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To enhance strain hardening of alloys beyond levels accessible by forest hardening slip-twin interactions
and twin-twin interactions have been proposed. The high entropy alloy FeMnNiCoCr constitutes a
prominent example of exceptionally pronounced strain hardening instigated by profuse slip-twin/twin-
slip and twin-twin interaction at cryogenic temperatures. In the current study, we perform uniaxial
straining experiments on single crystals at 77 K. The <144>Tepsion Crystal shows the potential ease of twin
progression for slip-twin interaction (softening) in contrast to the difficulty for twin advancement in
<122>Tension, <111>Tension and <001>compression cases (hardening). The corresponding self and latent
hardening coefficients derived from the data reveal that slip-twin latent moduli are much smaller than
twin-twin latent moduli. Unlike previous undertakings, this study demonstrates a novel approach to
assess latent hardening where plastic straining is implemented in a monotonic fashion and primary and
latent systems operate simultaneously. To predict the flow stress depending on crystal orientation and as
a function of strain a numerical model is proposed using the obtained hardening moduli. It emerges that
the magnitude of residual Burgers vectors originating from twin-related reactions can explain the
experimental hardening/softening trends. These results hold considerable promise for a quantitative
description of strain hardening in metals and alloys.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Background and objectives

Deformation twinning is the most widespread mechanism to
accommodate plastic strain in metallic materials aside from crys-
tallographic slip. Since the early observation of twinning in FCC
(face-centered cubic) materials [1], there have been numerous
studies investigating the interactions between slip and twin [2—7].
These interactions play a decisive role for the strain hardening
behavior, inasmuch they significantly affect the slope of the stress-
strain curve after yielding - i.e. the strain hardening rate. The un-
derlying mechanism can be attributed to the introduction of twin
interfaces. Similar to a grain boundary, a twin interface can serve as
formidable obstacle to the motion of impinging dislocations. Glis-
sile and sessile dislocations originating from the reaction of
incoming dislocations at the interface inevitably affect both
strength and ductility. In the majority of studies, twin-slip and
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twin-twin interactions were found to strengthen (strain-harden)
the material effectively [8,9]. However, in some cases the associated
mechanical responses can exhibit no hardening [10,11] or even
strain-softening [12—14], despite considerable slip and twin activ-
ities. A conclusive rationalization for this seeming discrepancy is
still to be put forward and, therefore, the purpose of this paper is to
examine this very concern.

For the present case study, we use the equi-atomic FeMnNiCoCr
high entropy alloy (HEA) in singe-crystalline form, which falls into
the general category of low stacking fault energy (SFE) FCC alloys
such as Hadfield steels [15], Co-Ni [16,17] and Cu-Al alloys [18].
Incurred by the low SFE deformation twins have been reported for
FeMnNiCoCr when strained at cryogenic temperature (77K)
[19—21]. To effectively elucidate the interaction-controlled me-
chanical response we chose to illustrate 3 situations exhibiting
contrasting interactions and hardening: Case 1: twin-slip hard-
ening, Case 2: twin-slip softening and Case 3: twin-twin hardening.
We observed pronounced twin-twin interaction for



392 M. Bonisch et al. / Acta Materialia 153 (2018) 391—403

<001>compression and <111>Tension l0ading cases, contrary to slip-
twin/twin-slip interaction in <122>Tepsion and <144>Tepsion. The
stress-strain responses for these four orientations vary distinc-
tively: the deformation twin interfaces create conditions that pro-
duce hardening in some cases (<001>compression, <111>Tension and
<122>Tension) Opposed to softening in others (<144>Tension)-

The mechanical response of a polycrystalline material is affected
by many-fold factors invoked by its aggregate nature: (i) formation
of dislocation pile-ups at grain boundaries [19,20], (ii) dislocation
reactions taking place at grain boundaries [22], (iii) the distribution
of grain orientation and size, and (iv) compatibility constraints
arising from the matrix. The combination of these factors cloaks
contributions of individual hardening mechanisms and indisput-
ably complicates any hardening analysis making the identification
of the governing processes a challenging task. Such difficulties can
be significantly mitigated by studying single crystals in which the
effect of grain boundaries and the associated complications in the
deformation analysis are removed. Furthermore, number and type
of systems (twin and slip) activated in a single crystal are finite
permitting selective isolation of interactions. Thus, one can clearly
write dislocation interactions a priori based on Schmid factor
considerations for the single crystal cases (provided the material
obeys Schmid's law) in contrast to polycrystals. Consequently, it is
feasible to pinpoint the activated systems and their mutual in-
teractions by using single crystals permitting further analysis of the
corresponding hardening and softening response.

1.2. Mechanisms associated with strain-hardening and strain-
softening

In the absence of twinning strengthening of metallic materials is
closely related to the forest dislocation density (Taylor's hardening
model). In the case of FeMnNiCoCr, dislocation hardening governs
the stress-strain response at RT at low strain while twinning plays a
key role at cryogenic temperature from the very early stage of
deformation on [20]. It has been recognized that at RT deformation
twinning can become dominant at relatively high strains of about
25% axial strain [20]. Earlier literature notes that the significant
strengthening of (nano-)twinned materials (e.g. nano-twinned Cu
and NiCo) can be attributed to the presence of twin interfaces
[23,24]. Upon mechanical twinning, the dynamic Hall-Petch effect
provides a plausible rationalization for material strengthening as
the introduction of new interfaces due to twinning reduces the
dislocation mean free path. Numerous studies using transmission
electron microscopy (TEM) have confirmed the formation of
dislocation pile-ups at the twin interfaces, justifzing their role as
barrier to dislocation motion [9]. In addition, many theoretical
studies using molecular dynamics (MD) simulation have been
ventured to reveal the underlying mechanisms [5,24—26]. As a
dislocation impinges and interacts with a barrier twin boundary, it
is suggested that the incident dislocation can either incorporate
into or block by or transfer through the twin boundary [5,25]. An
important outcome of these dislocation reactions is the creation of
residual Burgers vectors, which can serve as obstacles to dislocation
glide on the twin boundary. Their magnitude can be indicative of
the strain hardening level. In the current study, we show that the
magnitude of residual dislocations formed by slip-twin interactions
are smaller than those by twin-twin interactions, which complies
with the experimental trend.

Compared to strain-hardening, which has been investigated by
many studies for a large variety of materials, fewer works were
endeavored to explain the lack of hardening or even strain-

softening in alloys. For example, in Hadfield steel (Fe-Mn-C) the
plastic flow proceeds at nearly constant stress in the range of
0—20% and 0—10% when loaded along <144> and <111> in tension,
respectively [10]. Such behaviors are usually accompanied by the
formation of Liiders bands during deformation in experiments [11].
Several mechanisms have been proposed from foregoing un-
dertakings using MD simulations to rationalize such phenomena,
especially those associated with strain-softening. It has been
revealed that the stacking-fault nucleation energy barrier can be
much smaller than the twin migration energy barrier in some
materials, e.g. Pd [13]. In this case, the twin boundary acts as a
dislocation source and the nucleation and motion of partial dislo-
cations parallel to the twin boundary is energetically favorable,
which can eventually lead to detwinning and, thereby, to flow
softening. Furthermore, it was suggested that the twin thickness
and twin boundary spacing are crucial and responsible for the
softening response in nano-twinned metals [14]. A recent work on
nano-twinned Cu [12] revealed that defects, such as kink-like steps
and curvature, contained in a coherent twin boundary can further
facilitate flow softening. In this study, we found more experimental
evidence for strain softening behavior in <144>sion Oriented
FeMnNiCoCr. The underlying mechanism is rationalized by a com-
bined effect of strain localization and small residual Burgers vector.

1.3. Determination of self and latent hardening moduli

Strain hardening and softening are complicated phenomena and
correlating them to the underlying deformation mechanisms and
interactions (slip, twin, or mixed) remains a challenging endeavor
[27,28]. In a single crystalline material, mutual interactions be-
tween different deformation systems are expected to dominate the
flow stress evolution. The change of the flow stress on each system
can be resolved into self hardening of the active system(s) com-
bined with latent hardening, which measures the increase or
decrease of the resistance to plastic deformation on latent systems
by shearing the primary system [29]. Heretofore, a quantitative
analysis of these hardening moduli has been rarely performed
although their accurate determination is crucial for predictive
crystal plasticity modeling free from fit parameters. The present
paper can be deemed as an important and necessary effort taking
up this very matter.

Inspired by early works by Mandel [30] and Hill [31], a crystal
plasticity framework, idealized as time independent and incorpo-
rating contributions from pure slip, pure deformation twinning and
mixed interactions (slip-twin, twin-slip) to the strain hardening,
may be written as follows:

dr crlt (-l_ka >Zhs sd"{]—}—de}Mhs tw tw

slip — slip slip — twin 1)
N N
+<12fkfw>2h dyj+dethWﬂN tw
k j
twin — slip twin — twin

where drl-”“ is the change of flow stress on the i-th system, f,™
denotes the volume fraction of the k-th twin system, yj? is the shear
strain of the j-th slip system, y™ is the intrinsic twin shear strain for
FCC (0.707), andhj;*, h;.;*t"", hf]‘."’*s and hf}"’*“’" represent the strain
hardening coefficients (moduli) associated with slip-slip, slip-twin,
twin-slip and twin-twin interaction, respectively. At this point we
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would like to draw the reader's attention to the difference between
slip-twin vs. twin-slip interactions, which is vital for the following
hardening description. In the modulus notation employed, the first
index (superscript) specifies the secondary (latent) system and the
second index (superscript) the primary system. Thus, the slip-twin
moduli hfjft"" characterize the latent hardening of slip by twinning
and, vice versa, the twin-slip moduli hf}"’*s the latent hardening of
twins by slip.

Although there has been some efforts on extracting hardening
moduli from polycrystalline materials [32,33], they can only reflect
effective values as the distinction between individual interactions
from the corresponding stress-strain curve is rather vague. How-
ever, the determination of each hardening modulus can be facili-
tated using differently oriented single crystals where the deforming
systems and their interactions can be accurately identified. For
example, we confirmed twin-twin activities for both
<001>compression and  <111>Tension and  slip-twin/twin-slip in-
teractions for <122>tension and <144>Tension. The corresponding h;;
values can be evaluated using the relevant section of the experi-
mental stress-strain curve for the specific pair of interaction. We
will elaborate on the calculation procedure in Section 3.5. Note that
when i represents a slip system, the last two terms in Equation (1)
do not appear. Vice versa, when i represents a twin system, the first
two terms in Equation (1) can be ignored.

It is important to point out that to determine the (latent and
self) hardening moduli in this work we demonstrate a novel
approach where the sample is strained in a continuous manner and
the moduli are obtained under the condition where both primary
and latent systems are active. In foregoing undertakings, so-called
‘latent hardening experiments’ were performed [29,34—39]. In
this setting, a primary system was first nucleated via deforming the
crystal in its pristine state. Then, a previously inactive system was
activated by straining a new sample cut from the pre-deformed
crystal at specific angles. The hardening of the latent system was
then assessed from the latent hardening ratio (LHR) which relates
the critical (yield) stress for the secondary test to the maximum
stress measured during the primary test. This indirect measure-
ment has proven very instructive and results obtained thereof have
been frequently implemented in crystal plasticity modeling [40].
However, the change of crystal orientation can create a fairly un-
natural situation as the primary system is deliberately suppressed
by lowering its Schmid factor. Therefore, the previous methodology
represents a rather idealized scenario. In the present study, the
plastic deformation proceeds in a monotonic fashion to large
strains whereby both primary and latent systems remain active
throughout. We believe that this newly established approach
eliminates the need for crystal-reorientation while allowing
determination of the strain hardening levels without ambiguity.

Using high resolution digital image correlation (DIC) and elec-
tron backscatter diffraction (EBSD) the activated slip and twin
systems are identified complemented by transmission electron
microscopy of the interactions between different deformation
systems. Finally, we calculate the hardening moduli h;j based on the
experimental results for all loading cases where the deformation
systems are unambiguously identified. For the characterization of
slip hardening, dislocation densities were measured to support the
calculations. From the hardening moduli obtained the flow stresses
were then computed at various strains and the predictions were
compared to the experimental results. The LHRs will be derived
from the hardening moduli and illustrated. In parallel, the magni-
tude of the residual Burgers vector |QT| formed by the observed
twin-twin and slip-twin interactions are calculated. We find that

Table 1

Designations of the 12 twin systems of an FCC crystal subjected to tension along
<111>1, <122>t and <144>1 and to compression along <001>¢ nominal loading
directions. The Schmid factors are calculated based on the exact crystal orientations
determined from EBSD. The activated twin systems of each case are highlighted in
the table.

No. Twin system Schmid factor (m)
<111>7 <100>¢ <122>7 <144>1

1 I11)[112] -0.12 -0.23 -0.11 -0.20
2 (111)[112] -0.19 -0.25 —-0.09 -0.10
3 (111)[112] -0.23 -0.25 -0.22 —-0.26
4 (111)[121] -0.11 -0.23 ~0.04 ~0.02
5 (I11)[121] 0.13 -0.24 0.30 0.37
6 (111)[121] -0.09 -0.24 -0.05 -0.02
7 (T11)[21] 0.40 —0.23 0.48 0.49
8 T11)[211) -0.18 0.47 -0.27 —0.24
9 (I11)[211] —-0.01 047 -0.19 -0.17
10 (111)211] 0.30 0.48 0.12 0.12
11 (111)[211] -0.12 0.48 -0.15 -0.07
12 (111)[112] 0.21 -0.23 0.20 0.09

the corresponding |Qr| varies with interaction type and involved
systems and it is indicative of the associated hardening. The results
reveal that the hardening associated with slip-twin interactions is
smaller than that associated with twin-twin interactions.

2. Experimental methods

Single crystals of equiatomic FeMnNiCoCr were grown in an
inert gas environment via the Bridgman technique. The ingots were
first homogenized at 1473 K for 24 h followed by quenching in
water. Then, solution-treatment was performed at 1373 K for 1 h
followed by quenching in oil. Samples for compressive and tensile
testing were cut with their loading orientations aligned along
<111>, <001>, <144> and <122> directions. These orientations
have been confirmed using EBSD. All uniaxial tensile (<111>Tension,
<144>Tension and <122>Tepsion) and compressive (<001>compression)
experiments were performed at liquid nitrogen temperature (77 K).
Hereafter, the crystallographic orientations are denoted as <111>,
<122>1, <144>1, and <001>c. The loading and unloading process
was achieved under strain and load control, respectively, with the
sample, grips, and extensometer fully submersed in liquid nitrogen.
The extensometer readout was used for constructing stress-strain
curves. Since the liquid nitrogen bath does not allow in-situ DIC,
DIC was performed ex-situ at room temperature. To this end,
multiple load increments were performed. Before deformation,
reference images were taken using an optical microscope with 10x
magnification, which corresponds to a spatial resolution of
0.44 pm x 0.44 pm/pixel. To enlarge the effective field of view, 15
images were captured over an area of 3 mm x 1 mm. At the end of
each load increment, the sample was removed from the load frame
and the images of the deformed state were taken in the exactly
same fashion. The correlation of each pair of reference and
deformed images was performed using the commercial Vic-2d
software with a subset size of (35 pixel x 35 pixel). The results
were then stitched together as described previously [41]. It is
important to note that the flatness of the sample surface can no
longer be sustained after severe deformation, which can lead to
substantial difficulties in taking focused DIC images under the op-
tical microscope. Therefore, it is necessary to re-establish a flat
surface via polishing after each load increment. For this reason, the
DIC strain contours depicted in this paper do not necessarily
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Table 2

Designations of all 12 slip systems in an FCC crystal. The Schmid factors correspond
to the exact loading orientation determined from EBSD. Systems activated are
highlighted.

No. Slip system Schmid factor (m)
<111>7 <100>¢ <122>7 <144>1

v (111)[011] 0.14 0.01 0.23 0.33
2 (1T1)[017] 0.05 0.01 0.03 0.05
3 (111)[107] 0.03 0.42 0.03 0.01
4 (111)[101] 0.28 0.42 0.13 0.12
5 (I11[101] 0.06 0.40 0.05 0.02
6’ (111)[101] 0.19 0.40 0.20 0.09
7 (111)[011] 0.33 0.41 0.43 0.43
8 (T11)[110] 0.36 0.01 0.40 0.44
9 (I11)[110] 0.08 0.41 0.27 0.32
10’ (111)[110] 0.24 0.41 0.09 0.08
1 (111)[170] 0.02 0.41 0.06 0.03
12 (111)[011] 0.17 0.01 0.14 0.06

represent the overall accumulated strain, but the strain accumu-
lation within the corresponding load increment.

To permit an effective discussion the 12 twin and 12 slip systems
for FCC were labeled according to Tables 1 and 2. The corresponding
Schmid factors (m) are based on the crystal orientations measured
by EBSD. The exact crystallographic orientations were identified as
[0.9998 -0.0204 -0.0012], [0.5791 0.4640 -0.6703], [-0.6276 -0.1763
0.6527] and [0.7081 0.2991 -0.6397], which are denoted as <001 >,
<111>7, <144>T1 and <122>7 throughout the remainder of this pa-
per. We observed that the deformation is characterized by twin-
twin interactions in <001>¢ and <111>t cases and by slip-twin/
twin-slip interactions in <122>t and <144>t cases.

Lamella for transmission electron microscopy (TEM) were
extracted from strained samples perpendicular to the loading di-
rection and thinned by focused ion beam with a FEI Helios 600i
DualBeam. A JEOL 2010 LaBg TEM was used to identify active slip
and twin systems and to image dislocations and twins. The acti-
vated slip and twin systems identified on the basis of DIC trace

Fig. 2. EBSD orientation maps of single crystals oriented strained in tension to ~11%
along (a) <122>t and (b) <144>t.

analysis, EBSD and TEM are highlighted in the tables. We like to
point out that most slip in FeMnNiCoCr occurs by glide of full dis-
locations, as illustrated by Burgers vector analysis using TEM
(Fig. A1(a) in the Appendix) and TEM images of deformed micro-
structures in other studies [19,20,42]. Accordingly, the slip Schmid
factors in Table 2 are those for full FCC dislocations.

3. Experimental results

3.1. Stress-strain responses

Fig. 1 illustrates the mechanical responses (up to ~11% of strain)
of the chosen single crystals deformed at 77 K with the ex-situ DIC
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Fig. 1. The mechanical responses of single crystals oriented along <001>¢ <111>1, <122>t and <144>t together with select DIC strain contours. Error bars for the <144> case

demonstrate the reproducibility of the softening behavior.
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Fig. 3. Full-field (3 mm x 10 mm) strain contours at different axial strain intervals. The
images illustrate the spatial strain distribution for (a) the <144> case from 0 to 3%
strain, (b) the <144>t case from 8 to 10% strain and (c) the <111> case from 8 to 10%
strain.
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strain contours showcased for each loading orientation. The local-
ized DIC bands correspond to twin or slip systems which were
identified via trace analysis. For example, in the <144>t case, the
localized strain bands match with the intersections of the (111) and
(111) planes with the sample surface. Then, due to their high
Schmid factors, the activated systems were identified as (111)[011]
(slip 1/, m=0.33) and (111)[121] (twin 7, m = 0.49). In the <122>T
case, deformation was accommodated by a single slip system (slip
7', m = 0.40) at small strains and the nucleation of a secondary twin
system (twin 5, m = 0.30) ensued at higher strains. When consid-
ering the <111>7 single crystal, it is evident that a primary twin
system (twin 7, m=0.40) became active at the early stage of
deformation followed by a secondary twin system triggered at ~ 8%
of axial strain (twin 10, m = 0.30). For <001>¢ three twin systems
were found to become active almost simultaneously due to their
similar Schmid factors (twin 8, m = 0.47; twin 9, m = 0.47; twin 11,
m = 0.48). The twin systems observed were further corroborated by
additional EBSD and TEM analysis in each case, which is an
important step for the hardening analysis. We show the EBSD
orientation maps for the <122>t and <144>1 cases in Fig. 2 to
justify our observation.

From Fig. 1, the twin nucleation stress, determined with 0.1%
offset, is 410 + 10 MPa in the <111>t case and 420 + 10 MPa in the
<001>¢ case, which correspond to critical resolved shear stresses
(CRSS) of 164 +4 MPa and 197 +5 MPa. The resultant averaged CRSS
for twinning is approximately 180 MPa, in agreement with theory
[43]. Similarly, the slip nucleation stress, determined with 0.1%
offset, is 380 + 10 MPa and 350 + 10 MPa in the <122>tcase and the
<144>t case, respectively. The associated CRSS for slip 7 and slip 1/
is 163.4 + 4 MPa and 154 + 4 MPa, which gives an averaged value of
approximately 159 MPa in very good agreement with previously

101

001

Fig. 4. Evolution of loading direction for each crystal orientation from 0% to ~10% axial
strain.

reported values [21].

It is evident from Fig. 1 that the strain hardening slope, do/de,
associated with twin-twin interaction is significantly higher than
that for slip-twin/twin-slip interaction. For example, when a single
crystal is strained along <001>c, do/de can reach an order of ~3 GPa
as shown in Fig. 1. This value exceeds the hardening slope of slip-
twin/twin-slip interactions for <122>t (~0.5GPa) and <144>t
cases (~-0.62 GPa) by far. In particular the <144>t case shows an
unusual strain softening response. This softening behavior was
validated with multiple experiments as the error bars in Fig. 1
demonstrate. A plausible explanation for the unusual stress-strain
response are residual dislocations (b") left behind at interactions
sites on twin boundaries, which we will discuss later on (Section
5.2). The residuals modify the twin migration energy barrier which
results in raising the twin stress in some cases and lowering it in
others. At the outset, we should point out that twin-twin in-
teractions result in rather long residual Burgers vectors which
translate into considerable strain hardening, while under slip-twin
interactions the residual Burgers vectors are much shorter. We will
elaborate on this result in the next section.

Furthermore, upon examination of the full field DIC strain
contours we discovered pronounced differences in strain localiza-
tion for the <144>7 case compared to the others (the <111>t
loading case is shown here). Fig. 3 illustrates the strain contour over
the entire gauge section for the <144>t and <111>t loading cases.
Note that with the migration of the twin from low to high strain
level, the strain localization moves from the bottom to the top of
the sample in the <144>t case. Such behavior can also be related to
the unusual strain softening behavior associated with the <144>t
case.

Fig. 4 illustrates the change of loading direction for each of the
four single crystal orientations upon deformation to an axial
strain of 10%. The Schmid factors for the activated systems were
re-established based on the updated crystal orientations and the
results are tabulated in Table 3. Note that comparing the Schmid
factors at ~10% of strain to those of the pristine crystals (Tables 1
and 2) evidences rather small differences. Also, we emphasize
that the exact orientations measured by EBSD were used in
Schmid factor calculations (initial vs. strained) but for simplicity
we designate them nominally as <001>¢, <111>t1 <122>t and
<144>T.



396 M. Bonisch et al. / Acta Materialia 153 (2018) 391—403

Table 3
The updated Schmid factors for the activated systems based on the loading orien-
tations at ~10% axial strain.

Nominal orientation Activated systems Schmid factor at ~10% strain

<001>¢ Twin 8 0.47
Twin 9 0.44
Twin 11 0.47
<111>7 Twin 7 0.36
Twin 10 0.34
<122>1 Slip 7/ 0.41
Twin 5 0.29
<144>1 Slip 1 0.34
Twin 7 0.49

3.2. Examination of residual Burgers vectors

We calculated the magnitudes }Qr} of the residual Burgers vec-
tors generated at the twin boundaries for possible interactions
between the observed active slip and twin systems; Table 4 pro-
vides a summary. At the outset, we should point out that twin-twin
interactions result in rather high residual Burgers which translate
to considerable strain hardening, while under slip-twin in-
teractions the residual Burgers vector magnitudes are much lower.
These residuals represent debris left behind at the interaction site
inasmuch they are incoming dislocation components unable to
transfer across the boundary or glide away from the interaction site.
Only the most plausible reactions resulting in low }Qr} [44] and
minimal line energy (estimated by Frank's criterion [45]) are
included in Table 4. |b"| of the twin-twin interactions ranges from
0.59a to 1.22a, where a is the lattice constant of FeMnNiCoCr. It is
evident that the |b'| values of twin-twin cases are higher than that
of slip-twin cases (0.47a). Comparing |b"| with the attendant
hardening reveals a clear correlation of the residual's length with
the degree of hardening (that is to say do/de) observed in the
uniaxial experiments (see also Section 3.6). The calculation of |b'|
produced from twin-twin and slip twin interactions is showcased
below.

More details on the calculation of |b"| for twin-twin interaction
can be found elsewhere [42]. For a crystal loaded along <001>, the
activated twinning systems are identified as (111)[211] and
(111)[211]. The former is denoted as Twin 9 and the latter Twin 11
as shown in Table 4. The calculation of the residual Burgers vector
needs to be carried out in the same coordinate frame and the cor-
responding coordinate transformation can be expressed as the
following:
ars a .=
6[211]T1ﬁﬁ[255]rg 2)

Based on earlier analysis [46], the generation of a full step on the
barrier twin boundary requires the incorporation of triplets of
incident twinning dislocations. Therefore, the reaction between
Twin 9 and Twin 11 in an incorporation scenario can be written as

Table 4

Equation (3) and the corresponding |b'| is 0.94a.

ar.— a .= 1r.=
3x 5 [211) » 5 [255] + 5822 3)
incident barrier residual

For a <122>7 oriented crystal deformed in tension, (111)[011]
slip and (111)[121] twin modes are active (as demonstrated in
Fig. 1) and the [011] dislocations will inevitably interact with the
twins boundaries. First, the full dislocation would dissociate into
two Shockley partials as follows,
2[o11] - £[121] + g[112]

full leading trailing

(4)

Then, upon interaction, the incident leading dislocation is
incorporated into the existing twin forming a twin partial on the
boundary and a residual dislocation. The reaction can be summa-
rized as follows:

g[121] - £[121] + 5[107] )
leading twin partial residual

In this case, no transmission occurs as the residual dislocation,

£[101], remains sessile with no further dissociation. The magnitude
of the residual Burgers vector is 0.47a. Further interaction between
the trailing dislocation and this residual dislocation can lead to
different scenarios [5,6]. However, the ensuing magnitude of the
residual dislocation and line energy of the reaction products in-
crease in this process rendering the reaction of the trailing less
plausible compared to Equation (5). For a single crystal oriented in
<144>t crystallographic direction a similar reaction occurs, albeit
with different signs, and the same residual ensues.

3.3. Twin-related interactions studied by TEM

We further illustrate the characteristics of the 3 interaction
modes evidenced by DIC (twin-slip, slip-twin and twin-twin) by
TEM, as shown in Fig. 5. Twins interacting with primary slip (twin-
slip, Fig. 5(a)) shear the pre-existing slip bands resulting in kinked
slip bands. Because of the absence of barrier interfaces no residual
dislocations are formed in this process. Limited hardening may still
entail due to the primary dislocations hindering the twin front (or
boundary) to advance freely. On the other hand, twins approaching
other non co-planar twins (twin-twin, Fig. 5(b)) may get arrested at
the barrier interface. As demonstrated in previous studies [3,5] the
incoming twinning dislocations may transfer into the barrier twin
system, leaving behind residual dislocations. Thus, plasticity is
effectively conveyed to the barrier (secondary) system.

Aside from forming barriers, twin boundaries may act as
favorable nucleation sites for dislocations and secondary twins
[13,47]. Their potency for diverting (and thereby delocalizing)

Magnitudes of the residual Burgers vectors |Qr| for the observed slip-twin and twin-twin interactions depending on the loading orientation. a is the lattice constant of

FeMnNiCoCr.

Loading direction Incoming system

Barrier system Residual Burgers vector (| Qr\)

<144>1 Slip 1
<122>7 Slip 7/
<111>7 Twin 7
<001>c¢ Twin 9
Twin 9

Twin 8

Twin 7 0.47a
Twin 5 0.47a
Twin 10 0.70a
Twin 8 0.59a
Twin 11 0.94a
Twin 11 1.22a
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Fig. 5. Examples for twin-related interactions in FeMnNiCoCr observed by TEM illustrating (a) twin-slip, (b) twin-twin and (c,d) slip-twin mechanisms. Arrows in the close-up view
in (c) indicate the assumed direction of lattice dislocation motion. (d) Several interlocked stacking faults are marked and the dark-field image shows the resulting chevron fringe
pattern in detail. The traces of primary and secondary twin/slip system are indicated in the inset.

plasticity is thus two-fold. Yet, while central to their role as barriers
are residual dislocations and the attendant hardening, when acting
as nucleation sites their initial role is to simply promote plasticity
by delocalizing it. Hardening will then still occur when the primary
twin remains active and transfers following twinning dislocations
onto the nucleated system.

Transfer of slip may occur in a similar manner when lattice
dislocations impinge on a barrier twin boundary. Fig. 5(c) and (d)
demonstrate examples of slip interacting with twin boundaries
(slip-twin). For the most part, the lattice dislocations contributing
to slip such as those in Fig. 5(c) exhibit full character as demon-
strated by the Burger vector analysis in Fig. A1(a) in the appendix.
However, due to the low stacking fault energy of FeMnNiCoCr [18]
extended dislocations giving rise to stacking fault ribbons were
observed, too, yet at a much lower rate than undissociated (full)
dislocations. Faults occurred both on planes belonging to primary
and secondary systems and we observed cases where their inter-
action led to chevron-type patterns, as shown in the magnified
dark-field view in Fig. 5(d). These features resemble a series of
Lomer-Cottrell locks where at each apex a sessile, locking disloca-
tion holds the stacking fault ribbons extending from it in place.

The nature of the stacking faults was determined as intrinsic as
revealed in Fig. A1(b). The presence of intrinsic stacking faults,
which can be considered as precursors to twins, attests to the
increased twin propensity of FeMnCoCrNi at low temperature. Still,

it is important to point out that lattice dislocations observed are
overwhelmingly full dislocations.

3.4. Determination of strain hardening coefficients (h;;)

In this section, we demonstrate the calculation procedure for the
latent and associated self hardening moduli for slip-twin/twin-slip
interactions on the basis of the <144> case. For this orientation
interaction between slip system 1’ and twin system 7 is evident
(Figs. 1-3) and the governing Equation (1) can be modified into

drt = 5 (1 - F5)dysy + h§vdffey™ (6a)
drgit = ROV (1 - f7“~) dyS, + h§y vyt (6b)

After integrating from A to A’ (marked in Fig. 1), Equations (6a)
and (6b) can be modified as the following,

ma, v A

1T A 1 7
drit = b3 (1) / dys, + By / am  (7a)

m, oa "//:, f7A
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Table 5
A summary of the strain hardening coefficients determined from the experimental
data.

Twin-Twin hj; (MPa) Experiment
h.;e7!f—tw 150 <111>7
hiy—tw ptw. tw 1100
oo™ (hig7™) 350
hEW o (Rt tw) 750 <001>c
hgtr™ (hife™) 335
hi—tw (b —tw) 210
Slip-Twin/Twin-Slip
pself s 19 <122>1
77
hstw 55
hg=s 42
hSIT;W -90 <144>1
hoy—s -25
me, 7y i
crit tw—s A s w—tw , tw tw

drst = s (1) / dys, + hw-owy /df7 (7b)

o " p

1

In the present context we take the hardening moduli hi7}; and
hi%=% as the self hardening due to isolated slip and twinning,
respectively, to facilitate solving for the twin-slip/slip-twin moduli.

Note that the self hardening of isolated twinning and slip can be
calculated using the strain hardening slopes, i.e. dr/dy = m2da/de,
at the early stage of deformation in the <111>t and <122> cases,

respectively. The volume fraction of twinning at Point A/, ;*’, is
approximated as 3.6% from the DIC strain contour. A sufficiently
accurate estimate of the twin volume fraction is the areal fraction of
the strain bands corresponding to twinning over the entire gauge
section (see Fig. 3(a)). The shear strain of slip, v§, = 5.4%, is given by
the mean strain in the untwinned volume determined from the DIC
strain contour. o4 and ¢, are extracted from the stress-strain curve
of the <144>t case (Fig. 1) as 350 MPa and 340 MPa, respectively.
Solving Equations (7a) and (7b) with these parameters, we obtain
hi7% as —90MPa and hi{~* as —15MPa. Following the same
method, we calculated the hardening moduli corresponding to the
twin-twin cases. The detailed calculation procedure has been
demonstrated elsewhere [42]. The resulting h; values from
different interactions are listed in Table 5. It is important to note

that h5J/~"and h3%Y~* denote the self hardening due to an isolated
twin and an isolate slip system. In the case of twinning, we found
that h;‘;’f ~ s significantly smaller than the self-hardening moduli,
hi%w-wand h{¥; %, when both primary and latent systems are pre-

sent. Under the same scenario, it is also evident that the latent
hardening moduli are smaller than the self hardening moduli.

3.5. Prediction of the flow stress based on the calculated coefficients
at different strain levels

Depending on the specific twin or slip system, the corre-
sponding modified flow stress due to twin-twin and slip-twin/
twin-slip interactions at certain shear strain level can be pre-
dicted as follows,

2.2 . . : . .
O Prediction (this study) Vs

® 2 o Experiments . i
i i Twin-Twin ~ ,*
= 18] S :
; 'l 'Y () 10%
316} ?_'/ —J -
E o8 '4‘:I-
t E d - A
o 4 Slip-Twin .’ _ael
N -~ o
E g»/:"/ hardening
o 1r == 1
2 § softening

0.8 <144>; <111>; <001> -

0.4 0.5 0.6 0.7 0.8 0.9
Residual dislocation (|b']/a)

Fig. 6. The normalized flow stress as a function of residual dislocation magnitude for
each crystal orientation, where slip-twin interactions are observed for <144>t and
<122>7 cases and twin-twin interactions for <111>t and <001>c cases. The dashed
lines are guides for the eye.

TV = pNw el tw NP piwtvytw | N pleesys - (8a)
j k

=1 LR S RSy 4+ RSy (8b)
i k

where T?’*t""is the critical resolved shear stress of twinning, and

Tf.\’*s is the critical resolved shear stress of slip. Using the experi-
mentally determined strain hardening coefficients, we calculate the
modified flow stress for a specific slip or twin system based on
Equations (8a) and (8b) at different shear strains, i.e. YW = v5 ~ 5%
and Yy = y5 ~ 10%. In the <111>1 and <001>¢ cases, the plastic
deformation is predominately accommodated by twin activities.
Therefore, the predicted flow stress for the i-th twin system is
carried out without considering the contribution of twin-slip
interaction, i.e. the fourth term in Equation (8a) is omitted. Simi-
larly, the contribution of slip-slip interaction, i.e. the third term in
Equation 8b, is omitted in the <144>7 and <122>t case due to the
dominant slip-twin interaction. Fig. 6 illustrates the variation of the
normalized flow stress, rW/7N-"or 7$/7N=S, for each crystal
orientation as a function of the corresponding residual Burgers
vector. It is important to note that the normalized flow stress tends
to increase with increasing }Qr} (see Section 4.2 for further discus-
sion) and the agreement between predictions and experimental
results is very good at both strain levels. The simultaneous nucle-
ation of three twin systems in the <001>¢ case leads to three pairs
of mutual interactions. Therefore, the residual Burgers vector in
Fig. 6 for the <001>( case is an averaged value of the \Qr\ listed in
Table 4. Similarly, the corresponding normalized flow stress shown
in Fig. 6 for this case is an average of 7§¥/7§~™, 78V /7}~" and
T%V{/Tll\lf W _Following the same procedure, for slip-twin and twin-
slip interactions (<144>7t and <122>1) the normalized flow
stresses are calculated separately for the observed slip and twin
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o polycrystals [20] 4
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Fig. 7. (A) Increase of total dislocation density and (b) ratio of density on primary to secondary slip system depending on axial strain in FeMnNiCoCr at 77 K. The TEM image in (b)
shows an example for slip-slip interaction. SC stands for single crystal. Dashes indicate the linear approximations used to model the dislocation density in Section 4.3.

systems and the averaged values are presented in Fig. 6 against | br|.
4. Discussion

It has been shown that twinning can have both hardening and
softening effects on the stress-strain behavior [10,48,49]. Hard-
ening (as well as strengthening) related to twinning is caused by
both a reduction of the mean free distance for dislocations travel-
ling through the parent crystal (dynamic Hall-Petch behavior) as
well as the conversion of former glissile dislocations into sessiles by
the twinning shear (Basinski mechanism [47]). On the other hand,
the detailed mechanisms leading to softening upon deformation
twinning have not been unanimously resolved, especially in light of
the present findings as laid out below.

4.1. Critical twin stress

The stress-strain response of the <144>t oriented single crystal
showed a decrease in the stress with an increment of strain up to
approximately 10% axial strain. Hitherto, twinning-induced strain
softening has been attributed generally to the lattice reorientation
by the twinning shear [48,49]. Lattice reorientation produces
favorable (i.e. high) SFs on slip systems inside the twinned volumes,
which in the formerly untwinned state were oriented unfavourably
(i.e. exhibited low SFs). This type of twin-related geometric soft-
ening has been observed at high strains >10% in hcp alloys and
metals. Important to note is that despite geometric softening the
overall net stress-strain slope recorded in these cases has been
positive, thus albeit at a lower rate hardening persisted when
geometric softening was present. The underlying reason is the
dominance of hardening effects (dynamic Hall-Petch and Basinski
hardening) surpassing softening in those cases.

By contrast, softening for the <144>t orientation in the present
study (Fig. 1) dominates, i.e. surpasses hardening, and occurs at
very low axial plastic strain (<0.2%) immediately after yielding to
~10% axial strain. These observations suggest a mechanism
different from geometric softening engenders the experimentally
observed gradual stress decrease for <144>t. This idea is further
confirmed by the small orientation changes evidenced by EBSD.

Net softening is commonly observed at the yield point in BCC
alloys and metals containing interstitial impurities and manifests as
a distinct sudden load drop giving rise to discontinuous yielding.
Softening in these systems arises from the combined effect of
dislocation unpinning, rapid dislocation multiplication and the
stress dependence of the dislocation velocity [50]. This mechanism

1r 3 |
k2 %
2808} *._ <1M1>;
= 06 "v--,.--s..g,--»;---’-00--0—0-1- o |
0 2 4 6 . 8 10
(b) Axial Strain (o/o)
187 |
?
H T17F weveseeo-eo-0e-v-e--evee--ve-o-o |
= 16t <144>;
0 2 4 6 8 10
(©) Axial Strain (%)
0.7t |
2,
c;l_i' 06 00000 O -0-00--0-0--0-0-0--0-0--0 |
0.5+t <144>-|-

0 2 4 6 8 10
Axial Strain (%)

Fig. 8. LHR for different deformation mechanisms: (a) twin-twin interaction observed
in <111>t case, (b) twin-slip interaction observed in <144>t case and (c) slip-twin
interaction observed in <144>t case. * Note that the axial strain presented for the
twin-twin case in <111>t is offset by ~9% of strain which is mainly accommodated by
the primary twin system prior to activation of the second twin system. Dashes show
the overall trends.

can result in serrated yielding (Portevin-le Chatelier effect) in both
BCC and FCC materials, however in a less distinctive manner in FCC
than in BCC [51].

Phenomenologically similar to the Portevin-le Chatelier effect
though based on a physically different mechanism, serrated
yielding of FCC materials at low temperature can be caused by the
destabilization and breakdown of Lomer-Cottrell locks at the tips of
edge dislocations pile-ups, a behavior which is closely related to the
reduced mobility of screw dislocations at low temperature [52].

While the above examples give rise to net load drops, disloca-
tion activity, their multiplication and interaction in the absence of
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twinning leads generally to hardening when the overall forest
dislocation density psq increases as described by Taylor's empir-
ical relation [53,54].

™ =™+ auby o (9)

where u and « are the shear modulus and a dimensionless positive
material constant, respectively. As plastic strain via slip accumu-
lates dislocations multiply and p¢o¢q increases. FeMnNiCoCr follows
this trend as demonstrated in Fig. 7(a). The dislocation density
labeled ‘this study’ was estimated from TEM images of the available
single crystal orientations in the present and our previous work
[42]. Likewise, the total dislocation density for <144>t grows with
applied strain, yet, despite accruing dislocations <144>t displays
net flow softening <10% axial strain. While their overall density
increases, the ratio of dislocations on the primary vs. the secondary
slip system stays roughly constant as illustrated in Fig. 7(b).

The present results demonstrate a phenomenon clearly
different from slip based softening (discontinuous and serrated
yielding) as evidenced by the absence of an abrupt load drop which
is instead replaced by continuous softening over several % strain.
Furthermore, the twin related softening mechanism for <144>t
incontrovertibly dominates the stress response surpassing the sum
of Taylor hardening (Equation (9)) and twin-slip/slip-twin latent
hardening.

The observation of the twin migration stress in <144>1 point to
two important findings. First, the twin migration stress can be less
than the twin nucleation stress despite slip interacting with the
twin boundaries, which is manifested by the continuous load
decrease. Second, at high strains (stresses) when twin-twin in-

complex processes governed by numerous factors across all length
scales, from the macroscopic stress state to the boundary geometry
to subatomic energy landscapes. However, pre-eminent is the role
taken by the residual dislocations b" created during the reaction at
the point of interaction and the importance of b for the hardening
characteristics of interfaces impeding slip has been unanimously
illustrated [5,6,24].

In the current work it was possible to deduce the strong influ-
ence of b’ from experiments. As shown in Section 3.3, steeper
hardening is associated with larger |Qr| and, therefore, slip-twin
interactions, which in general produce relatively smaller |b"| than
twin-twin interactions, lead to weaker hardening than twin-twin
mechanisms. Consequently, for sufficiently small |b"| zero hard-
ening or even net softening may entail as exhibited in the <144>1
experiment.

4.3. The form of the hardening law and latent hardening ratio

It is important to note that the strengthening of a material due
to slip and twin can also be related to its dislocation density (Tay-
lor's classical relation [53]) and twin volume fraction (Remy's
model [16]), respectively. The mathematical form for the stress
increase combining different hardening mechanisms, in particular
for slip-slip interactions, has been debated [35, 60, 61]. Franciosi
et al. [34] verified that the use of a quadratic (vs. a linear) relation
results in better agreement with the experimental latent hardening
results. Therefore, we propose a similar procedure where the
squares of each contribution to the flow stress are added up.
Consequently, the hardening on the system j can be expressed as

A7, — b ¢; (aﬁ:s)zpk +; (w5 fk)2 +; (a]tlgv-s)zpk +IZ (a]t.;yfrwfk)z (10)

teractions are expected to dominate, the twin migration stress is
elevated. This is evident in the <111>t and <001>¢ compression
experiments. Since the mechanical response at large strains is
dictated by such interactions, the overall deformation response
may not conform to Schmid's law after all. This departure from
Schmid's law has consequences for the formulation of flow criteria
and the flow rule for FCC alloys. Any successful theory for the work-
hardening of FCC alloys will have to accurately incorporate the
hardening and softening contributions from individual interactions
between slip and twin systems.

Another aspect worth recalling is the stronger strain localization
for <144>1 than for other orientations (Fig. 3). Pronounced strain
localization is invariably connected to low hardening or softening
(e.g. Liders bands in crystalline materials, necking, shear bands in
metallic glasses) and the present observations agree with this notion.

4.2. The role of residual dislocations

Several papers [6,22,25,55—57] have been devoted to reactions
and possible outcomes of dislocations interacting with different
types of twin/grain boundaries utilizing experimental methods and
atomistic simulations. On experimental grounds three conditions
have been proposed to explain the tendency for a dislocation to
transmit across a grain boundary [44,58]. The entirety of these
studies demonstrate that dislocation-interface reactions are highly

where u is the elastic shear modulus, b is the magnitude of the
Burgers vector, py is the dislocation density on system k, and aj
define the interaction strength between two deformation systems.
For pairs of slip systems aj,:s ranging from 0.04 to 0.72 were re-

ported [62, 63] but values for twin-related interactions are vague
[16]. @ ™ and @’ are the products of the Schmid factor ()

and the interaction coefficients (aj,;f‘”and aj?,t"*f"" ). The superscript

‘2’ in Equation (10) indicates squares of matrix elements (i.e. of
scalar quantities). f}, can be written as (2t,<)‘1]{—kﬁ [16], where ¢ty is

the twin thickness and f, is the twin volume fraction. Note that t, fi
and p, are based on the present experiments at different strain
levels and are found to evolve almost linearly with axial strain
between 0% and 10% (as e.g. indicated for py, in Fig. 7(a)).

Direct application of Equation (10) to predict the change of flow
stress accurately can be rather difficult as the determination of the
interaction coefficients can be very intricate in cases where mul-
tiple systems are active. Nevertheless, it allows us obtaining esti-
mates for the latent hardening ratio (LHR), which can give
important insight into the evolution of the ratio between hj, (k+j )
and hy,, as a function of strain. Based on the LHR for the slip-slip
case Ljs.lfs (Equation (11) [34]), we extend this concept to twin-

related interactions. In this manner, the LHR for slip-twin (Lj?,f“”),
o twe . o w—tw
twin-slip (Lﬁ $) and twin-twin (Lﬁ ) cases can be presented as
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Fig. 8 illustrates the evolution of the corresponding LHR for
twin-twin, twin-slip, and slip-twin interactions with axial strain
(0%—10%) using Equations (12)—(14), respectively. To facilitate the
calculation, the interaction coefficients, aj, are approximated by
the hardening moduli, hy, listed in Table 5. Note that the LHR in the
case of twin-twin first decreases with increasing strain and even-
tually saturates at a value of ~0.6, while the variation with strain for
slip-twin and twin-slip is negligible, that is to say they are constant
at ~0.59 and ~1.7, respectively. The fact that the LHR in the twin-
twin case becomes 0.6 after 3% strain implies that the latent
hardening is smaller than self hardening. This result is consistent
with the moduli presented in Table 5 and Wu et al. [29]. In the case
of slip-slip interaction, the ratio between the dislocation density on
the primary system (p, ) to that on the secondary system (p;) is
approximately constant at ~2.8, as shown in Fig. 7(b). The corre-
sponding slip-slip LHR is ~0.65 according to Equation (11).

To demonstrate the calculation the slip-twin interaction for the
case of <144>r is utilized. In this case, the interaction between slip
system 1’ and twin system 7 was revealed (see Fig. 1). Therefore,
Equation (12) can be further simplified to

|: <a§ 71'W) f2 * < Sdf ) :|]/2 (15)

5+ tw __ 5
() e (o)

17

We like to point out that Equation (15) implies that the change

of the slip-twin LHR is strongly affected by the variation of f; /Py
with strain. However, such variation is rather small in <144>1
resulting in a constant LHR (Fig. 8(c)).

5. Conclusions
The most important outcomes of this study are:

(i) Twin-twin interactions impart higher hardening levels than
slip-twin and twin-slip interactions. While slip-twin and
twin-slip interaction are associated with low hardening or
even softening, twin—twin interactions give rise to pro-
nounced hardening. The degree of hardening is reflected in
the attendant hardening moduli, which take both negative
and positive values for slip-twin and twin-slip, but more
than 10 times larger positive values for twin-twin.

(ii) The magnitude |b"| of residual Burgers vectors for slip-twin
and twin-twin interactions are indicative for the expected
level of hardening. Higher |b"| are associated with stronger
hardening while limited hardening observed for small |b"|
can lead to net softening.

(iii) Transmission electron microscopy (TEM) supports the
occurrence of twin-slip/slip-twin and twin-twin interactions
in the single crystals studied in uniaxial experiments. Aside
from partial dislocations separated by intrinsic stacking
faults, a large part of lattice dislocations are full dislocations
of type § <011>.

(iv) The increase in flow stress beyond the yield point can be
accurately predicted by a mesoscale formulation incorpo-
rating hardening by slip-slip, slip-twin, twin-slip and twin-
twin interactions. Future polycrystal hardening laws will
benefit from including these contributions into their
framework.
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Appendix A

Fig. A1(a) illustrates a Burgers vector analysis for a set of
lattice dislocations on (111) in front of a (111) twin boundary
using the g.b = 0 invisibility criterion [59]. Prior identification of
the slip plane reduces the number of candidate Burgers vectors
to 3 full dislocations and partials each. The images shown were
recorded in two-beam bright-field condition with 3 different g
(022) invisibility occurs and, thus, the investi-
gated dislocations are full dislocations with Burgers vector b =
+[011]. The character of the full dislocations in Fig. Al(a) is
further corroborated by the absence of stacking faults in their
vicinity. In addition to full dislocations, the presence of partials is
inferred from occasional stacking faults such as in Fig. A1(b). The

variation of its fringe contrast in the g = (220) bright-field dark-
field image pair reveals its nature (intrinsic vs. extrinsic) as
intrinsic [59].

vectors. For g =
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Fig. Al. (a) Burgers vector analysis of full lattice dislocations ahead of a (111) twin boundary by two-beam bright-field images. The black arrow indicates the assumed direction of
movement. (b) Bright-field dark-field pair of an intrinsic stacking fault. The imaging reflection is indicated in each panel.
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