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Abstract

Evolution of the peak intensity for different grain orientations was in-situ
measured by neutron diffraction for a twinning induced plasticity steel during
tension-compression fatigue tests. Amplitude of the intensity variation is larger in
high cycles than that at early cycles. The hysteresis loop features an asymmetric
shape at early cycles and becomes symmetric with increase of cycles. Different
twinning/detwinning activities correspond to different shape of the hysteresis loop.
In cycle one, limited fresh twin volume is expected to correspond to short period of
detwinning/retwinning. At later cycles, the twinning and detwinning are expected to
happen together throughout the whole cycle.
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The twinning induced plasticity (TWIP) steel features a remarkable
combination of ductility and strength [1]. Deformation twinning was identified being
the main deformation mechanism in the TWIP steel [2] and crucial for its mechanical
performance, which was also found playing a dominant role at the initial stage of
plasticity [3]. The loading modes, temperature, residual strain, grain size, stacking
fault [4], grain orientation [5] and strain rate, all can influence the activation of
deformation twinning [6, 7]. The twinning behavior becomes more complex during
cyclic loadings than monotonic loadings, as in the cyclic loadings both detwinning
(the same twin variant as that in previous twinning) and retwinning (different twin
variant from that in previous twinning) could be introduced because of the change
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of the loading direction (LD). The mechanical behavior of the TWIP steel can be
nicely repeated by combining the ab initio and a constitutive model based on the
substructure [8, 9, 10]. During the complex loading, in-situ characterization tools
have advantage in revealing the dynamic behavior [11]. Engineering neutron
diffraction has the advantage to measure the twinning micromechanical behavior in-
situ which is ascribed to its capability of high penetration power [12] and
sensitivities to the diffraction intensity changes of crystallographic orientations [11].
In this paper, we studied the fatigue behavior in a TWIP steel where concomitant
grain orientation density change was detected.

The chemical composition of the studied material is 0.57% C, 17.74% Mn,
2.96% Si, 0.44Al, Bal. Fe (weight percent). The as-received plate was after forging
(forging started at ~1050 °C and finished at ~750°C). Cylindrical dog-bone samples
were cut using the electrical discharge machining followed by mechanical
machining. They were then annealed at 450°C for 1 hour in vacuum to remove the
residual strain. The gauge section is @ 6.35 mm x 20 mm. The sample was first
loaded to 0.8% engineering strain and then experienced 0.125 Hz fully reversed
cyclic loading with +0.8% engineering strain amplitudes. During the neutron
diffraction measurement, the strain control was slowed down to one hour/cycle to
get good neutron-data statistics. The geometrical setup of the in-situ neutron
measurement was given in supplementary material. Electron backscatter diffraction
(EBSD) was performed with 20 kV with a step size of 0.3 um in the electron
microscope. At certain deformation zone, small step size of 0.05 um was used. The
EBSD samples were processed by electrolytic polishing using 20% perchlorate acid
solution in alcohol (voltage 15 V for 25 seconds).

The initial microstructure is shown in Fig.1la. The diffraction pattern along the
axial direction shows a single-phase material with face centered cubic (FCC)
structure. The refined initial texture index is ~1 meaning a random texture. During
the cycles, the change of the detected peak intensity was observed as shown by the
example in the 1000" cycle in Fig. 1c. The corresponding variation of the texture
index within one cycle ranged from 1.01 to 1.19.
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Figure 1 The microstructure of as-received sample of the studied TWIP steel
(a) and the corresponding neutron diffraction pattern (b). Obvious orientation
density change during cycle 1000 were observed as given in (c).

The representative stress-strain curves of the selected cycles are given in Fig.2a.
Asymmetric hysteresis loading loops were profound in the early cycles and they
gradually became symmetric and stable after 100 cycles. The hysteresis loop is
different from that reported in [13] which did not show the asymmetric behaviors
due to twinning. The twinning behavior in our sample is expected more than that in
[13]. The grain size in the current sample is more than ten times larger than theirs
(~7 um reported in [13]). The twinning was found active at the start of the plastic
deformation with large grain size (~85um) [14], and the deformation twins can be
found during cyclic loadings with stress amplitude even lower than the yield stress
[15] and in high cycles of fatigue test [16]. The grain size, chemical composition and



the stacking fault can give a non-linear deviation in the twinning among different
TWIP steels [17]. The unloading curve after tension of the TWIP steel was found
nonlinear [18] as similarly shown in our tests. The cause of nonlinear unloading
could be related to detwinning. Since twinning/detwinning can induce abrupt grain
orientation change which is different from the dislocation slip, in-situ neutron
diffraction can provide evidences of this behavior with appropriate detector
coverage. The VULCAN instrument utilizes the area detectors and its angular
coverage is sufficient to study the orientation change using neutron diffraction for
cubic metals. Fig.S1b in supplementary material gives the covering area in the
mverse pole figure (IPF) for different peak detected on VULCAN.
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Figure 2 The representative engineering stress as a function of engineering
strain for cycle 1, 4, 10, 100, 900, 1000, including the initial tensile loading of
the test (a). Evolution of the integrated peak intensities (normalized by the
corresponding intensities before the start of the fatigue loading) measured by
neutron diffraction along LD as a function of time for cycle 1 (b) and cycle
1000 (c). Certain key states were marked and they were also marked in a.

Orientation dependent twinning behavior has been studied [17, 19-22]. The
appearance of twinning was found complying with the Schmid law at small strain
[17]. In tension, twinning was observed in a wide range of orientations: mainly in
<1 1 1> and <1 1 0> orientations but no twinning was observed in <1 0 0>
orientations [17, 19-21]. In compression <100> grains mainly experienced twinning
behavior [22]. Fig.2b and c give the evolution of the integrated peak intensities in
Cycle 1 and Cycle 1000, respectively. Change of peak intensity of the slip dominant
grains (<311> and <420> peaks) is smaller than that of the twinning favoring ones
(<331>, <002> and <220> peaks). The change of intensity of the <111> peak is
small although it is favoring twinning in tension. Note that the intensity of the <111>
peak is increasing in tension and decreasing in compression due to dislocation slips.
However, for the measured <111> peak intensity, it is slightly decreasing in tension
and increasing in compression. This suggests the dominant role of



twinning/detwinning in grains with <111>//LD. While otherwise considering slips
as the dominant one, there is too much discrepancy in both macroscopic deformation
and evolution of the peak intensity as shown in Fig.S2. Therefore, one can conclude
that the twinning, retwinning/detwinning behaviors were dominant and ascribed to
the big change of the orientation density as evidenced by the in-situ neuron
diffraction data.

In Fig.2, state 1 and 4 are at maximum tensile and compressive loads,
respectively. State 2 and 5 are at zero macroscopic load after unloading of tension
and compression, respectively. State 6 and 3 are at zero macroscopic strain during
tension and compression, respectively. Two intermediate state A and B are
introduced for Cycle 1. For the <331> and <220> peak intensities, they changed
relatively small in Cycle 1 between state 3 and 4 (detwinning is expected). The
<200> peak intensity changed small between state 6 and 1 (detwinning is expected").
For both cases, they should be due to limited twin volume since certain level of pre-
strain is necessary for nucleation of the deformation twin [23]. Then the
detwinning/retwinning finished at the intermediate state A and B. Indeed, the change
of the intensity amplitude in cycle 1 is smaller than in cycle 1000. Accurate twin
volume fraction can be measured using the electron channeling contrast imaging
(ECCI) technique [4, 8, 9, 10]. In neutron diffraction, the integrated peak intensity
of certain peak is proportional to the number of unit cells that are preferentially
oriented to fulfill Bragg’s law within the scattering volume [24]. One can estimate
the average twin volume variation from the change of the peak intensity. The
variation of the <220> peak is increased ~100% from cycle 1 to cycle 1000 and this
means that the involved twin volume fraction is doubled at the end of the 1000™
cycle. In Cycle 1000, the twinning-detwinning behavior for the <331>, <220> and
<200> grains seem to occur almost in the whole cycle. Note also that from state 1 to
A and roughly from state 4 to B, the trend of peak intensity evolution in Cycle 1 and
1000 are similar, the corresponding loading curves are also similar. For the rest, they
are different in the trend of the peak intensity evolution. There is not yet a model to
treat the twinning/detwinning behavior to calculate the corresponding flow stress
curves, which takes into account both the local stress heterogeneity due to twinning
and the interaction of multiple twin systems. The dislocation configurations after
twinning/detwinning [25] were not considered in the popular crystal plasticity
models, although the dislocation dynamic is the physical basis of the crystal
plasticity models. Current results are helpful for validation of the twinning models.

Deformation twins were also evidenced from the EBSD observation. Fig.3 gives
one typical deformation morphology after Cycle 1000. The EBSD image quality

" From state A to state 4, twinning in the <13,1,1> grains are expected to occur together with twinning in the <200>
grains. The former can induce the increase in intensity of the <331> peak. However, the increase of the <331> peak
at this stage is limited. This is related to the detection possibility as explained in supplementary material.



(IQ) map was often used to show the deformation twins [26]. The orientation
relationship between the matrix and the twin was identified being ~70.5° rotation
about <110> axis which corresponds to a minimum misorientation of ~60° rotation
around <111> axis. The two banded structures were identified along the {111} plane
and are corresponding to the largest and the second largest Schmid factors of the
twinning systems. This satisfies the type Il structure mentioned in [9].

> X

Figure 3 Microstructure observed by EBSD measurement. The image quality
map is in (a), the grain orientation contrast is given in (b) and the
magnification of the inset is given in (c) and the color IPF triangle is in (d).
The detected matrix orientation m and the twin orientation A are marked in
(d). The corresponding SEM image of (d) isin (e). The {111} plane trace is
marked in (c) and the Schmid factor of the involved twin systems are given in
supplementary material.

Like the magnesium alloys under cyclic loadings [27], it is necessary to clarify
whether or not the twins formed during the tensile loading could retwin or detwin,
or only dislocation slips occur in the subsequent compression and vice versa. The
triangle of the loading direction inverse pole figure (LDIPF) can be divided into the
twin favoring zone and slip favoring zone in tension and compression respectively
as given in Fig.4. The twin favoring zones can be divided into two zones if the new
orientation favors (1) the twinning or (2) the dislocation slips once the LD reverses.



The former can be further divided as (1) twining-detwinning dominant zone if the
new twin variant is the same as the previous one or (2) twinning-retwinning zone if
the new twin variant is different from the previous one.
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Figure 4 Schmid factor distribution for twinning and slip during tensile (a) or
compression (b) phase of the fatigue loading. In the twin active zones, twining
followed by detwinning (yellow), or retwinning (brown), or dislocation slip

(green) were identified. The blue area indicates the region of the new
orientation after twinning for grains in the yellow area.
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Multiple slip systems activation is also considered in Fig.4. For grains with
<111>//LD, there are three variants of twin active in tension. For any of them, the
new orientation will be <511>//LD. In the subsequent compression, the twin will
rotate to <11,11,1>//LD. The new twin will undergo twin-detwin between
orientations <511>//LD and <11,1,11>//LD afterwards. We call the behavior in the
first cycle twinning-retwinning because of the change of the twin variant and this is
different from the twinning-detwinning. This is true for all grains with orientations
marked by the brown color in Fig.4. The above analysis only considers the
deformation geometry due to twinning. Note that twin variants with the second and
the third largest Schmid factors are neglected so far. Fig.4 cannot explain the slightly
increase in compression for the <111> peak since once the <111> grain twins to the
<511> orientation, the twins cannot twin back to the <111> orientation in
compression. However, for grains with <511>//LD, the twins with the second largest
Schmid factor can twin to the <111> orientation in compression.

Due to the existence of different zones in Fig.4, the micromechanical behavior
in fatigue loading is complex. (a) the new orientation after twinning is always in the
dislocation slip favoring zone during either tension or compression. Therefore, there
Is strong interaction between the narrow twin boundary and the dislocation slip in
the thin twin plates [21, 22]. (b) The new orientation zone after twinning during
tension is in the twinning favoring zone for compression, and vice versa. Therefore,



the detwinning/retwinning could easily happen during the tension-compression type
of cyclic loading. (c) In compression, decrease of the <200> peak can be due to
twinning of twins in the <200> matrix or due to detwinning of twins in the <221>
matrix. In tension, increase of the <200> peak intensity can be due to detwinning of
twins in the <200> matrix or due to twinning of twins in the <221> matrix. Similar
analysis is applied to grains with <331> or <220>//LD. (d) The co-existence of
twinning, retwinning, detwinning and dislocation slips during the tension and
compression makes the analysis on the micromechanical behavior in fatigue loading
complex.

We found that the <331> and <220> grains feature the compressive lattice
strains at state 2 after macroscopic unloading. The compressive stress at state 2
promotes the detwinning in these grains. This results a load redistribution among
different grains and consequently the macroscopic unloading curve is slightly
nonlinear. This is similar to the nonlinear type of unloading in magnesium alloy [28].

In summary, we demonstrated the in-situ neutron diffraction measurements on
the fatigue behavior of a TWIP steel. The hysteresis loop features an asymmetric
shape at early cycles and becomes more symmetric with increase of cycles. In the
first cycle, limited fresh twin volume corresponds to short period of
detwinning/retwinning behavior for grains with the <220> or <331>//LD during
compression and that for grains with the <200>// LD in tension. The detwinning at
unloading induces a non-linear type of macroscopically unloading curve due to the
load re-distribution. At later cycles, the twinning and detwinning happened together
almost throughout the whole cycle and even at very small applied stress levels. This
agrees with the fact that the area of the loop in early cycles is larger than the stable
ones (after 100 cycles). The change of the area mainly happens at the stage where
twinning is dominant in early cycles, which was later replaced by easier deformation
of both twinning and detwinning.
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