illustrates a typical orientation
map of the specimen fractured. By means of such orientation mapping, it is possible to
investigate the crystallographic relationships precisely. Therefore, it is  worth
emphasizing that standard EBSD analyses cannot provide such accurate microstructural
data, since the high density of defects deteriorate the indexing level, leading to non-

indexed pixels because the fracture zone is out of the indexation plane.

4. Conclusions

As a result of this study on the plastic deformation and damage induced by high cycle

fatigue tests in TWIP steels, the following conclusions can be summarized as follows:

(i) The dislocation density is the factor determining the prevalence of the
nucleation and growing process of mechanical twins during fatigue testing.
This mechanism produces a twin motion due to the partial dislocation
movement along the grain which is similar to macroscopic shearing, but it
takes place on a distinct plane and needs a different shear force to be
activated.

(i) The TWIP steel grains with a crystallographic orientation close to (111)

plane present a high amount of deformation twins.
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(iii) Serrated microcracks nucleated during fatigue tests are related to a high
accumulated strain which induces intensive twinning.

(iv) Several cavities near to the fracture region were appreciated by surface
characterization techniques, corresponding to pull-out events of TiN
inclusions heterogeneously distributed in the austenite matrix.

(v) The fracture event in TWIP steels can be related to two different factors:
propagation of serrated microcracks nucleated in the grain boundaries and,

the pull-out effect of TiN inclusions.
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Table 1

C Si Mn S Mo Al Nb Ti v Fe
0.722 0.071 16.76 0.015 0.343 1.922 0.021 0.096 0.037 Bal

* The N content was not specifically determined, although it is considered that there is
always some N (ranged between 0.010 to 0.025wt%), which could remain in the steel
from the casting stage.

Table 2

Ultimate tensile stress, Gy (MPa) | Yield stress, 6, (MPa) | HVio

1500 441 232

Table captions

Table 1. Chemical composition of the studied TWIP steel (wt%.).
Table 2. Mechanical properties for the commercial TWIP steel.

Figure Captions:

Fig. 1. Scheme of the studied region where the deformation mechanisms were analyzed after
high cycle fatigue tests.

Fig. 2. Up-and-down fatigue tests used to determine mean fatigue limit (o) for the TWIP steels.

Fig. 3. AFM error signal mode images of the studied region after different N cycles of fatigue.
(a) Initial state, N = 0 cycles, (b) at N = 5.0 10° cycles, and (c) at N = 1.2- 10° cycles. The same
TiN particles can be observed in all the AFM images. (d) Detail of the surface topography
showing several twins after N = 5.0- 10° cycles. (e) Cross section profile of several twins. (f) A
3D representation of the topography image in (d).

Fig. 4. FESEM images at N = 1.2-10° cycles. (a) Twin-twin interaction at the grain boundary,
far from the fracture zone. (b) Magnification of the grain boundary showing several micro-
cracks with a serrated shape.

Fig. 5. (a) Electron backscatter diffraction (EBSD) map (band contrast) showing the mechanical
twins appearing within the grains. The white dash lines show the twin direction inside each
grain, and (b) EBSD orientation imaging analysis of TWIP steel showing the normal direction
(ND) orientations of the 50 x 50 ;.Lmz investigated area after tensile deformation. (c)
Misorientation profiles along the black line in twin (grain 1 and 7) and no-twin (grains 3, 6 and
11) grains of figure (a) and (b). Step size employed was 50 nm. The grains have been numbered
for easier identification.
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Fig. 6. Scheme of the deformation twin motion under a stress field. Where GB denotes the grain
boundary.

Fig. 7. Characterization of the twin-twin interaction at grain boundaries using the FIB/FESEM
after 1.2-10° fatigue cycles: (a) general view of the region of interest, (b) cross-sectioning of the
twin-twin interaction at the grain boundary showing the internal microstructure, (c)
magnification of the centre of the image (b) showing the interaction of the grain boundary with
two different twins, and (d) magnification in the left part of the image (b) after several seconds
of exposure to ion beam to reveal the microstructure. This image shows primary and secondary
twins.

Fig. 8. STEM micrographs (dark field mode) of TWIP steels in the region of study after high
cycle fatigue (N = 1.2-10° cycles).

Fig. 9. a) TEM micrographs of the studied zone and electron diffraction pattern in: b) spot 1.

Fig. 10. (a) FESEM image at N = 1.2-10° cycles nearby the fracture zone, showing the intensive
twinning creating high amount of micro-cracks and cavities. (b) AFM error signal mode image
(20 x 20 pm®) nearby the fracture region.

Fig. 11. Poor diffraction quality map obtained on the fracture region by means of EBSD
analysis showing the typical features of surface deformation and crack initiation site on TWIP
steels (after 1.2-10° cycles).
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