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ABSTRACT

The reversible behaviour of metals at low applied stresses is more complex than the generally assumed
linear behaviour. This is primarily because of the reversible nature of dislocation motion leading to a
strain contribution known as anelasticity. This work aims to investigate (a) quantification of dislocation
structures in industrial grade stainless steels, (b) unloading behaviour, and (c) the fundamentals of re-
versible and mechanical behaviour occurring below the yield stress. Mechanical testing of martensitic
stainless steel (Stavax ESR) was performed in two different modes: incremental plastic deformation and
cyclic loading-unloading below the yield stress with a focus on the measurement of small strains and
corresponding stresses, occurring in the pre-yield regime. The non-linear reversible behaviour was quan-
titatively analysed, as opposed to the common approximation of an empirical determination of apparent
Young's modulus. The recently proposed pre-yield model has been refined and, for the first time, suc-
cessfully applied to a complex microstructure such as stainless steel. The quantification of dislocation
structure parameters is shown to be an efficient alternative to the conventional experimental methods
of quantifying dislocation structure. Further, a unique representation and quantification of the unloading
and hysteresis behaviour provides more insight into the material behaviour. Lastly, the little studied mi-
croplasticity occurring below the yield stress upon cyclic loading-unloading was determined. Importantly,
the physical basis of the model will allow quantification of plastic deformations in the pre-yield region,
large enough to be significant in industrial processes.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Industrial high-tech equipment such as fine positioning stages,
lithographic equipment, robotic arms, and surgical tools require
high positioning precision ranging from micrometre to sub-
nanometre magnitude [1,2]. The loads applied on the material are
low and the deformation is in principle reversible. To conform to
the precision standards in the design and manufacture of struc-
tures for such applications, it is crucial to understand and predict
stress-strain behaviour at stresses below the yield stress, i.e., in the
pre-yield regime.

Dislocations are defects present in any metal with densities
in the range of 10'"-10> m~2 [3]. Movement of these disloca-
tions within a material enables plastic deformation at higher loads,
but also affects the mechanical behaviour at lower loads. It has
been seen experimentally that metals show a nonlinear loading be-
haviour deviating from Hooke’s Law in the pre-yield regime [4-6].
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This is due to the short-range movement of dislocation segments
leading to anelasticity [6-9]. The dislocation segments which are
impeded by pinning points bow out, causing a strain component
that is additional to the elastic lattice strain. This, in turn, results
in the frequently observed reduction of the apparent Young’s mod-
ulus. In recent literature, this anelastic behaviour was studied in
various steels [6-8,10]. However, for martensitic stainless steels,
which are widely used in high-tech applications in components
involving flexure mechanisms for their high yield strengths, the
anelastic behaviour has not been studied before. A detailed study
into this anelastic behaviour in this steel is carried out in this work
for quantitative analysis of the dislocation structure and to under-
stand its correlation with mechanical behaviour.

Additionally, it has been seen experimentally that metals show
a nonlinear stress-strain relationship during unloading as well [10-
16]. The unloading behaviour of metals is of importance for spring-
back prediction. This behaviour changes after the metal is plas-
tically deformed [4,6,17,18]. This is caused by an extra reversible
strain occurring during loading and unloading along with the
purely elastic strain [19]. And, this phenomenon is due to short-
range reversible movement of the dislocation segments [7,8,20].

1359-6454/© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
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The dislocation segments which are impeded by the pinning points
or that are piled up before the grain boundaries, can move to a
new equilibrium upon the relaxation of the applied stress, con-
tributing to some extra microscopic strain during unloading.

Usually, dislocation density is measured using X-Ray Diffraction
(XRD) or Transmission Electron Microscopy (TEM). However, there
are certain drawbacks associated with the use of these methods.
The sample preparation for both TEM and XRD plastically deforms
the sample, thereby affecting the dislocation structure. TEM anal-
ysis requires time-consuming sample preparation, which induces
changes in internal stresses due to the limited thickness of the
sample, which is less than a few hundred nanometres [21,22]. As
a result, the 3D dislocation segment structure is distorted, and dis-
location segments may extend from the top to the bottom sur-
face of the sample. Furthermore, there is a risk of dislocations be-
ing omitted and/or not detected during the measurement. In XRD,
plastic deformation due to sample preparation translates into peak
broadening, which affects the dislocation density calculations [23].
In addition, no information on the dislocation segment length is
obtained. And, dislocation density measurements using XRD anal-
ysis require complex post-processing of data, which affects the
precision and accuracy of the measurements [24]. Furthermore, in
some steels, such as the martensitic stainless steels studied in this
work, internal stresses developed due to shear transformation from
austenite to martensite also contribute to peak widths. Therefore,
X-ray line profile analysis leads to inaccuracies in dislocation den-
sity measurements, and it is not a suitable method for characteriz-
ing dislocation density [25].

The research objective of this paper is to investigate the fun-
damentals of non-linear stress-strain mechanical behaviour below
the yield stress in industrial grade stainless steel. We perform me-
chanical testing in two kinds of cyclic loading modes: with incre-
mental plastic deformation and, at stresses below the yield stress
without plastic deformation. The first kind of test allows to analyse
the mechanical behaviour based on dislocation structure in steels
using quantitative models. The nonlinearity in the slope of the
stress-strain curve in the pre-yield region is quantitatively analysed
[4,7]. This analysis provides insight into the non-linear unloading
behaviour with varying plastic strain. The second kind of test pro-
vides insight into the micro-plasticity that occurs even at stresses
well below the yield stress upon cyclic loading-unloading.

First, we determine the range of yielding and dislocation struc-
ture parameters from extended Kocks-Mecking plots [7]. The dis-
location density measurement using the method described in this
paper is shown to be an efficient alternative to the conventional
XRD and TEM methods of quantifying dislocation structure. Sec-
ond, we analyse non-linear behaviour during unloading for differ-
ent degrees of plastic strain and, therefore, different dislocation
densities. And last, we represent and quantify microplasticity ob-
served below yield stress upon cyclic loading-unloading. The phys-
ical basis of the model is useful for predictive and quantitative
modelling of the behaviour on low stress loading of various metals.

2. Materials and methods
2.1. Materials

The material used for this study is medium carbon martensitic
stainless steel (Stavax ESR) with a sheet thickness of 2 mm. The
chemical composition of the steel is shown in Table 1. In this ex-
periment to characterise the microstructure of the material, Stavax
steel specimens were ground and polished down to 1 pum finish
using diamond suspension, ultrasonically cleaned with ethanol at
room temperature. Specimens were etched using Villella’s reagent
(1 g picric acid, 5 mL concentrated HCI, 100 mL ethanol) for 20 s
before proceeding to observe the microstructures by optical and
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Table 1

Chemical composition (in wt%) of the investigated Stavax stainless steel [26].
C Mn Si Cr \Y
0.38 0.5 0.9 13.6 0.3

A .
Inter-granular carbides
- ¢ ™

¥ B ¢ :
= 2
Intra-granular carbides

) AR A
B

10pm

Fig. 1. Scanning electron microscope (SEM) micrograph of Stavax steel showing a
tempered martensitic matrix with inter- and intra-granular carbides.

scanning electron microscopy. Fig, 1 refers to the microstructure of
martensite in Stavax steel. X-ray diffraction was performed to ob-
tain information on microstructural constituents such as carbides
and retained austenite. The microstructure of Stavax consists of a
tempered martensitic matrix with homogeneously distributed car-
bides along grain boundaries and within grains, as seen in Fig.1.
The fraction of these carbides, identified to be of the type My3Cg
both from Thermo-Calc software and X-ray diffraction measure-
ments, is around 3% by volume. The microstructure also contains
around 5% retained austenite by volume.

2.2. Mechanical testing

Tensile testing was carried out using a 25 kN MTS 858 tabletop
system equipped with MTS hydraulic collet grips (type 646) and
the MTS 609 alignment fixture. The collets grip through friction,
which ensures a consistent alignment without introducing plas-
ticity in the gripping section. Before testing, the load train was
aligned using a cylindrical strain-gauged specimen in combination
with an alignment fixture, resulting in bending strains below 20
microstrain. Elongation was measured by an MTS extensometer
(type 632.29F-30) with a 6 mm gauge length and a strain range
of + 4%. Four identical sub-size tensile specimens were machined
by electrical discharge machining for each kind of test. This tech-
nique was preferred to minimise specimen work hardening, waste,
and for its high accuracy. The flat dog bone tensile test specimens
illustrated in Fig. 2 (a) were dimensioned with a uniform length of
32 mm, a gauge length of 25 mm, and a width of 10 mm according
to the testing requirements of the ASTM E8 standard [27].

In Table 2, the mechanical test plan is provided for the mechan-
ical tests performed. The tensile tests were conducted at a constant
strain rate (from the extensometer channel) and at a sampling fre-
quency of 102 Hz. Further, the extensometer was calibrated, and
the system tuned for PID values for this steel before testing. In
post-yield cyclic testing, the sample is plastically deformed to 0.5%
strain and un-loaded and re-loaded to an additional plastic strain
of 0.5% for five consecutive cycles at a strain rate of 1*10~% s~1.
This test serves as the basis for testing the pre-yield model [7] ap-
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Dimensions (in mm)

G, Gauge length
W, Width

T, Thickness

R, Radius of fillet
L, Overall length

A, Length of reduced section
B, Length of grip section

C, Width of grip section
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Fixture
Sample
Extensometer

Fixture

Fig. 2. Schematic of a tensile test specimen (ASTM E8) and sample between grips in MTS 858 tabletop system.

Table 2
Mechanical test plan.

Test Method Control Strain rate (s—')
Post-yield Step 1: Pre-load to 8 MPa /100 N Force 1*10~4
cyclic testing Step 2: 5 cycles with 0.5% plastic Strain
strain increment in each cycle
Pre-yield Step 1: Pre-load to 8 MPa /100 N Force 2*10-°
cyclic testing Step 2: 10 cycles below the yield Strain

stress at two maximum load levels

plied to the pre-yield range in each loading cycle. In each cy-
cle of plastic deformation, the dislocation structure alters, and the
pre-yield model is applied to quantify the dislocation structure in
terms of the dislocation density and average segment length, as
outlined in Section 3.1. In pre-yield cyclic testing, the sample is
loaded to a certain stress level below the yield stress and un-
loaded to the initial pre-load of 8 MPa for five consecutive cycles.
The strain rate is low in the pre-yield cyclic testing (210> s~1)
to optimise the data acquisition at the same sampling frequency.
This test can provide insight into the hysteresis and reversibility of
strain behaviour before the onset of plastic deformation.

2.3. Theoretical background

Anelasticity, as it is known, has four definitions in literature.
One refers to the time-dependent recovery of elastic deformation,
and the second describes properties of solids, for which stress and
strain are not uniquely related, which makes this behaviour essen-
tially time-independent, given by Zener and Hollomon [19]. A third
definition recently proposed in Li and Wagoner describes it as a
mode of deformation that is recoverable and energy dissipative [6].
The fourth definition of anelasticity, which we adopt in this paper,
refers to the strain caused by the bowing of dislocations, as taking
place below the critical stress at which the dislocation segment be-
comes an activated Frank-Read source.

In the pre-yield regime, the stress-strain curve is usually pre-
sumed linearly elastic, following Hooke’s law, meaning that the
deformation in this regime is reversible and proportional to the
applied stress. This linear elastic behaviour is attributed to the
stretching of the interatomic bonds in the lattice. The deformation

Fig. 3. Dislocation segment with length L (dashed line) between two pinning points
bows out under an applied stress 7. The area A swept by the dislocation segment
is proportional to the anelastic shear strain. It is part of a circle with radius r and
subtended angle ¢.

in the pre-yield regime is in fact of a non-linear nature, since the
strain due to bowing out of dislocations also contributes to the de-
formation. This additional strain is referred to as anelastic defor-
mation in this paper (as seen in Fig. 3). Under increasing stress up
to the yield stress, the dislocations bow out to a critical configu-
ration and form loops, i.e., they act as dislocation sources under
the Frank-Read mechanism [28]. This leads to an increase in the
dislocation density and plastic strain. When a dislocation segment
of length L bows out such that r= %L with r the radius of cur-
vature, the Frank-Read source reaches its critical state (Fig. 3) and
r reaches a minimum value. Further, if the resolved shear stress
is increased above this critical stress, the dislocation segment be-
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comes unstable. The critical resolved shear stress (7.) of a Frank-
Read source is then given by,

T = %bandacz MTGb @))]
where, o, refers to the yield stress, G is the shear modulus, b is
the length of the Burgers vector and M is Taylor’s factor. Anelastic
strain, as it is defined here, is related to the dislocations’ subcrit-
ical bowing during loading below the yield stress (and mechani-
cally reversible bowing during unloading), which are assumed to
be time-independent at room temperature. Hence, the total true
strain in the pre-yield regime (&pre) can be expressed as,

Epre = Eq + Ee (2)

where, €, is the elastic true strain according to Hooke's law
(¢e = 0 /E) with o the applied stress and E the Young’s modulus
and, &, the anelastic true-strain contribution because of dislocation
movement [7,8]. Therefore, due to an extra strain component due
to the occurrence of anelastic strain, the instantaneous slope (6pre)
of the stress-strain graph in the pre-yield regime is not constant. It
is lower than Young's modulus (E), and decreases with increasing
applied strain, where o is the true stress:

do
O = (pr) oy 3)

van Liempt and Sietsma [7] introduced a model that describes the
stress-strain behaviour of a material in the pre-yield range based
on fundamental concepts of dislocation theory. It considers the
physical yield criterion of metal as the transition from reversible
dislocation bowing to dislocation multiplication. The activation of
Frank-Read sources is considered as the physical mechanism for
dislocation multiplication, which forms the onset of plastic defor-
mation in the physical yield criterion. This becomes apparent in
an extended Kocks-Mecking plot, where the slope (6), given by Eq.
(3), is plotted as a function of the applied tensile stress (o). An
expression for the strain is given as a function of the applied ten-
sile stress, considering the bow-out area as indicated in Fig. 3. This
expression upon differentiation and using the Taylor factor for con-
verting shear stress to tensile stress gives Oy, the pre-yield mod-
ulus as,

0 _ M2Es*J/1 —s2
7T M2 YT =52 + pL2(1 + v) (s — arcsin (s)v/T — $2)

where, s = 0 /o, = 0 L/MGb is the normalised tensile stress, v is the
Poisson’s ratio and p is the dislocation density. The bowing out
motion of dislocations occurs only for mobile dislocations, hence
p refers to mobile dislocation density throughout this study. Eq.
(4) shows that the pre-yield modulus is found to depend on the
applied stress and the dislocation structure. Therefore, the pre-
yield modulus is considered to characterise the non-linearity, as
observed in stress-strain behaviour, and can be used to quantify
the dislocation structure.

(4)

3. Results and discussion
3.1. Quantification of dislocation structure at increasing plastic strain

A tensile test performed with incremental plastic deformation
of 0.5% between each cycle for 5 cycles is shown in Fig. 4, which
forms the basis for the application of the pre-yield model and thus
characterisation of the dislocation structure in the material. The re-
sulting graph reveals a broadening of hysteresis loops with each
consecutive cycle, which will be discussed further in Section 3.2. In
order to analyse the anelastic behaviour, the instantaneous slope of
a true stress-true strain curve (i.e., 8 = do /de) is plotted in Fig. 5,
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Fig. 4. A representative true stress-true strain curve for Stavax steel with 0.5% in-
cremental plastic strain for five cycles.
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Fig. 5. Extended Kocks-Mecking plot (in blue) and a plot of slope of extended
Kocks-Mecking plot versus stress (in orange) for the first cycle. The latter plot is
divided into three regions A, B and C representing stages of pre-yielding and yield-
ing. oy is the stress at which yielding begins to occur and oy is defined as the
yield stress.

as a function of true stress, referred to as the extended Kocks-
Mecking plot [7,29]. For the calculation of the pre-yield modu-
lus for extended Kocks-Mecking plots, the true stress-true strain
data has been smoothened using a robust locally weighted lin-
ear regression. The span for smoothing is chosen to be 10% of
the total data points of around twelve thousand for each load-
ing cycle, which results in a strain resolution of 0.0001% in the
smoothed data. This limit is well within the acceptable strain res-
olution, which ensures a smooth curve without loss of accuracy.
This smoothing procedure becomes necessary as the outliers or
even small scatter in the raw data could otherwise lead to a large
scatter upon calculating the differential for the slope.

3.1.1. The extended Kocks-Mecking plot for a first loading situation
Fig. 5 shows the measured development of instantaneous slope
(0) as a function of the stress for the first loading cycle. At near
zero stress level, a pre-yield modulus (6re) of 210 GPa is found. At
rising stress levels, the pre-yield modulus gradually decreases, ob-
taining a value of 200 GPa at reaching a stress level of 1000 MPa in
the extended Kocks-Mecking plot. This gradual decrease of the pre-
yield modulus right from the start is related to the anelastic strain,
hypothesised to be associated with the progressing bowing out of
dislocations, as discussed before. Above a stress level of 1000 MPa,
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Fig. 6. Pre-yield model fitted to the extended Kocks-Mecking plot for all five loading curves up to oy (i.e., stress at the end of region A) for a representative sample. The fit
gives the parameters for dislocation structure, namely dislocation segment length and dislocation density.

the pre-yield modulus decreases more rapidly as expected based
on Eq. (4). A more moderate and transition to a linear hardening
rate is observed at around 1300 MPa and above. This signals the
onset of significant plastic deformation, also known as the stage
Il work hardening [29,30]. This transition, when distinctly present,
is defined as the yield stress oy as described in [7]. However, this
transition to yield stress from the pre-yield region is not sharp for
the material used in this paper (it is indicated as region B in Fig. 5)
and other materials [8].

Since a distribution of dislocation segment lengths is expected
in the material, Frank-Read sources will be activated at a range
of stress levels. Therefore, the wider the range of the segment
lengths, the less sharp the transition. This effect of gradual vari-
ation in slope becomes more apparent in the slope of the pre-
yield modulus, plotted against stress in Fig. 5. It is observed that
at around 1200 MPa, a sharp drop in the slope of extended Kocks-
Mecking plot reaches a minimum at oy after which the change
in slope increases again. From this graph, we can hypothesise that
the dislocation motion is no longer confined to bowing only; oy
represents the start of the yield region (region B), which covers a
certain stress range due to the distribution of dislocation segment
lengths. The dislocation segments which are longer in length, yield
or multiply at lower stresses than the shorter segments, giving rise
to plasticity (Eq. (1)). For better understanding, the plot is divided
into three regions. Region A refers to the stress until which the dis-
location structure remains constant, the pre-yield region. It ends at
the inflection point in 8y as a function of o, a phenomenon that
is not reflected by Eq. (4). Region B is referred to as the range of
stress where yielding initiates, and the dislocation structure starts
to change. Region C refers to conventional plasticity or stage III
work hardening. We define the stress at the transition A-B as the
yield start oy s and the transition B-C as the yield stress oy.

3.1.2. The effect of plasticity on extended Kocks-Mecking plots

In Fig. 6, the extended Kocks-Mecking plot for all five consec-
utive loading cycles for a representative sample is shown along
with the applied pre-yield model fits. The extended Kocks-Mecking
plot for the first cycle shows a more gradual transition to the yield
stress oy than the consecutive cycles. The transition to yield stress
becomes sharper, i.e., the width of region B decreases, with in-
creasing plastic deformation as seen in Fig. 6. Furthermore, the
slope change in the region A becomes steeper with increasing
plastic deformation for consecutive cycles. This gradual transition

to yielding for martensite is consistent with the literature which
shows a narrowing of X-ray line profiles with plastic deformation,
unlike other metallic materials [25,31]. It has been attributed to
internal strains developed during austenite shear transformation
to martensite during quenching. Moreover, internal and residual
stresses leading to strain inhomogeneity within the material has
been attributed to anelastic strain contribution [6,10]. Further, the
microstructural features described in Section 2.1 influence the dis-
location structure, affecting the anelastic strain and the pre-yield
modulus. The initial dislocation structure, which comprises a dis-
tribution of segment lengths pinned by microstructural features,
changes upon plastic deformation in the first loading cycle. Dur-
ing the first loading cycle, the dislocation density increases through
the Frank-Read mechanism and the interaction between disloca-
tions becomes more intense. This causes the narrower distribution
of segment lengths that is observed.

Additionally, Fig. 6 reveals that there is a decrease in the initial
pre-yield modulus as the plastic deformation increases. This is in
accordance with Schoeck’s approximation [4] valid at low stresses,
which states the pre-yield anelastic modulus is inversely propor-
tional to the dislocation density, as well as with Eq. (4). Hence,
with an increase in dislocation density due to plastic deformation,
the initial value of the pre-yield modulus decreases. However, this
decrease in the initial pre-yield modulus between the first and fifth
loading cycle is only about 1% at stresses below 50 MPa. In litera-
ture, it has been noted that a depreciating trend in the E-modulus
is generally found at plastic strains above 5% [32-36].

3.1.3. Applying the model

The pre-yield model allows the characterisation of the two pa-
rameters reflecting the dislocation structure in the specimen: dis-
location density (p) and average dislocation segment length (L).
The physics-based pre-yield model given by Eq. (4) is fitted to the
extended Kocks-Mecking plots using the non-linear least-squares
approach. Material parameters used are v = 0.3, M =3.06, and b =
0.248 nm. As stated previously, the dislocation structure remains
constant until the end of region A, i.e., until the minimum of the
slope of the extended Kocks-Mecking plot. This is related to the
derivative of pre-yield slope with respect to applied stress given
by the pre-yield model (Eq. (4)) not showing a minimum. Hence,
the pre-yield model is applied to the data until the stress reaches
oy,s for each loading cycle, i.e., in region A.
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Fig. 7. Residuals of fit to the extended KM-plot (Fig. 6) show the goodness of fit with R-squared value of 0.99.

Table 3
Average dislocation density (o) and effective segment length (L), calculated through the pre-yield model.
p (m=2) L (nm) pL? oys (MPa)

Plastic strain (%) Mean SD Mean SD Mean SD Mean SD
0 3.9#10™ 0.2*10' 52.1 0.11 1.05 0.60 1233 2
0.5 8.2*10™ 0.4*10™ 40.9 0.07 1.38 0.75 1569 3
1 11.3*10'4 0.3*10'4 37.9 0.03 1.62 0.55 1694 2
1.5 14.0¢10'4 0.5*10'4 36.5 0.05 1.86 0.07 1758 2
2 15.9*10'4 0.3*10™ 35.8 0.02 2.04 0.45 1796 2

The pre-yield model’s fit to the data reproduces the data excel-
lently until at least up to 80% of the stress range for the first cycle
and over 90% for the remaining cycles in region A. The residuals of
the fit to the extended Kocks-Mecking plot show the goodness of
fit with an R-squared value of 0.99 (Fig. 7). Despite a less accurate
fit in the last part of region A, the trends in Fig. 6 are adequately
followed by the model and the values of p and L (given in Table 3)
are therefore representative of the dislocation structure even for a
material with complex microstructure used in this study.

3.1.4. Dislocation structure characterisation

The range of yielding (region B) can provide an estimate of the
range of dislocation segment lengths according to Eq. (1) (Fig. 8).
This can serve as an approximation for the distribution range of
segment lengths: Linax = MGb/oys and Ly, = MGb/oy. This range
narrows down as the dislocation density increases with increas-
ing loading cycles. The average dislocation segment length, L ob-
tained from a fit of the pre-yield model is within 0.2% to the max-
imum length of the segment length, Lnax. This reflects the segment
length distribution to be very narrow. The values of p and L calcu-
lated for all four cycles are summarised in Table 3, together with
their standard deviations of average (SD). The standard deviation
here captures variations because of both fitting of the model to
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Fig. 8. Average dislocation density (p) and dislocation segment length (L) com-
puted from the fit of pre-yield model to the data plotted as a function of the ap-
plied plastic strain for all samples. L,,;, is the average dislocation segment length at
the yield stress oy (stress at end of region B in Fig. 5).
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ples.

the data and the experimental error. As seen in Fig. 8, the dislo-
cation density increases with increasing plastic deformation due to
the multiplication of dislocations with increasing stress beyond the
yield stress. And as more and more dislocations multiply and inter-
act with each other because of the increasing dislocation density,
the average dislocation segment length decreases with increasing
plastic strain.

The dimensionless product plL2, defined as the dislocation
structure factor in this paper, represents the dislocation struc-
ture in terms of different combinations of dislocation density and
average dislocation segment length. It is observed here that the
denser the dislocation network (i.e., higher dislocation densities),
the higher this product (Fig. 9). The plL? value can be considered
being an indicator of the dislocation network complexity [8,9]. The
increase is in contrast to the usually considered Taylor's parame-
ter, o = (Lﬁ)’l, which is considered being constant upon plas-
tic deformation [9]. But, in some research, it has been shown that
the coefficient « in Taylor's model increases with increasing plastic
deformation in martensitic steels, especially when the material un-
dergoes a significant rearrangement of dislocation structure during
deformation [37].

3.2. Hysteresis and unloading behaviour

Similar to the loading behaviour, unloading behaviour during
the tensile test shows a clear departure from linearity, resulting in
hysteresis occurring during the unloading and reloading (also seen
in Fig. 4). This unloading behaviour has been related to disloca-
tion pile-up and repulsion mechanism [14]. During unloading, the
dislocation segments, piled up at the grain boundaries and other
obstacles during loading, can move backwards, thus reducing the
strain. Mobile dislocation segments can repel and move away from
each other, while dislocation segments reduce the degree of bow-
ing out as the external force reduces during unloading. The stress
balance that results in Eq. (4) to describe the loading behaviour is
lost during unloading. Dislocation rings emitted from Frank-Read
sources will even lead to a strain increase while the stress is only
slightly lowered. This is the onset of hysteresis. In addition, an-
other reason for the hysteresis observed during unloading is due to
the interaction of dislocations with obstacles in the microstructure
[7]. The obstacles can be microstructural features, internal stresses
and stresses from other dislocations such as the loops around a
Frank-Read source. Such hysteresis in stress-strain curves has also
been represented in recent literature due to internal stresses in the
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Fig. 10. True stress plotted against anelastic strain (given by Eq. (6)) shows the
effect of anelastic strain on the hysteresis for all cycles. The dashed line in black
indicates the stress at start of unloading oy, which is the zero point for anelastic
strain in each cycle.

material due to strain inhomogeneity in the microstructure [6,38].
Internal stresses in the microstructure can also effectively act as
obstacles, causing an additional stress on the dislocation segment
hindering their movement. During loading, the obstacle presents
an extra stress on the dislocation segment which changes in sign
as the dislocation passes the obstacle. It continues to bow out fur-
ther as the applied stress is further increased. During unloading, in
the presence of an obstacle, the dislocation will be trapped behind
the obstacle, unless the stress is reduced further for the dislocation
to pass through the obstacle. This contributes to the hysteresis that
is observed when loading-unloading below the yield stress. This
dislocation movement results in a reduction in anelastic strain.
This development of the anelastic component of the strain is seen
to lend to a non-linear relationship between stress and strain dur-
ing unloading. Increased deformation (or higher dislocation density
in the material) before unloading results in greater deviations from
linear unloading behaviour.

The unloading - reloading part of the curve is taken to start
at the maximum stress, which is the point (gy, oy) of the tensile
curve. Here, oy is defined as the stress at which the applied load
starts to decrease. At that point, the plastic strain ¢, is given by:

. (5)

The dislocation structure has been influenced by the plastic de-
formation that has taken place up to this point and by the applied
stress. The above equation defines the anelastic strain to be zero.
Hence, in using Eq. (5), we set the reference value for the anelas-
tic strain to be zero at oy to focus on the effect of anelastic strain
exclusively during unloading and reloading. At any point (g, ) of
the unloading - reloading part, the anelastic strain &4y is given by:

O
Ep=¢Eu — v

o
Ean=€—Ep— ¢ (6)

In order to better visualise the effect of anelastic strain on
unloading behaviour, stress is plotted against anelastic strain
&an given by Eq. (6). A similar plot was introduced in recent lit-
erature by Li and Wagoner [6]. This enables a better scaling of the
hysteresis loop, as seen in Fig. 10. At the starting point of unload-
ing (&y,oy) the anelastic strain is defined to be zero. At the low-
est point during unloading, the dislocation structure is close to the
equilibrium configuration. During unloading, it is important to note
that initially the total strain increases by up to 0.002%, even though
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Fig. 11. Plot shows average modified chord modulus and area within hysteresis
loops calculated for all samples. The inset figure shows the chord modulus calcula-
tion for the first unloading-reloading loop.

the applied load is reduced in a stress range of around 5 MPa. Sim-
ilarly, the anelastic strain continues to increase with a decrease in
the stress over a larger stress range of around 45 MPa as seen in
Fig. 10. This increase in strain is attributed to the dislocation mo-
tion because dislocation loops around Frank-Read sources initially
continue to expand at sufficiently high stresses. This follows from
standard dislocation theory, since the radius of curvature of these
loops is distinctly larger than the radius of curvature of the ac-
tivated Frank-Read source, and as a consequence, the dislocation
back-stress is relatively low.

Many phenomenological models have been proposed to par-
tially or fully describe the nonlinear, path-dependent strain be-
haviour during unloading [14,15,39]. The most common approach
is to define the effective elastic modulus as the slope of the
straight line that relates the highest and lowest strain during un-
loading, named as chord modulus [34,39,40]. In this paper, a mod-
ified chord modulus approach is used. A modified chord modulus
is given as the slope of the straight line that connects the point of
maximum anelastic strain during unloading to the point of mini-
mum stress during reloading (inset of Fig. 11). The modified chord
modulus can be an order of magnitude higher (i.e.,, 2200 GPa),
compared to the general chord modulus as the elastic strain is sub-
tracted from the total strain in each cycle. The present approach
also shows the asymmetry in the hysteresis loop between unload-
ing and reloading curve with chord modulus as the secant. This
experimental observation is in contrast with the usually assumed
symmetry between loading-reloading curves [6,16,38]. The chord
modulus defined in this way shows a decreasing trend with in-
creasing dislocation density, as seen in Fig. 11, which indicates an
increase in the anelastic strain effect. The energy loss due to hys-
teresis, in terms of the area within the hysteresis loop, is also seen
to increase with increasing initial dislocation density at the begin-
ning of each cycle.

3.3. Microplasticity: reversibility of anelastic strain

In tensile experiments, it is common to observe stress-strain
hysteresis during loading-unloading cycles beyond the yield stress.
However, older and recent research has shown that hysteresis oc-
curs in the pre-yield region too due to anelasticity [7,8,20,41]. Due
to the presence of obstacles such as solute atoms, precipitates,
grain boundaries and other dislocations in the microstructure, the
stresses on the dislocation to pass these obstacles is effectively re-
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duced. This gives rise to hysteresis in the stress-strain curve. De-
pending on the dislocation structure in the material, closed stress-
strain loops may not be obtained. As the dislocations present in
the material have a range of segment lengths, some segments that
are long will be activated as Frank-Read sources at low stress, even
below oy;. In addition, upon unloading, some dislocations may
not get past the obstacles and thus not behave reversibly. These
are contributing factors to the non-reversible strain that occurs,
also known as microplasticity. Thus, unloading will not result in a
closed stress-strain loop. Although this is contrary to the reported
limit stress which close to the yield stress in recent research for
several alloys below which no permanent plastic deformation is
observed, closed loops were absent in the samples tested without
an applied pre-strain similar to the case here [6].

A cyclic loading test was performed with four samples for 10
cycles each (Fig. 12 (a)). The maximum load in each cycle was
700 MPa, which is around 50% of the yield stress. Another test
is performed on one sample up to the higher load of 900 MPa.
Microplasticity or microplastic strain is defined as the strain at
the end of each unloading cycle minus the strain at the end of
the previous cycle [7,42]. A decreasing trend in the microplastic-
ity with cycles can be seen in Fig. 12 (b). The microplastic strain
at the end of the first loading cycle is observed to be consider-
ably larger compared to the rest of the cycles. A similar occur-
rence has also been observed in recent research [7,8]. This differ-
ence in the microplastic strains at the end of the first unloading
between the samples can have two reasons: macroscopic misalign-
ment and microscopic dislocation behaviour. However, during test-
ing, care was taken to minimise the misalignment in sample place-
ment. Any possible misalignment that would occur is considerably
small. An upward limit in misalignment of sample placement be-
tween the grips of 2° would result in a strain error of 15 micros-
train [43], which is considered to be part of the random experi-
mental error in the first cycle only. Note that the microplasticity in
the first cycle is about 6 microstrain. To reduce this effect on the
measurements, we consider the baseline for the calculation of the
microplastic strain above the applied pre-load, at around 10 MPa.

The initial strain at 10 MPa during the first loading is subtracted
from the total strain at the end of each loading-unloading cycle.
This is because the strain at the low stress of 10 MPa during the
first loading can safely be assumed to be elastic. Therefore, the
subsequent strains give a clearer picture of effects of microplas-
ticity strain contribution similar to the approach in Section 3.1.2.
A plot of the total strain at the end of each loading-unloading cy-
cle without the initial elastic strain from the first loading is plot-
ted in Fig. 13. The total microplastic strain accumulates with in-
creasing cycle number. Microplastic strain at stresses far below
the yield stress indicates the occurrence of dislocation motion and
role of obstacles in prohibiting dislocation motion. The plot shows
an upward trend in total strain, with error bars (standard devia-
tions of average values) for the samples loaded to 700 MPa indi-
cating small variations between samples. It is worth noting that
the strains here are quite small, of the order of 10-3%. The in-
crease in microplastic strain can be attributed to a similar phe-
nomenon described in Section 3.2. Similar to the case of loading-
unloading with plastic deformation, there is also a change in dislo-
cation structure upon loading-unloading below the range of yield-
ing. This change in dislocation structure is highest upon first un-
loading, as the structure becomes more “stabilised” with consecu-
tive micro-plastic strains due to the dislocations with larger seg-
ments multiplying into smaller segment lengths. The interaction
between dislocations becomes more restricted, and the dislocation
structure stagnates after the first unloading cycle.

Overall, the quantification of dislocation density for scientific
studies using the pre-yield model becomes more viable and scal-
able for the bulk of a material, as compared to the existing meth-
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Fig. 13. Total strain at the end of each loading-unloading cycle (with strain zeroed
at the initial strain during first loading) is plotted as a function of the cycle number
for two sets of samples, one, loaded to 700 MPa and second, loaded to a higher
stress of 900 MPa.

ods for quantification. Additionally, in applications that require
high precision (in ranges of micrometre to sub-nanometre) and in
the design and application of flexure components, this approach
helps in gaining a better understanding of the non-linear elastic
behaviour. The pre-yield model can be further developed to in-
clude the characteristics of microstructure such as grain bound-
aries, precipitate-dislocation interactions, dislocation character in
different phases, and distribution of dislocation segment length.

4. Conclusion

The main conclusions of the study are:

In this study, the dislocation structure in terms of the dislo-
cation density and segment length has been quantified by the
application of a refined pre-yield model in martensitic stain-
less steel. With an R-squared value greater than 0.99 for all fits,
it is shown for the first time that the pre-yield model can be
applied to the quantification of dislocation structure even for
complex microstructures and high strength steels, which vali-
dates the bowing model over a wide stress range. Insight into
the start of yielding in the material is obtained based on ob-

servations of the slope of extended Kocks-Mecking plot versus
stress.
» The hysteresis and energy loss occurring during unloading-
reloading with plastic deformation is related to the anelastic
strain occurring due to mechanically reversible dislocation be-
haviour.
Strain is not completely recovered upon loading-unloading at
stresses well below the yield stress and microplasticity occurs
owing to the underlying dislocation-bowing and dislocation-
obstacle interaction mechanisms. The microplasticity occurring
below yielding has been uniquely represented and quantified.
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