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INVESTIGATION OF THE MICROSTRUCTURE
AND PROPERTIES OF TRIP 800 STEEL
SUBJECTED TO LOW-CYCLE FATIGUE

Low-alloyed TRIP steels are well known since the beginning of the 21st century and
used for automotive applications to ensure the passive safety. However, although
their behaviour is fully investigated at a monotonous behaviour, the case of cyclic
loading is not well studied. The present work describes in detail the heterogeneous-
microstructure evolution of a high-strength steel (TRIP 800 steel) at the low-cycle
fatigue conditions. Based on the extended investigations (via the optical and elec-
tron microscopy, the electron backscattering diffraction), we propose suggestions on
the influence of phase composition on the mechanical properties and the crack-ini-
tiation processes. The preferential places of the crack nucleation caused by fatigue
are detected, and the completeness of phase transformation via the induced plastic-
ity is evaluated.

Keywords: low-cycle fatigue, microstructure, fractography, electron backscatter
diffraction.

1. Infroduction

Within the last decades, a considerable attention has been paid to the
Transformation Induced Plasticity effect occurring in steels containing
metastable austenite. In addition, a special category of advanced high
strength steels (AHSS), called low-alloyed TRIP aided steels, has been
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developed in order to be used by the automotive industry for the body
in white (BIW) vehicle structure. The properties of such steels are re-
markable as they exhibit a great combination of mechanical strength
and ductility. Such a combination is directly linked to both the synergy
of the different constituting phases and the ability of the retained
austenite to transform to martensite when the steel is submitted to me-
chanical loading. It should be noted that similar phenomena of structur-
ing occur during the use of high-energy surface engineering methods [1,
2]. As those steels possess an enhanced formability and a high dynamic
energy absorption during high strain rate crash deformation (350
MdJ-m=2 at 1000 s!) [3], it makes them suitable for automotive industry
[4—-6], promoting safety and BIW design.

Moreover, as this kind of steel can be used for lightweight vehicle
structural components, its fatigue behaviour might be investigated. In-
deed, acquire the knowledge on the behaviour of TRIP steel submitted
to low or high cycle fatigue may prevent from in-use accidents.

Low alloyed TRIP steels are known to own a multiphase structure
and contain ferrite (50-60%), carbide free bainite (B) and carbon en-
riched retained austenite (A) (10-20%). Some investigations also report
that part of this metastable austenite might already transformed, which
leads to the presence of a martensite/austenite constituent (M/A) [7]. In
addition, to ensure the TRIP effect, the grain size of the retained
austenite (y) must be in 0.01um to 1pum range [8]. Moreover, the stabil-
ity of retained austenite is stress state dependent i.e. the highest [3] for
uniaxial compression and the lowest for plane strain conditions. If re-
tained austenite is unstable, it transforms to martensite early during
deformation without any sensitive effect on ductility regardless of its
amount [6]. During plastic deformation, the transformation of retained
austenite to martensite provided a localized work-hardening effect
which relaxed the stress concentration, delaying the onset of necking,
and, increasing the uniform elongation. The newly formed hard marten-
site phase enhanced tensile strength [9, 10].

Although the behaviour of TRIP steels is well studied for monot-
onic deformation (as encountered for the sheet steel forming) and dy-
namic situation (as encountered for crash conditions), studies focusing
on the mechanical properties of TRIP steels when those latter are sub-
mitted to cyclic loading are quite recent [11-16]. Nevertheless, a few
attentions have been paid to the microstructure evolution and its influ-
ence on fatigue crack initiation or propagation [13], so that the link
between the microstructure evolution and the obtained mechanical prop-
erties remains unclear. In the present work, a TRIP 800 steel has been
submitted to cyclic loadings and its microstructure evolution has been
investigated by means of standard metallurgical investigations as well
as advanced analysis by EBSD.
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2. Experimental Procedure
2.1. Material

The material of the study is a low alloyed CMnSi TRIP aided steel with
the chemical composition given in Table 1. The material has been pro-
vided in thin sheet of 1 mm in thickness, but the supplier has given no
details regarding the rolling conditions. Nevertheless, when referring
to literature, it is supposed to be obtained by a standard TRIP steel
thermomechanical processing, which consists of the following steps as
represented in Fig. 1.
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Fig. 1. Typical two step processing route (in terms of tempera-
ture, T, and time, ¢) leading to the TRIP steel microstructure
for low-alloyed carbon steel (o — ferrite, y — austenite, B —
bainite, o’ — martensite)

Table 1. Chemical composition of the studied TRIP 800 steel

Chemical element C Mn Si P Al Fe

Weight percentage 0.20 2.20 0.53 0.0094 0.89 Balanced
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2.2, Fatigue Tests

Low-cycle fatigue tests were performed on a MTS servo-hydraulic ma-
chine under the total axial strain control Ae, ranging from 0.6% to
1.4% . A push-pull mode (R, =-1), a triangular waveform and a constant
strain rate of 2.10°%-s7' were employed.

Flat specimens, with a 12 mm gauge length and 6 mm width, were
machined within the rolling direction of the steel sheet. Strain was
measured by means of an extensometer of 8 mm gauge length.

The surfaces of the specimens were finely polished before testing.
The fatigue life was defined as the number of cycles leading to a drop
of 25% of the tensile stress taking as a reference the mid-life pseudo
stabilized hysteresis loop. The plastic strain was obtained by hysteresis
curves analysis.

2.3. Standard Microstructure Investigation

The microstructure of the TRIP steel and its evolution within mechani-
cal straining have been characterised by means of light optical micros-
copy (LOM) and scanning electron microscopy (SEM). Here, a FEI Quan-
ta 400 SEM has been used for fractography analysis and standard surface
analysis.

Regarding the microstructure identification, etchants which are
recognised to be suitable for TRIP steel have been used [17]. The se-
lected etchants were Lepera and sodium metabisulfite + Nital cumula-
tive etching.

For deep microstructural analyses, samples were polished with col-
loidal suspension. Electron backscattering diffraction analyses were car-
ried out on a JEOL 7800F electron microscope fitted with an Oxford
Instruments Aztec EDS/EBSD System.

The EBSD patterns were acquired with a Nordlys Max II detector,
with a 2x2 binning corresponding to a resolution of 320 x 240 pixels. The
parameters used for data collection were selected in order to ensure a
good compromise between angular resolution and acquisition time. Then,
a step size of 70 nm was chosen according to the optimisation method
proposed by Chen et al. [18]. In a same way, by choosing the highest
possible image resolutions for pattern processing and by optimising the
Hough transform parameters, an angular resolution of 0.16° has been
measured. The data were post-processed using both Oxford Instruments
Channel 5 and TSL OIM7 commercial software.
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3. Results and Discussion
3.1. Initial Microstructure Identification

The steel microstructure, as revealed by Lepera etching and analysed by
LOM, is reported in Fig. 2, a. In order to obtain more details regarding
the morphology of the encountered constituents, standard SEM analy-
sis, using a FEI Quanta 400 W-SEM, was carried out after cumulative
etching. The resulted microstructure observation is reported in Fig. 2, b.

ol AorM

a 5 pm ﬂ ‘ 10 um

Fig. 2. Micrographs of TRIP 800 steel, LOM, Lepera etchant (¢) and SEM micro-
graph of TRIP 800 steel, cumulative etching (b)
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Fig. 3. Images of (a) bainite microstructure, (b) grain-boundary map, (c¢) phase map
(blue — b.c.c. ferrite, yellow — f.c.c. austenite), and (d) KAM mapping
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In those observations the ferrite matrix (F) appears in dark brown
colour, retained austenite (A) appears in white and bainite (B) in lamel-
lar structure according to Girault et al. [17, 19]. Note that the brightest
phases may correspond to A or M (austenite or martensite), since con-
stituent-phases do not always show a unique appearance compared to
correlation among the local carbon content. Therefore, the carbon-rich
phases austenite and martensite may both appear in white, whereas
bainite may appear brownish to white depending on its residual carbon
content and dislocation density [20].

Although LOM and SEM are unable to distinguish clearly austenite
from martensite, SEM can give some indication regarding the bainite
grain shape. The separation between bainitic ferrite and ferrite requires
advanced data analysis as there is no clear crystallographic differences
when comparing these both b.c.c. related constituents.

Then, in order to reach a much clearer distinction between these
phases with good-accurate scale, an EBSD analysis and its post-process-
ing were performed on the as-received samples. Here, Fig. 3 shows im-
age quality (Fig. 3, b), phase identification (Fig. 3, c¢), and Kernel aver-
age misorientation (KAM) mapping (Fig. 3, d). As mentioned previously,
the distinction between ferrite and bainitic ferrite remains unclear if
only the crystallographic parameters are taken into consideration. Nev-
ertheless, when considering an area that exhibits the shape of a bainite
grain (as surrounded by a circle), a variation in term of disorientation
is observed and might be induced by the presence of geometrically nec-
essary dislocations (GND), which appears during the austenite to bainite
transformation, as described by Zaefferer et al. [20].

3.2. Cyclic Strain Accommodation

The evolution of the stress amplitude with the number of cycles of the
TRIP 800 steel is reported, respectively, in Figs. 4, a and b. It is char-
acterised by a moderate hardening stage occurring during the first 10
cycles followed by a slight softening. Figure 4, b suggests that TRIP
soften continuously during fatigue under total strain control. At first,
a pronounced primary softening is observed for a period of 10% of the
fatigue life. For the remaining part of the life, TRIP 800 gently softens.
This observation is comparable with that of TRIP steels analysed in the
literature [13, 15].

3.3. Fractography and Surface Analysis

SEM observations of the external surface of the samples after fatigue
tests highlight the effect of cyclic loading. Slip marks of the specimens
fatigued at Ag, = 0.6% and Ag, = 0.8% up to failure are reported in
Fig. 5. The external surfaces are covered by extrusions and along some
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Fig. 4. Stress amplitude vs. number of cycles (a) and fatigue life fraction (b) for the
TRIP 800 steel at a room temperature and a strain rate of 2-102 s!
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Fig. 5. SEM observations of the external
surfaces of the TRIP 800 steel after
fatigue at Ag, = 0.6% (a) and Ag, = 0.8%
®)

Fig. 6. SEM observations of the external
surfaces of TRIP 800 steel after fatigue
at Ag, = 1.4% pointing out short and long
micro-cracks
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4] 20 pm 0 20 pm

Fig. 7. SEM surface observation of the external surface of the sample fatigued at
Ag, = 1.4% after etching

of them micro-cracks propagated. The extrusions density increases as
the strain range increases but remains aligned only one direction.

For the sample deformed at the higher strain level, cracks were ori-
ented along two directions, appeared to be more open and were either
short or long, as reported in Fig. 6. Two populations of cracks are pre-
sented on the flat area of the specimen: short and long. This may indi-
cate that cracks originate from different phases. The most open cracks
may initiate in soft phase, allowing the crack to open.

In order to evidence the location of those cracks within the TRIP
steel microstructure, the surface of the sample after fatigue testing has
been etched. The resulting SEM micrographs are reported in Fig. 7. As
observed, micro-cracks are located in the ferritic matrix and at the inter-
face with the M/A and bainite constituents, rather along the bainite.

The correlation between matrix and other constituents is point of
interest, because cracks propagate mostly in ferrite, along other phases.
The decohesion, which takes place and leads to more opened cracks,
might be related to the different
level of hardness between the soft
ferritic constituent and the much
harder surrounding constituents.
Paying deeper attention suggests
that cracks seem to initiate from
the hard M/A islands and propa-
gate further into the ferrite sur-
rounding constituents (Fig. 8).

Fig. 8. Surface observation showing the
crack initiation within the ‘hard’ constit-

uents 5 pm
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Fig. 9. SEM micrographs showing low- and high-magnification images of the frac-
ture surface of the sample fatigued at Ae, = 1.4%

4] 100 pm b | 200 um

Fig. 10. Fracture surface of the specimen fatigued at Ag, = 0.6% (a) and Ag, = 0.7%
(b), where fatigue striations (a) and secondary cracks (b) are observed

Those observations show similarities with literature findings [13, 16].
No crack initiation was detected neither on pores and precipitates in the
low-strained (0.6%) nor on the high-strained (1.4%) samples.
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Fig. 11. KAM (a) and high resolution IQ + LAGB (b) maps of the as-received mate-
rial. KAM maps after fatigue at Ag, = 0.6% (c) and Ag, = 1.2% (d)

The study of the fractured surfaces is reported in Figs. 9 and 10.
The fracture surfaces comprise different zones corresponding to either
crack propagation by fatigue or to final and monotonic fracture. The
latter occupies the central part of the specimen and was all the wider as
the strain range was high. The borders of the fracture surface exhibited
plastic deformation associated with necking. The ductile feature of this
fracture was confirmed by the presence of dimples imaged at higher
magnification. The fatigue crack propagation zones were, in general,
near the edges of the specimen and appeared flat.

Fatigue fracture surface is usually identifiable by the presence of
striations. For this material and the experimental conditions, striations
were hardly observed due to fretting effect of the surfaces (Fig. 10, a).
Many secondary cracks were also observed (Fig. 10, b).
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3.4. Advanced Microstructure Analysis

In order to evaluate the microstructure evolution of the TRIP 800 steel
when the latter was submitted to cyclic loading, SEM-EBSD investiga-
tion has been carried out. As the local misorientation, evolution studied
by KAM gives some indications on the variation of GND density and
hence the local strain, this criterion was selected. Note that in the
present case, due to the complex microstructure, the results obtained
with this parameter are only qualitative. Indeed, it is known that for
the as received materials for example, the GND density is higher in the
bainitic ferrite regions [20] than in the other ones. In addition, EBSD
post-processing has been performed on non-deformed (as received) and
strained samples in order to highlight stress-induced microstructural
changes.

As expected, and reported in the Fig. 11, a, the KAM distribution
of as-received material appears as rather not homogeneous at the mes-
oscopic scale. This clearly corresponds to the presence of bainitic ferrite
regions for which the measured misorientation is higher due to the pres-
ence of GND. This can be more clearly seen when the low-angle grain
boundaries (LAGB) are plotted within the global microstructure, see the
red coloured line in Fig. 11, b. Additional EBSD data processing has
shown that, for one piece of material taken from one spot to another one
in the plate, the microstructure was very inhomogeneous. Indeed, KAM
map has pointed out a higher density of misoriented areas suggesting
that the material was more or less deformed and/or transformed from
one specimen to another one.

The KAM maps obtained on fatigued samples clearly point out an
impact of the accumulated cyclic strain on the microstructure. Figures 11,
a, d are the KAM maps of the same specimen respectively before and
after fatigue at Ag, = 1.2% . Strain accumulation is clearly seen through
the spatial distribution of areas with larger KAM values. This can be
explained by the fact that a very high plastic strain since the beginning
of cycling transforms the metastable austenite into martensite, which
tends to localize the deformation.

According to the literature [21], high martensite volume fractions
lead to higher local stresses. A strong deviation of stress distribution
within the grain gives a heterogeneous strain distribution within the
matrix material. Thereby, the literature [22, 23] draws our attention on
the heterogeneity of strain between constituents. Maximum of strain
gradient is at the interface between the ferritic matrix and the second
phase(s). The heterogeneity correlates with an increase of local strain in
the grain.

These observations may explain the presence of two different cracks
populations observed previously.
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4. Conclusions

The low cycle fatigue behaviour of the TRIP 800 steel has been investi-
gated at room temperature under total strain control and the evolution
of the microstructure with cycling studied by SEM-EBSD.

The following conclusions can be drawn:

(i) the material exhibits an appreciable cyclic softening during the
first percentages of the fatigue life;

(ii) short cracks are observed in the ferritic matrix and were often
associated with interfaces between ferrite matrix and hard phases;

(iii) EBSD data processing leading to KAM criterion is relevant for
characterization of the fatigued microstructure;

(iv) KAM criterion points out the inhomogeneity of the microstruc-
ture inside the plate from which the fatigue specimens were extracted;

(v) KAM criterion points out localisation of deformation after fatigue.
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TIOCJIFKEHHS MIKPOCTPYKTYPHU TA BJIACTHBOCTEN
KPUIII TRIP 800, CXIUJIBHOI JO MAJIOIIMKJIOBOI BTOMU

Huswsronerosaui TRIP-kpuni no6pe Bizomi 3 mouatky XXI cTOJIiTTA Ta BUKOPUCTOBY-
I0ThCA B aBTOMOOi/eOyayBaHHi 3a1yid 3abe3meueHHsA MacUBHOI Oe3meku. Xoda IXHIO
TOBEAIHKY ITIIKOM [IOCJIiIPKEeHO 32 MOHOTOHHOTO HaBaHTAKEHHS, MPOTe HEJIOCTAaTHHO
BUBUYEHO 3a IIUKJIIYHOI0 HaBaHTa:XKeHH:A. [[laHa poboTa JeTaJbHO ONNCY€E T'eTePOTeHHY
eBOJIIOIi10 MiKpocTpyKTypu Bucokomirnuoi Kpuii (TRIP 800) 3a yM0oB MaOIMKJIOBOL
Bromu. Ha migcraBi pos3IIUpeHUX AOCTiAKEeHBb (ONTHUYHOI I eJeKTPOHHOIO MiKpo-
CKoOITieto, au(dpakKIiiielo 3BOPOTHBOI'O POBCIAHHA €JEeKTPOHIB) 3alpPOIIOHOBAHO PEKO-
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MeHaIlil o0 BILINBY (ha30BOr0 CKJAAYy HA MeXaHiuHi BJIACTMBOCTI Ta IIPOIEeCU 3a-
PO KeHHA TPiluH. BUABIEHO OcepeAKy MEePEeBa’KHOTO 3aPOMKEHHs TPIIllMHU, CIPU-

YMHEHI BTOMOIO, i1 OI[iHEHO IIOBHOTY (PA30BOT0O IEPETBOPEHHSA 34 PAXyHOK IHAYKOBa-
HOI IJIACTUYHOCTH.

KarouoBi croBa: MasonmKiIoBa BTOMAa, MiKPOCTPYKTypa, (ppaxkrorpadisa, mudpariis
BiIOUTUX €JIEKTPOHIB.
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NCCJEOJOBAHUE MUKPOCTPYKTYPhI I CBOMICTB CTAJIN
TRIP 800, IIOABEPKEHHOM MAJIOITMKJIOBOM YCTAJIOCTU

Huskoneruposanabsie TRIP cranm xopoiro n3BecTHBI ¢ Hayasa X X1 BeKa U MCIOJIb3Y-
IOTCSI B aBTOMOOWMJIECTPDOEHUU IJisA O0eClieueHUsA IacCUBHOI 6e3omacHOCTU. XOTd UX
TIOBeJIeHNe BIIOJIHE WCCJIEOBAHO NIPUM MOHOTOHHOM HAarpyskKe, OZHAKO HEJOCTATOYHO
U3yYEHO IPHU IUKJINYECKO# Harpyske. [lamHas paboTa mOAPOOHO OMMCHIBAET T'e€TEPO-
TeHHYIO 9BOJIIOINI0 MUKPOCTPYKTYPHI Bhicokonpounoit craau (TRIP 800) B yciaoBuax
MaJIOIUKJIOBOI ycTamocTu. Ha OCHOBaHUU PACIIMPEHHBIX UCCIENOBAHUN (OITHUYECKOM
U BJIEKTPOHHOM MUKpOCKomueil, nudpaxrmueil oOpPaTHOTO pacCesIHUA 3JIEKTPOHOB)
IPEJIOMKEeHBI PEKOMEH Al OTHOCUTEIbHO BIUAHUA (ha30BOT0 COCTaBa Ha MeXaHUUe-
CKUe CBOICTBA W IIPOIIECCHI 3apOKAeHUA TpeiuH. OOHAPYKEHBI OYaTX IIPEAIIOUTH-
TEJIbHOTO 3apPOKJEHUSA TPEINHBI, YTO BHIZBAHO YCTAJOCTHIO, U OIleHEHA IOJHOTa (da-
30BOT0 IIPEBPAIIEHUS 32 CUET UHAYIIUPOBAHHON IIJIACTUYHOCTH.

KaroueBsie croBa: MaJIOIIKIIOBASA YCTAIOCTh, MUKPOCTPYKTYpPA, (hparrorpadusd, nud-
PaKIIVA OTPAKEHHBIX DJIEKTPOHOB.
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