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Forming operations are known to be complex, involving many strain states, strain rates,

temperatures, strain paths, and friction conditions. Material properties, such as strength

and ductility, are large drivers in determining if a material can be formed into a specific part,

and for selecting the equipment required for the forming operation. Predicting yielding

behavior in situations such as these has been done using yield surfaces to describe

material yielding in specific stress states. These models typically use initial mechanical

properties, and will require correction if the material has experienced previous straining.

Here, we performed interrupted uniaxial tensile testing of a 304 stainless steel to observe

the effects of unloading and subsequent reloading on yielding and tensile properties. An

increase in yield point developed, in which a higher yield was observed prior to returning to

the bulk work hardening behavior, and the magnitude of the yield point varied with

unloading conditions and strain imposed. The appearance of a yield point is attributed to

strain aging or dislocation trapping at obstacles within the matrix. These results suggest

that both strain aging and dislocation trapping mechanisms may be active in the matrix,

which may present challenges when forming austenitic stainless and new advanced high

strength steels that likely show a similar behavior. These results provide a potential area for

refinement in the calculation of yielding criteria that are currently used to predict forming

behavior.
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1 INTRODUCTION

As multi-phase, complex microstructures are increasingly used to achieve strength and ductility
targets, the deformation response of advanced high strength steels becomes more complicated and
may deviate from expected with respect to temperature (Tsuchida et al., 2011;Coryell et al., 2013),
strain rate (Zou et al., 2017), and strain state (Zou et al., 2018). Further, complex operations often
involve varying strain states, strain rates, friction conditions, temperatures, and multiple, non-linear
deformation steps. The newest generation of advanced high strength steels are increasingly difficult
to form, because the higher strength requires presses with higher tonnages, and decreased ductility
may cause the part to fail during a forming operation (Billur and Altan, 2012).
The yielding response of metals has been defined using criteria, such as theHill (1948),Tresca

(1864),orMises (1913), that allow engineers to predict when a material will yield based on the stress
state. These criteria focus largely on material that has not experienced straining in various directions
prior to deformation. The criteria for yielding have been adapted for the Bauschinger effect and
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changing the strain path of the test (Naghdi et al., 1957;
Holmedal, 2019) showing that prior deformation will change
the shape and location of the yield surface. The presence of path-
dependent yield behavior requires an in-depth analysis of the
yield surface to be used in operations in whichmaterial undergoes
multiple stages of deformation. This is further complicated by
yielding behavior tied to experimental variables, such as testing
temperature and strain rate.

In experiments done by Mendiguren et al., the loading/
unloading mechanical behavior was observed for a TRIP700
steel (Mendiguren et al., 2015). During testing, an upper yield
point was observed and explained by strain aging and the Snoek
phenomenon, which is the stress induced redistribution of
interstitial atoms in a body centered cubic lattice. Similar
yielding behavior was also observed by Rathbun et al. and
Lichtenfeld et al. in metastable austenitic stainless steels, which
was explained by strain aging (Rathbun et al., 2000) and adiabatic
heating of the samples (Lichtenfeld et al., 2006). Haasen and Kelly
also observed this behavior in face centered cubic materials, and
explained the phenomena by the pinning and unpinning of
dislocations at short range barriers in the microstructure
(Haasen and Kelly, 1957).

304 stainless-steel is a metastable austenitic stainless-steel;
during deformation the austenite may transform to martensite
due to a deformation induced transformation. This
transformation is characterized by the TRansformation
Induced Plasticity (TRIP) effect, which is known to increase
the work hardening rate while accommodating strain thereby,
delaying necking and improving the strength and ductility. TRIP
is influenced by many factors, including the imposed strain state,
as well as the direction of straining (Streicher et al., 2002; Alturk
et al., 2018; Zou et al., 2018). In a study done by Streicher et al., a
TRIP780 steel exhibited differing amounts of retained austenite
transformation during straining in different strain states relative
to the rolling direction, showing an increase in amount of
martensite formed as a function of strain (Streicher et al.,
2002). In a recent study by Finfrock et al., the amount of
retained austenite transformation was dependent on the strain
state relative to the rolling direction (Finfrock et al., 2020). The
amount of transformation from austenite to martensite has also
been shown to be dependent on strain state in 304 stainless-steel,
with biaxial tension transforming more austenite than uniaxial
tension (Hecker et al., 1982).

2 MATERIALS AND METHODS

A 0.90 mm sheet of 304 stainless-steel that was cold rolled and
fully annealed to develop a fully austenitic equiaxed
microstructure with an average austenite grain size of 13 μm
(Lewis, 1999). The 304 stainless-steel was waterjet cut into ASTM

E8 subsize tensile specimens with a 25.4 mm gauge length. The
composition of the steel is given in Table 1.

Specimens were removed from both the rolling direction (RD)
and transverse direction (TD). After cutting, samples were used
for interrupted tensile testing. The interrupted testing consisted
of deforming the sample in tension at a strain rate of 0.001 s−1 on
an MTS® Alliance® 20 kip uniaxial electromechanical load frame.
Two samples were pulled to failure in both the TD and RD to
establish baseline properties. Additional samples from each
direction were used for interrupted tensile testing. Interrupted
tests were performed with incremental cross-head displacements
of nominally 1.5 mm (3 pct strain) below 15 pct total strain, and
3 mm (7 pct strain) above 15 pct total strain. Samples were then
either unloaded and removed from the frame for a room
temperature isothermal hold, unloaded and immediately
reloaded to start the next straining increment, or unloaded
partially and immediately reloaded to the next straining
increment.

3 RESULTS

The 304 stainless steel exhibited a difference in monotonic tensile
properties along the RD and TD, as shown in the true stress-true

TABLE 1 | Composition of the 304 stainless-steel sheet, Wt.%.

C Mn Si Ni Cr Mo Ti V N S P Cu

0.0662 1.72 0.50 8.89 18.34 0.18 0.006 0.037 0.0452 0.0019 0.026 0.23

FIGURE 1 | Baseline mechanical properties of a 304 stainless-steel in
the rolling (RD) and transverse (TD) directions of the sheet with instantaneous
strain hardening exponent (ni) plotted to the onset of necking. The mechanical
properties of the steel vary with orientation relative to the rolling direction,
and there is significant strain hardening in the samples due to the TRIP effect.
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strain and instantaneous strain hardening exponent (ni) plots
presented in Figure 1. The instantaneous strain hardening rate
was evaluated until the onset of necking using Equation 1 (Dieter,
1976)

ni � zln(σ)
zln(ϵ) (1)

where σ is the true stress and ϵ is the true strain. The instantaneous
strain hardening rate increasing with strain indicates the TRIP
effect active. After establishing the properties of the steel under
monotonic loading, one sample in each direction was interrupted
during tensile testing at various strains.

Figure 2 shows the engineering stress vs. strain results of the
samples interrupted in the RD (Figure 2A) and TD (Figure 2B)
with respect to the baseline mechanical properties. For the
interrupted tests, a yield point begins to develop with
increasing strain. This behavior is characterized by an initially
higher yield stress, followed by a constant or negative strain
hardening rate, and then finally a return to the flow behavior
associated with the monotonically loaded sample. The change in
stress was measured as the difference between the stress value
observed during reloading and the value that is observed at the
same total strain in a monotonic test.

The difference in yielding behavior is defined as Δσ , which is
plotted with respect to the strain for the RD and TD samples with
a room temperature hold for 2 h, with the exception of the hold at
approximately 0.7 strain which was performed for much greater
than 2 h (Figure 3). The calculation of Δσ is done by taking the
difference in upper yield point and the engineering stress value at
that strain using the work hardening behavior exhibited by the
sample. This is shown schematically in Figure 4.

This calculation was also performed for the samples that were
fully unloaded with no hold time before reloading (Figure 5), and
samples that were partially unloaded (45 kg, less than 2 pct of the
max load) and immediately reloaded with no isothermal room
temperature hold (Figure 6).

4 DISCUSSION

The 304 stainless-steel exhibited similar mechanical properties
when subjected to interrupted straining, demonstrating strength
and ductility levels equivalent to the properties when tested
monotonically, with the exception of the yield point that
occurred during some interrupted tests.

Interrupted straining showed that a yield point developed as
strain increased, and increased in magnitude as strain increased.
This yield point was similar to the phenomena reported by
Haasen et al. during interrupted testing of pure single crystal
face center cubic aluminum and nickel (Haasen and Kelly, 1957).
Likewise, yield points bore resemblance to those presented by
Rathbun et al. and Lichtenfeld et al. for 301, 302 (Rathbun et al.,
2000), and 304 (Lichtenfeld et al., 2006) stainless steel. Rathbun
et al. indicated that strain aging occurred at ambient temperature
in 301 and 302 stainless steels and exhibited similar behaviors
during straining, however strain aging was only present when
deformation induced martensite existed in the microstructure
(Rathbun et al., 2000). Lichtenfeld et al. attributed the yield point
phenomena seen in 304 stainless steels at strain rates of 0.125 s−1

and 1.25 × 10−4 s−1 to a testing artifact (Lichtenfeld et al., 2006),
and indicated that the actuator used for testing applied an
anomalously high strain rate for a short period of time, which
caused a temporary loss in the closed loop control, resulting in an
artificially high strain rate, and therefore yield stress. The authors
also claimed that strain aging did not occur; rather, any potential
yield points were attributed to the thermal softening of austenite
due to deformation induced heating, causing the yield stress to be
higher upon reloading than it would be in a monotonic test in
which heat was not dissipated (Lichtenfeld et al., 2006). In this
study, the samples that were reloaded immediately at a rate of
0.001 s−1 exhibited a yield point which was comparable to the
yield points of samples that were held at room temperature. This
suggest that thermal softening due to specimen heating was not a
valid explaination for the yield points observed here. This
temperature increase is negligible, therefore the samples likely

FIGURE 2 | Engineering stress vs engineering strain of a 304 stainless-steel in the (A) rolling direction and (B) transverse direction from monotonic and interrupted
tests. Tests were performed at room temperature and a strain rate of 0.001 s−1. The interrupted tests were fully unloaded and held at room temperature prior to
reloading.
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did not see significant heating during straining. It should be noted
that the samples immediately reloaded exhibited Δσ values that
are smaller in magnitude to the samples that were held at room
temperature. This is consistent with the results seen by Haasen
et al., where the effect was determined to be saturated after a
15 min hold (Haasen and Kelly, 1957). The samples that were
partially unloaded also demonstrated the yield point, lower in
magnitude than those that were fully unloaded (with and without
a hold). This is also consistent with the findings of Haasen et al.,
as they stated that the full effect is not seen unless the sample is
unloaded by more than 50 pct (Haasen and Kelly, 1957). The
results presented support that both effects are at play, but strain
aging exhibited a larger effect, based on the observation that Δσ
was highest at large strains. At large strains, more strain induced
martensite is available for strain aging. It may be assumed that
due to carbon and nitrogen supersaturation in martensite as well
as high dislocation densities, strain induced martensite will
experience more strain aging, corresponding to a higher Δσ. This
behavior was demonstrated in a TRIP700 steel, in which the
behavior was also attributed to short-time strain aging
(Mendiguren et al., 2015). For short-time strain aging, the Snoek
rearrangement of interstitial atoms is activated due to the stress-
induced rearrangement of carbon within the lattice. This indicates
that the magnitude of the increase in yield stress is proportional to
the interstitial content of the steel (Mendiguren et al., 2015).

A model of the amount of work converted to heat during
deformation was used to calculate the expected temperature of
the samples. This model does not account for any heating due to
the exothermic austenite to martensite transition. The predicted
temperature of the sample is given byAndrade-Campos et al. (2010).

T � TRT + 0.9∫ ​ ϵ
0
σdϵ

ρC
(2)

where TRT is the ambient temperature (21.4°C), ρ is the density of
the steel and has the value of 7,860 kg m−3 (Callister, 2007), C is the
specific heat of the steel and has the value of 495 J°C−1 kg−1

(Callister, 2007), and ∫​ ϵ
0
σdϵ is the area under the stress strain

FIGURE 3 | Change in yielding (Δσ) after an isothermal 2 h hold at room
temperature of a 304 stainless steel in the rolling direction and transverse
direction during interrupted tensile tests performed at room temperature and a
strain rate of 0.001 s−1. The maximum seen at a strain of ∼0.7 strain
corresponds to an extended isothermal hold at room temperature.

FIGURE 4 | Change in yielding (Δσ), shown as the difference between
the upper yield point and the stress at the strain of the maximum yield
assuming the work hardening rate of the sample after yielding.

FIGURE 5 | Change in yielding of a 304 stainless steel during interrupted
tensile testing performed at room temperature and a strain rate of 0.001 s−1,
with and without an isothermal hold between straining steps.
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curve to a given strain, ϵ. Using this model, the samples tested here
are expected to accumulate less than 5°C during each interrupted
strain increment. During the monotonic testing of the samples, this
model predicts nearly 100°C of heating over the entire test. However,
the monotonic tests to failure took just under 14 min to complete,
which resulted in little heat accumulation within the sample.

Both a change in properties due to a hold and due to an unload
are relevant to forming operations, as they may be designed to be
multi-step, or to vary the load at specific locations within the part
to allow for material flow. Though, an increase in yielding may
cause higher local stresses needed for a part to be plastically
deformed after initial straining. The stresses observed in
interrupted testing were up to a 3 pct increase in stress
required for deformation, which may cause the strain
distribution of the part to vary from what it was intended due
to local flow stress changes.

5 CONCLUSION

Interrupting and changing strain path in an austenitic stainless-
steel introduces a yield point that has been attributed to strain
aging and adiabatic heating in literature and resembles the

Haasen-Kelly effect. Based on a model from literature, the
samples were expected to accumulate less than 2°C during
interrupted straining, which does not support the yield point
being due to sample heating during deformation. The samples did
show a time dependence on the magnitude of the yield point
exhibited, as well as a dependence on the amount of unloading
that occurred during testing. Based on the results shown, the yield
point may be due to a combination of the Haasen-Kelly effect and
strain aging of the sample. The increase in yield stress observed
can cause up to a 3 pct increase in stress required for deformation,
which may have implications during multi-step forming
operations. This behavior provides a potential area of
improvement for yield criteria, because sequential loading and
unloading changes the subsequent deformation behavior in a way
that has not been accounted for in existing yield criteria.
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