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Both twinning and transformation can produce a macroscopic strain and cause a significant plastic deformation,
which are known as twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP), enhan-
cing the plastic deformability of structural materials dramatically. As far as the authors believe, the underlying
origin behind these kinds of plastic deformation should not be the twinning and transformation themselves. By
deciphering microstructural origins of the two effects in a kind of interstitial high entropy alloy (iHEA), the slip
of partial dislocations causing TWIP and TRIP is analogous to the full dislocation slip governing ductility of

materials, determines the plastic deformation.

1. Introduction

The deformation mechanisms of metals have been studied for about
100 years, yielding a well-developed plasticity theory based on three
principal mechanisms of dislocations [1,2], twins [3], grain boundary
[4] and phase transitions [5]. Metals and alloys exhibit three corre-
sponding deformation pathways, that is, dislocation -mediated plasti-
city, TWIP and TRIP involving a faced-centered-cubic (FCC) to hex-
agonal-closed-packed (HCP) transformation. The motion of dislocations
can create plastic deformation. Dislocation motion mode can be
changed from planar slip to cross slip via tunning chemical composition
of structural materials [6-8], resulting in the further glide of dislocation
and then increasing the tensile elongation. Tailoring the glide channel
of dislocations by introducing the nano-twinning boundary (i.e., the
easy motion of dislocation) can also generate significant ductility, en-
hancing the strength and plasticity of materials simultaneously
[2,9-11].

In addition to the dislocation plasticity, the TWIP and TRIP effect
can also overcome the strength-ductility trade-off. The stimulating of
twinning in CrMnFeCoNi high-entropy alloy (HEA) is critical to en-
hancing the tensile ductility together with the higher strength at lower
temperatures, which preserves the exceptional mechanical properties of
this alloy at 77 K [3]. Deformation-stimulated martensitic transforma-
tion of FCC to HCP in dual phase HEA promotes the tensile elongation
and leads to superior improvements in strength-ductility combinations
compared to those obtained in conventional low-entropy systems [5].
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All of the dislocation slip, TWIP and TRIP can create plastic deforma-
tion. So, is there any essential connection between the three deforma-
tion mechanisms? In this letter, the underlying origin of TWIP and TRIP
will be disclosed through the deep analysis of the two effects occurring
in a kind of iHEA, and the aforementioned question will be replied.

2. Experiment procedure

The nominal composition of the alloy is Fe49 sMnag 7C09 oCrg 9C; (at
%). The alloy ingot was prepared by vacuum melting and was homo-
genized at 1200 °C for 2h in Ar atmosphere. The ingot was then hot-
rolled into 3 mm plate and was cold-rolled into 1 mm plate. Dog bone-
shaped tensile with a gauge length of 25 mm, a width of 6 mm and a
thickness of 1.5mm were prepared from the plate annealed at the
temperatures of 800 °C for 1 h and followed by water quenching. Details
of the material and experimental procedures can be found in [12]. A
CMT5105 testing machine equipped with laser extensometer was em-
ployed for tensile tests at room temperature with a nominal strain rate
of 1072571, and the corresponding engineering stress-strain and strain
hardening rate curves of the test iHEA are shown in Fig. 1. The yield
strength, tensile strength and uniform elongation of the alloy are
measured to be 526 MPa, 948 MPa and 35%, respectively. The test
sample shows the steady strain hardening, as shown in Fig. 1(b). The
deformation substructures of speicmens subjected to three interrupted
tests at the strain of 2%, 20% and 35% were characterized by trans-
mission electron microscopy (TEM), respectively.
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Fig. 1. (a) Engineering stress-strain curve of the test iHEA; (b) Strain hardening rate curve.

For TEM, disks of 3 mm diameter were punched out from thin foils
of 50 um thickness. Electron transparent samples for TEM investigation
were electronpolished in dual-jet electropolisher using a solution of
9vol% perchloric acid in ethanol at —15 °C. TEM experiments were
performed using an FEI Talos F200X microscope operating at 200 kV.
Standard TEM techniques such as Bright-field (BF), selected area elec-
tron diffraction (SAED) and high resolution transmission electron mi-
croscopy (HRTEM) were used to characterize the microstructure.

3. Results and discussion
3.1. Microstructures

Fig. 2(a) shows a BF image of the tensile specimen interrupted at a
strain of 2%, demonstrating some full dislocations marked by yellow

arrows and some Shockly partials marked by red arrows gliding on the
(111) plane, dragging a wide stacking-false (SF) behind them. The
corresponding SAED pattern along [101] zone axis of matrix in Fig. 2(d)
reveals diffraction spots corresponding only to FCC structure. Upon
increasing the strain level to 20%, lots of the thin lamellas shown in
Fig. 2(b) were confirmed to be HCP phase by the HCP reflections in the
associated SAED pattern viewed along [101]rcc//[1120]gcp directions, as
shown in Fig. 2(e). With increasing deformation to 35% strain, de-
formation twins appear in addition to HCP phase. Because of mor-
phology similarity of the twins with HCP laths, it is difficulty to dif-
ferentiate them, as shown in Fig. 2(c). However, the evidence for twins
were clearly found in the associated SAED pattern recorded along
[101]gce//[1120]ycp directions, as shown in Fig. 2(f).

To further investigate the transformation and twinning mechanisms,
HRTEM examination was performed on samples deformed to 2%, 20%

Fig. 2. BF images taken from the sample deformed to strain of (a) 2%, (b) 20% and (c) 35%, and the corresponding SAED patterns of (d), (e) and (f), respectively.

Subscript T represents twin.
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Fig. 3. HRTEM images taken from the sample deformed to strain of (a) 2%, (b) 20% and (c) 35%, and the corresponding FFT diffractograms of (d), (e) and (f),

respectively. Subscript T represents twin.

and 35%, respectively. Fig. 3(a) shows a HRTEM image of the sample
after strain of 2% and only SFs were found. The corresponding fast
Fourier transformation (FFT) diffractogram revealed no extra secondary
reflections except for those corresponding to FCC structure, as shown in
Fig. 3(d). For the sample at a strain of 20%, the lattice image and the
corresponding FFT diffractogram are shown in Fig. 3(b) and Fig. 3(e),
respectively. According to the FFT diffractogram, FCC and HCP laths
have an orientation relationship of [101]gcc//[1120]gcp and
(111)gcc//(0001)ycp. Shockley partial dislocations marked by white ar-
rows glided at the edge of HCP laths, creating new stacking faults and
leaving HCP laths behind, as shown in Fig. 3(b). The HRTEM image
shown in Fig. 3(c) and the corresponding FFT diffractogram along [101]
direction shown in Fig. 3(f) reveal extensive deformation twinning in
the sample deformed to 35% strain.

According to the results in Fig. 2 and Fig. 3, at low strain of 2%,
deformation was mainly carried by dislocation motion and SFs. SFs are
likely to act as nuclei of twinning and HCP phase [13,14]. With the
increase of strain to 20%, TRIP effect of FCC to HCP was activated.
Increasing the deformation strain to 35% triggers the TWIP effect while
mainting the TRIP effect. Dislocation slip, SFs, TRIP and TWIP effects
are all able to carry the plastic deformation of the alloy. Is there any
similar undlying cause of these deformation modes? This question will
be replied by deeply analyzing the mechanisms of these modes

3.2. Deformation mechanism

The excellent mechanical properties of TWIP metals and alloys can be
attributed to the formation of deformation twins during plastic deforma-
tion [15-17]. Therefore, twin formation mechanisms have been a focus of
research. Twining mechanism via partial dislocation emission from free
surfaces, grain boundaries and grain boundary junctions on consecutive
{111} planes shown in Fig. 4(a-d), has been experimentally verified in

both nc and coarse-grained metals[18-22]. Fig. 4(a) shows the arrange-
ment of atoms on (101)f. plane before twinning. Fig. 4(b) shows a
Shockley partial dislocation with a Burgers vector of % [121] emitted from
the grain boundary and gliding within the grain with the displacement of
é[lil], trailing a SF behind it, similar to that in Fig. 3(c). Fig. 4(c) and (d)
show the second and third partial dislocations are emitted on consecutive
(111) planes and glide on it with the displacement of %[121] and %[121]
respectively, making the twin grow two and three atomic layer planes. In
this mechanism, Shockley partial is gliding on a (111) plane, one at a time
and one after another. With further deformation, successive partial dis-
locations with the same Burgers vector are emitted and glide on con-
secutive twinning (111) planes, a twin forms and the grain experienced a
global shear strain displacement of % [121].

Since deformation twinning produce a macroscopic strain and cause
a significant plastic deformation, we call this effect as the twinning
induced plasticity. However, from the schematic twinning mechanisms
shown in Fig. 4, deformation twinning is attributed to the slip of the
partial dislocation. Therefore, twinning induced plasticity is essentially
the partial dislocation slip induced plasticity.

For FCC metals and alloys, there is another quite important deformation
mechanism referred to as TRIP effect [23-26], occurring in this alloy de-
formed to 20%. This mechanism is enabled by triggering transformation
from a FCC matrix into a HCP structure. Is the slip induced plasticity that we
propose suitable for TRIP effect? Analyzing and comparing the FCC and the
HCP structure is beneficial to reveal the deformation mechanism and then
to answer this question. Although the FCC and the HCP structures are quite
different from each other based on their crystal cells shown in Fig. 5(a) and
Fig. 5(d), an identical characteristics still exists, i.e., both structures can be
deemed as a stacking of the same closed packed plane, (111) plane for FCC
structure and (0001) plane for HCP, as shown in Fig. 5(b) and Fig. 5(d). The
FCC structure has a crystal characteristic of ABCABC stacking sequence
shown in Fig. 5(a-c), while the HCP structure has one of ABAB sequence
shown in Fig. 5(d-e). A layer atom has a displacement of i < 121> with
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Fig. 4. (a) Arrangement of atoms of FCC structure on (101)¢. plane without any defects. (b), (c) and (d) Showing the first, second and third partial dislocations with
Burgers vector of %[121] are emitted on consecutive (111) planes and glide on it with the displacement of %[121], %[121] and %[121], respectively.
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Fig. 5. (a) Two FCC crystal cells next to each other representing stacking sequence of (111) plane. (b) FCC crystal cell represented with HCP crystal axis. (¢) Atomic
projection of FCC structure on (111) close-packed plane. (d) HCP crystal cell. (e) Atomic projection of HCP structure on (0001) close-packed plane. (f-i) Schematic
illustration of FCC-HCP phase transformation mechanism. (f) Stacking sequence of FCC structure on (101)g. plane without any stacking false. (g) A stacking false is

formed by the slip of the Shockley partial with the Burgers vector of % [121] on (111) plane. (h) and (i) Showing the second and third partial dislocations with the same
Burgers vector gliding on every second (111) planes, results in a six and eight layers atomic ABAB stacking sequence, respectively.

respect to B layer atom, which is suitable for B layer atom relative to C layer
atom. Therefore, the transformation of FCC to HCP is changed to the con-

version of ABCABC sequence to ABAB sequence.

Fig. 5(f-i) shows the schematic of the transformation mechanism. A
slab with the FCC structure was created by sequentially stacking 16
closed-packed (111) atomic planes, as shown in Fig. 5(f). Then, an
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intrinsic stacking fault was created by shifting the top 10 layers along
the [121] direction via the glide of the first Shockley partial with the
Burgers vector of %[121] on (111) plane. This results in a SF and two
ABAB stacking sequence with HCP coordination, as shown in Fig. 5(g).
Subsequent displacement of the top eight and six layers in Fig. 5(h) and
Fig. 5(i) along the [121] direction results in a three and four ABAB
stacking sequence, respectively. This can proceed with second and third
partial dislocations gliding on every second (111) plane with the dis-
placement of %[121] and 2[121], as shown in Fig. 5(h) and Fig. 5(i),
respectively. As such, continued shifting of the crystal via Shockley
partials slipping on every other (111) plane will create a HCP structure
shown in Fig. 3(b), and the crystal experienced a global shear strain
displacement of %[121], which is similar to the deformation twinning.
Transformation of FCC to HCP caused a dramatic plastic deformation
and then this effect was referred to as transformation induced plasticity.
Nonetheless, transformation is also because of the slip of the partial
dislocation judging from the schematic transformation mechanism
shown in Fig. 5. It is, therefore, can be concluded that not the twinning
or/and transformation but the partial dislocation slip produce the
plastic strain and then the ductility.

From all the mentioned above, both TWIP and TRIP are all partial
dislocation slip induced plasticity. So strictly speaking, it is not the twin-
ning or/and transformation but the slip of partial dislocations determined
the deformation of materials and then the plasticity. Therefore, the essence
behind the plasticity is slip of either full or partial dislocation. The slip
induced plasticity obtained from the analysis of TWIP and TRIP is also
suitable for microband-induced plasticity (MBIP) [27-30] and stacking-
faults-induced plasticity (SFIP) [31,32]. It is only due to the discovery of
the microbands and stacking-faults during the deformation of metals and
alloys, MBIP and SFIP were proposed. However, the occurrence of mi-
crobands was ascribed to the multi-slip process of full dislocation [28],
while the appearance of stacking-faults was attributed to the slip of
Shockley partial dislocation with a Burgers vector of % [121] on the closed
packed plane shown in Fig. 4(c) and Fig. 5(g). Therefore, all of the XX-
induced plasticity are essentially slip-induced plasticity (SLIP).

4. Conclusion

The underlying origin behind TWIP and TRIP effects occurring in a
kind of iHEA has been deeply analysed, the main findings in the present
study are summarized as follows.

1. It is the slip of line defects involving full and partial dislocations
determined the plasticity of metals and alloys, according to the deep
analysis of TWIP and TRIP effects occurring in this iHEA together
with the dislocation plasticity.

2. The slip of line defects can make the structural materials experience
a global shear strain displacement of Burgers vector of full or partial
dislocations, and then produce a macroscopic strain and cause a
significant plastic deformation.

3. The slip of line defects is the cause of the all XX-induced plasticity
which also can be called SLIP.
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