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Abstract

In the present investigation, stress–strain curves and strain hardening rates on samples
rolled at ambient temperature with thickness reductions of 0%, 10%, 30%, and 50% were
studied. On the processed samples, static tensile tests at ambient temperature were per-
formed. Transformation of the engineering stress–strain curves to true stress–strain curves
and their numerical processing by first derivation (θ = dσ/dε) was carried out. Dependen-
cies θ = f(εT) characterizing the strain hardening rates were derived. From the curves and
the true stress–strain and strain hardening rates, the three stages describing different rates
of strain hardening were identified. A rapid increase in true stress and a rapid decrease
in the strain hardening rate in Stage I were observed. Quasi-linear dependencies with
an increase in true stress but with a slow, gradual decline in the strain hardening rate
in Stage II were obtained. Slowly increasing true strains, accompanied by a decrease in
strain hardening rates and their transition to softening, led to the formation of plastic
instability and necking in Stage III. The endpoints of the strain hardening rate depending
on the cold rolling deformations lie in the following intervals: θStage I ∈ <1904;3032> MPa,
θStage II ∈ <906;−873> MPa, θStage III ∈ <−144;−11,979> MPa. While in Stage I and Stage
II, the plastic deformation mechanism is predominantly dislocation slip, in Stage III, the
plastic deformation mechanism is twinning accompanied by dislocation slip.

Keywords: AISI 316 LN; cold rolling; mechanical properties; true stress; true strain; strain
hardening rate; plastic deformation mechanisms

1. Introduction
The mechanical properties of austenitic stainless steel (SS) are primarily a function of

the face-centred cubic (FCC) crystallographic system of austenite [1–4] and, secondarily,
a function of the plastic deformation conditions, primarily cold deformations. Because
the crystallographic system of austenite strongly depends on the chemical conception, the
level of mechanical properties is mainly determined by solid solution strengthening from
interstitial and substitutional elements and other contributions that fall under the term
passive strengthening [5–8].

An effective method of influencing the rise in mechanical properties is active strength-
ening contributions, which depend primarily on the conditions of plastic deforma-
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tions [9–11]. Using plastic deformations, it is possible to influence mechanical properties
over a wide range. In addition to the level of mechanical properties, it is also important to
consider the plastic properties of the material, such as data on the strain hardening rate
and the strain hardening coefficient (exponent) for the material secondarily used for the
cold forming of sheets, e.g., by stamping. To determine these characteristics, it is necessary
to know the stress and strain curves and the appropriate points where plastic deformation
begins and ends without damaging the material. The interval between suitable points is
called uniform deformation, where the stress increases directly proportionally to the strain.

Many authors have analyzed stress–strain curves to define the coordinates of these suit-
able points depending on the physical–metallurgical characteristics of the material [12–18].
After reaching the yield point, uniform deformation occurs. According to the authors
of [5], the onset of uniform deformation does not lie near the yield point. The final point of
uniform deformation is characterized by the beginning of the necking formation. Many au-
thors have characterized individual parts of the stress–strain curve with different numbers
of stages describing the strengthening of materials.

FCC materials usually exhibit three different stages [16–22] of hardening, which are
referred to as Stage I, Stage II, and Stage III.

Other authors have described the existence of four stages [12,14,23,24] of hardening,
which are referred to as Stage I, Stage II, Stage III, and Stage IV, respectively. The authors
of [25,26] defined the changing strain hardening rate curves vs. logarithmic true strain
((θ = dσT/dεT) = f(ln (εT))) as the following stages of strain hardening:

(i) The initial portion of the transient stage, in which θ decreases rapidly (Stage I);
(ii) A stage where θ increases gradually with εT to a maximum (Stage II);
(iii) A stage where θ decreases due to the onset of dynamic recovery (Stage III);
(iv) A stage where θ decreases rapidly (Stage IV).

The authors of [27–29] showed that strengthening stages are dependent on the strain
rates and deformation temperature. While Stages I, II, and III were observed at low
strain rates, Stage IV was observed only after reaching a high strain rate. Other authors
have analyzed the influence of the changing course of the strain hardening rate based on
dislocation theory [24,30]. The authors of [24] characterized the individual stages as follows:
Stage I exhibits almost no hardening and is associated with single slip. Stage II exhibits a
nearly constant hardening rate and is associated with early stages of multiple slips. Stage
III exhibits a steadily decreasing strain hardening rate, which is related to dynamic recovery
processes. Stage IV exhibits an almost constant strain hardening rate, the magnitude of
which is very low, but finite. Other authors [31] have supplemented the previously reported
characteristics of the strain hardening rate. The mechanisms of the individual stages of
the strain hardening rate have been studied using 316L steel, 14Cr1Mo steel, and other
FCC materials such as Cu, Al, Ni. The authors of [17] reported that the strain hardening
rate drops sharply in Stage I due to the elastic–plastic transition. The mechanism of this
stage is attributed to easy dislocation glide. According to the authors of [21], the strain
hardening rate slowly decreases in Stage II. This region is dominated by dislocation slip,
during which dislocations propagate rapidly, leading to interactions and more efficient
annihilation at grain boundaries. Stage III is described as the start of necking [23] and is
characterized by dynamic recovery in the form of enhancing the annihilation of dislocations
during gliding. It is shown that at a certain decrease in flow stress dependent on changes in
thermo-deformation regimes, dynamic recovery controlled by cross-slip begins. Only Stage
III is described as dependent on temperature and strain rate. The existence of Stage IV has
been defined as significant only at low homologous temperatures (less than half the melting
temperature) [32]. In State IV, the effect on permanent strain hardening is considered small
and present only at very large deformations. More authors [23,33–36] have shown that
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nearly all stored dislocations are found in the cell walls with a density close to or equal to
that of saturation. In contrast, the cell interiors are nearly fully devoid of dislocation. It can
be assumed that the described mechanism is active in materials with nanoscale structures.

The presented contribution focuses on investigating stress–strain curves resulting from
rolling deformations carried out at ambient temperature, to describe and analyze them
numerically. The strain hardening of the steel grade AISI 316 LN as an FCC polycrystalline
metal with different stages of strain hardening is discussed. As a new approach, conditions
for processing designs of optimal cold rolling regimes depending on the determination of
the strain hardening stages and mechanisms of plastic deformation will be presented.

2. Material and Experimental Procedures
For the experimental studies, ultra-low-carbon (ULC) austenitic stainless steel of grade

AISI 316 LN was used, which contained Nitrogen, Niobium, and Boron, with the chemical
composition given in Table 1.

Table 1. Local chemical composition of 316 LN used in this paper [mass %].

C Mn Si P S Cr Ni Mo V Ti Nb N B

0.06 1.5 0.5 0.007 0.003 18.76 13.73 1.87 0.02 0.004 0.02 0.13 0.001

Rectangular samples for cold rolling with dimensions (thickness × width × length)
h0 × b0 × l0 = 15 × 40 × 75 mm were cut from the central part of the hot-forged ingot.
These samples were then treated with solid solution annealing at 777 K for 60 min, followed
by rapid cooling under pressurised air at ambient temperature. The rolling process was
carried out at ambient temperature (295 K) on a duo rolling with roll diameters of 210 mm
and a rolling speed of 1 m/min. Samples were rolled with 10% reduction per pass, resulting
in total thickness reductions of 10%, 30%, and 50%. Static tensile tests were performed
at ambient temperature (295 K) on round samples with a diameter and length of the
measured part d = 4 mm, l = 22 mm (ASTM E8M standard [37]), with a displacement rate of
0.5 mm/min, which were machined from rolled materials. Each series of static tensile tests
consisted of at least three samples, with the axis of the static tensile test samples parallel
to the rolling direction. The grain size diameter was measured by the linear intersection
method using a light optical microscope (manufacturer, city, and country). Also, technical
aspects of determining strain hardening rate were studied.

3. Results and Analysis
The engineering stress–strain curves resulting from the processing of material with

various thickness deformations by cold rolling are shown in Figure 1.
The conversion of the engineering stress–strain curves to the true stress–strain curves

is graphically given in Figure 2. The strain hardening rates vs. true strains are shown in
Figure 3.

The individual stages, based on cold rolling deformation, are graphically given in
Figures 2 and 3.

Stage I is characterized, for all cases, by a rapid increase in true stress, but on
the other hand, by a rapid decrease in the strain hardening rate until the elastic–
plastic transition. This stage is defined as elastic deformation. It can be observed
that true strain changes depending on cold rolling deformations. If cold rolling de-
formation rises, the values of the true strain have a declining trend and exist in the
following intervals: εT,StageI,εRoll = 0% ∈ <0;0.095>, εT,Stage_I,εRoll = 10% ∈ <0.095;0.049>,
εT,Stage I,εRoll = 30% ∈ <0.049;0.02>, εT,Stage I,εRoll = 50% ∈ <0.02;0.01>. During these stages,
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deformation is accompanied by easy dislocation gliding along primary slip planes. Defor-
mation takes place on a single slip system depending on the grain size and stacking fault
energy of the materials [16]. The author [14] revealed that, except for simple slips, planar
slips such as pile-ups and stacking faults can be observed too. The proportion of grains
exhibiting planar slip increases with strain and decreases after reaching the boundary be-
tween Stages I and II. This author defined the value of the border strain as (εT,Stage I = 0.01).
From our observations, it follows that this value was achieved with cold rolling deforma-
tion (εRoll = 50%). The end points of Stage I are described by the coordinates (εT,Stage I;
σT,Stage I), which are given for each cold rolling deformation value in Table 2. From Table 2,
it is evident that Stage I started at the values (εT,Stage I = 0.095; σT,Stage I = 554 MPa). The
author of [14] reported for the solution annealing condition a value of the uniform true
stress σT,Stage I = 580 MPa with a grain diameter of d = 53 µm, which is in alignment with
our result (σT,Stage I = 554 MPa and d = 214 µm).

Figure 1. Engineering stress–strain curves with description of strain hardening stages ((a) solu-
tion annealed, (b) rolling deformation εRoll = 10%, (c) rolling deformation εRoll = 30%, (d) rolling
deformation εRoll = 50%).
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Figure 2. True stress–strain curves ((a) solution annealed, (b) rolling deformation εRoll = 10%,
(c) rolling deformation εRoll = 30%, (d) rolling deformation εRoll = 50%).

Quasi-linear dependencies characterize Stage II as exhibiting an increase in true stress,
but a slow and gradual decline in the strain hardening rates up to the transition point of
Stage III. These stages are defined as stages of ongoing plastic deformations. If cold rolling
deformations are rising, the values of true strains have a declining trend and laying in
the following intervals: εT,Stage II,εRoll = 0% ∈ <0.095;0.31>, εT,Stage II,εRoll = 10% ∈ <0.049;0.21>,
εT,Stage II,εRoll = 30% ∈ <0.02;0.03>, εT,Stage II,εRoll = 50% ∈ <0.01;0.0109>. True stresses increase,
but the strain hardening rates decrease compared to Stage I. Stage II is characterized
by a decrease in the influence of planar slip but an increase in the role of multiple slip
accompanied by cross-slip [14]. Toward the end of Stage II, a cellular structure forms with
a high dislocation density at the walls of the cells and a low density within the cells, which
increases the true stress [17]. The end points of Stage II are described by the coordinates
(εT, Stage II; σT,Stage II), which are given for each cold rolling deformation value in Table 3.
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Figure 3. Strain hardening stages ((a) solution annealed, (b) rolling deformation εRoll = 10%, (c) rolling
deformation εRoll = 30%, (d) rolling deformation εRoll = 50%).

Table 2. Coordinates of end points of Stage I.

Cold Rolling Deformation
εRoll [%]

Uniform True Strain
(εT,Stage I) [-]

Uniform True Stress
(σT,Stage I) [MPa]

0 0.095 554
10 0.049 704
30 0.02 976
50 0.01 1068

Table 3. Coordinates of end points of Stage II.

Cold Rolling Deformation
εRoll [%]

Uniform True Strain
(εT,Stage II) [-]

Uniform True Stress
(σT,Stage II) [MPa]

0 0.31 868
10 0.21 892
30 0.03 1000
50 0.0109 1069

Stage III is characterized by a decrease in the strain hardening rates with slowly
increasing true stresses and their transition to strain softening, leading to the formation of
plastic instability and necking. These stages are defined as stages of plastic deformation
instability. If cold rolling deformation rises, the values of true strains have a declining trend
and occur in the following intervals: εT,Stage III,εRoll = 0% ∈ <0.31;0.389>, εT,Stage III,εRoll = 10%

∈ <0.21;0.358>, εT,Stage III,εRoll = 30% ∈ <0.03;0.157>, εT,Stage III,εRoll = 50% ∈ <0.0109;0.0198>.
The true stresses decrease, but the strain hardening rates decrease too. The excessive
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density of dislocations in Stage II indicates that dislocation annihilation will occur in Stage
III. Stage III is characterized by dislocation interactions, which lead to their annihilation and
ultimately to the recovery of the microstructure [17,38]. While dislocation slip dominates as
the plastic deformation mechanism in Stage II, twinning becomes more prominent in Stage
III [5]. The end points of Stage III are described by the coordinates (εT,Stage III; σT,Stage III),
which are given for each cold rolling deformation value in Table 4.

Table 4. Coordinates of end points of Stage III.

Cold Rolling Deformation
εRoll [%]

Uniform True Strain
(εT,Stage III) [-]

Uniform True Stress
(σT,Stage III) [MPa]

0 0.389 850
10 0.358 808
30 0.157 803
50 0.0198 993

From the graphical dependences, it results that the values of true strains and strain
hardening rates corresponding to Stage III decline with the rise in cold rolling deformation.

The development stages of the strain hardening rate showed that with increasing
cold rolling deformations, the range of true strains decreases and narrows. On the other
hand, the range of true stresses rises and narrows, as shown in Figure 4a. The changes
in the strain hardening rate point to two ranges, as given in Figure 4b. The area between
Stage I and Stage II defines the first narrow band of the strain hardening rate. The wider
region, situated between phase II and phase III, indicates that the strain hardening rate
decreases sharply with increasing cold rolling strain for εRoll ≤ 10% and in the interval
εRoll ∈ <30;50> %. In the interval εRoll ∈ <10;30> %, the strain hardening rate is stabilized.

 

Figure 4. Strain hardening stages depending on processing conditions: (a) strain hardening rate
depending on cold rolling deformation, (b) true strain and true stress depending on cold rolling
deformation.

A comprehensive analysis of the strain hardening stages, based on the assessment
of true stresses and true strains in relation to cold rolling deformations, is presented in
Figure 5. From the curves describing the true stresses for uniform plastic deformations, it
results that these lie over the curve of the proof yield strength (σT,Necking > σT,Start > RP0.2)
for all cold deformations. This diapason narrows significantly with the rising cold rolling
deformations. The curve describing the true saturation stress (σT,Saturated) required to
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achieve dynamic recovery of the microstructure lies considerably higher than the stress
required for necking formation (σT,Saturated > σT,Necking). Also, the true strain required
to reach the saturation state lies above the curve of the true strain inducing necking
(εT,Saturated > εT,Necking). The graphical dependencies show that under the given studied
conditions, it is not possible to reach a state for starting dynamic recrystallization of the
microstructure. The diapason of the true strains, where uniform plastic deformations lie in
the area described by the following inequality (εT,Necking > εT,Start), narrows significantly
with the rising cold rolling deformations.

 
Figure 5. Comprehensive graphical dependence describing strain hardening stages depending on
cold rolling deformation.

In our previous study, we described the relationship between cold rolling deforma-
tions, grain size, and plastic deformation mechanisms [5]. The analysis of cold rolling
deformations aims to explain the development of regions of uniform true stresses and
strains with d, together with the stages of strain hardening and the analysis of plastic
deformation mechanisms, as presented in Figure 6 [5]. From the graphical dependencies, it
results that Stage I is characterized predominantly by a plastic deformation mechanism
based on dislocation slip.

From the graphical dependencies, it results that Stage I is characterized predominantly
by a plastic deformation mechanism based on dislocation slip. In Stage I, dislocation slip
can be defined in detail as simple slip or planar slips, which rise with true strain [14].
Therefore, for Stage I, the dominant plastic deformation mechanism is dislocation slip. With
the rise in cold rolling deformation, the border Stage I–Stage II dislocation slip increases,
but planar slip has a tendency to decline. Stage II is characterized by multiple increasing
slips accompanied by cross-slips [14]. Toward the end of Stage II, a cellular structure
forms with a high dislocation density at the walls of the cells and a low density within
the cells, which increases the true stress [17]. According to the authors of [5], the maximal
dislocation density was observed for εRoll = 30% which is in good agreement with the
previous analysis. From the graphical dependence given in Figure 6 [5], it results that
Stage II is characterized by a plastic deformation mechanism: dislocation slip, accompanied
by deformation twinning. After entering Stage II, according to the authors of [17,38],
dislocation interactions occur, which lead to their annihilation and ultimately to the recovery
of the microstructure.
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Figure 6. Comprehensive graphical dependence describing the relationship between plastic de-
formation mechanisms and strain hardening rate stages depending on cold rolling deformations
(reprint from [5]).

Stage III is characterized by dislocation interactions, which lead to their annihilation
and ultimately to the recovery of the microstructure and a decrease in the strain hardening
rate [17,38]. The authors of [38] demonstrated that the significant reduction in the strain
hardening rate is caused by deformation twinning, which is most pronounced in Stage
III. While in Stage I and Stage II, dislocation slip dominates as the plastic deformation
mechanism, in Stage III, the most prominent mechanism is deformation twinning accompa-
nied by dislocation slip (Figure 6). Nevertheless, the total normal stress increases until the
material’s failure.

4. Conclusions
Based on the literature and our own experiments performed using cold rolling on

AISI 316 LN stainless steel to analyse stress–strain curves with a focus on the strain hard-
ening rate, strain hardening stages, and plastic deformation mechanisms, the following
conclusions can be drawn:

1. Three stages of strain hardening rates were observed. Stage I lies in the interval
εRoll ∈ <0;10> %, Stage II in the interval εRoll ∈ <10;30> %, and Stage III in the interval
εRoll ∈ <30;50> %.

2. Stage I is characterized by a rapid decline in the strain hardening rate and is accompa-
nied by easy dislocation gliding along primary slip planes.

3. Stage II is characterized by a stabilized strain hardening rate that is accompanied by
multiple slips and cross-slip.

4. A decrease in the strain hardening rate characterizes Stage III. This stage is defined as
a region of plastic deformation instability in which dislocation interactions take place,
leading to their annihilation and ultimately to the recovery of the microstructure. The
mechanisms of plastic deformation are characterized as follows: Stage I—dislocation
slip; Stage II—dislocation slip accompanied by deformation twinning; Stage III—
deformation twinning accompanied by dislocation slip.
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5. The scientific results resulting from the determination of the plastic stability regions
of the investigated material can be transferred to the design of optimized deformation
plans for cold rolling in industrial conditions. By determining optimal deformation
plans, the possibility of material defects during cold rolling processes is eliminated.
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