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A B S T R A C T

The effect of pre-strain on mechanical properties was investigated for 316L austenitic stainless steel over pre-
strain value ranging from 0% to 35%. The effect of pre-strain on energy density of tensile curve was focused, and
pre-strain enhances elastic energy density while reduces fracture energy density. Moreover, an energy dissipa-
tion variable was proposed based on fracture energy density as a damage parameter of pre-strained material. The
relationships between energy dissipation variable and tensile mechanical properties were discussed. Finally,
based on energy dissipation variable, an improved Hollomon model considering pre-strain damage is developed
to predict mechanical properties of pre-strained 316L austenitic stainless steel.

Introduction

Due to the excellent ductility and relatively low yield strength of
austenitic stainless steel, strain strengthening technology is used for
pressure equipment with austenitic stainless steel to weight reduction.
There is an urgent need to understand the effect of pre-strain on me-
chanical properties of austenitic stainless steel. Researchers paid at-
tention to the effect of pre-strain on microstructural evolution [1–3]
and macroscopic properties, such as hydrogen embrittlement [4–6],
low-temperature carburization [7] and tensile strength [8]. Based on
the effects of pre-strain and strain rate on dislocation, mechanical
twinning and α′-martensite of 304L, Lee et al. [4] explained the var-
iation of mechanical parameter with pre-strain and strain rate. Ji et al.
[5] studied the effect of pre-strain on hydrogen embrittlement of 310S
stainless steel and found that the pre-strain increased the resistance to
hydrogen embrittlement by suppressing the fracture transition. The
effect of pre-strain on low-temperature surface carburization of 304
austenitic stainless steel were studied by Peng et al. [7], and they found
the carburized 304 stainless steel has an outstanding surface hardness
with compressive residual stress, and the carburizing strengthening was
independent of plastic pre-strain.

Besides microstructure and mechanical properties of materials,
strain energy is an important parameter to understand physical prop-
erties of materials. Energy density was used to study tensile behavior
[9,10], fatigue failure [11,12] and damage variable [13,14] of metallic
materials. Lazzarin and Zambardi [10] re-formulated and applied the

equivalent strain energy density approach to predict the stress intensity
factors of V-shaped notch specimens on the basis of the linear elastic
stress distribution. Koh [11] predicted the fatigue life of high pressure
tube steel using cyclic strain energy density with a good correlation
with the experimental life. Guu et al. [13] studied the effect of electrical
discharge machining on surface characteristics and machining damage
of AISI D2 tool steel, and they introduced strain energy density into
damage variable to study the electrical discharge machining damage.
Strain energy density is a useful parameter with physical meaning and
can be applied for the analyses of mechanical parameters. Hollomon
model was widely used to characterize the stress-strain curve of ma-
terials owing to its simplicity and effectiveness [15-19]. Zhang et al.
[15] studied the effects of cold rolling on microstructure evolution and
mechanical hardening of Inconel 690 alloy and used Hollomon model
to describe stress-strain curves. Colla et al. [18] used Hollomon model
to describe strain hardening behavior of dual-phase steels.

In order to understand mechanical properties of pre-strained 316L
austenitic stainless steel from the view of energy density, strain energy
density will be applied to analyze the variation laws of strength para-
meter and elongation parameter. Moreover, an energy dissipation
variable, which reveals the damage evolution of pre-strained material
with pre-strain, will be proposed based on damage theory and fracture
energy density. At last, an improved Hollomon model based on the
energy dissipation variable considering pre-strain damage will be con-
structed and applied to the pre-strained 316L austenitic stainless steel.
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Experiments and results

Experimental details

The as-received 316L austenitic stainless steel is hot-rolled steel
plate with 3mm thickness, and the composition is listed in Table 1. The
average austenite grain size of the material is about 18 µm.

Tensile specimens shown in Fig. 1 were machined from as-received
metallic plate with length 35mm×width 6mm× thickness 3mm,
which meet the testing standard of ASTM E8M-04 [20]. Tensile speci-
mens were stress relief annealed at 753 K with 2 h. Then specimens
were polished with 1500 grit emery papers to achieve the same surface
roughness. In order study the effect of pre-strain on the mechanical
properties of 316L austenitic stainless steel, as-received specimens and
pre-strained specimens with eight pre-strain levels 4%, 8%, 12%, 16%,
20%, 24%, 28%, 35% were considered in this study. Pre-strained spe-
cimens were achieved by tensile testing system (EHF-EG250-40L)
shown in Fig. 1 with the strain rate 5e−4/s at room temperature. The
calculation equation of pre-strained value εpre is given as follows:

=
−

ε
L L

Lpre
pre 0

0 (1)

where, Lpre is the initial gauge length of pre-strained specimens and L0
is the initial gauge length of as-received specimen. Then tensile tests of
as-received and pre-strained specimens were carried out with strain rate
of 5e−4/s at room temperature. When the strain is less than 5%, the
tensile strain was measured by a strain extensometer shown in Fig. 1,
and when the strain is larger than the measurement range, strain was
determined by the ratio of the displacement to the parallel length of
specimen.

Experimental results

Fig. 2 shows the true stress-strain (σ-ε) curves of 316L austenitic
stainless steel with different pre-strains at room temperature. It in-
dicates that the yield strength of 316L austenitic stainless steel increases
significantly with the increase in pre-strain, but the ultimate tensile
strengths of different pre-strained specimens are almost constant. Some
studies also found that, the yield strength of metallic material was
strengthened by pre-strain with the reduction of plasticity [21,22]. In
addition, as shown in Fig. 2, stress-strain curves of 316L austenitic
stainless steel can be divided into three stages: elastic stage, work
hardening stage and fracture stage. With pre-strain increasing, the
elastic stage is significantly enlarged, but substantial work-hardening
stage is narrowed. When the stress reaches ultimate tensile strength, the
specimen is necked down and fractured. The fracture strain decreases
with the increase in pre-strain.

Table 1
Composition of 316L austenitic stainless steel (wt%).

Steel C Si Cr Fe Ni Mo P S Mn

316L 0.03 0.55 18.52 68.50 9.06 1.46 0.03 0.02 1.83

Fig. 1. Tensile test platform and tensile specimen dimensions (mm) used in this work.

Fig. 2. Stress-strain curves of 316L austenitic stainless steel with different pre-
strains.
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The effect of pre-strain on mechanical behavior

The effect of pre-strain on strength parameters and plastic parameter

Fig. 3 shows the variations of strength parameters of 316L austenitic
stainless steel with pre-strain. It indicates that yield strength increases
obviously with the increase in pre-strain, but ultimate tensile strength is
almost constant with pre-strain. For pre-strained specimens, dislocation
breaks away from the pinning of solute atoms, which makes the original
Kirkpatrick air mass disappear. Many studies found that pre-strain in-
duced mechanical twinning and made dislocation multiplication
[1,5,7,23,24]. Therefore, the appearances of mechanical twinning and
interlaced dislocation in pre-strained specimens are the important
reason for the increase in yield strength. Moreover, if the material and
the experimental condition are the same, the total amount of me-
chanical twinning and dislocation during the experimental process are
basically constant. Therefore, the ultimate tensile strengths of different
pre-strained specimens are mostly constant.

Moreover, pre-strain also has a significant impact on fracture
elongation of 316L austenitic stainless steel. As shown in Fig. 4, fracture
elongation decreases from 65.6% to 33.6% with the increase in pre-
strain from 0% to 35%. This is mainly due to the dissipation of plastic
energy during pre-strained process. It also indicates that strain
strengthening technology improves yield strength of 316L austenitic
stainless steel by consuming plastic parameter.

The effect of pre-strain on strain hardening exponent

Hollomon model =σ Kε( )n is used to quantitatively analyze the
strain hardening behavior of materials [15–19]. n=1 indicates that
metallic materials are perfectly ideal elastomer, and the relationship
between stress and strain is linear; n=0 indicates that metallic mate-
rials do not have the capacity of strain hardening. For most metallic
materials, strain hardening exponent n is 0.1–0.5 [25–28]. Taking the
logarithm of Hollomon model, gives:

= +σ K n εln ln ln (2)

Therefore, through linear fitting of lnσ-lnε curves, the strain hard-
ening exponent n is obtained by the fitted slopes, while the material
constant lnK is obtained by the fitted intercept. By this method, strain
hardening exponent n and material constant K of different pre-strained
specimens can be determined. Fig. 5 shows the variations of strain
hardening exponent n and material constant lnK of 316L austenitic
stainless steel with pre-strain. It represents that strain hardening ex-
ponent n decreases with the increase in pre-strain, while material
constant lnK is constant for different pre-strained specimens. Due to the
plasticity of austenitic stainless steel reduced by pre-strain as shown in
Fig. 4, the deformation ability of austenitic stainless steel decreases
with the increase in pre-strain.

The effect of energy density on mechanical behavior

The relationship between energy density and pre-strain

According to thermodynamics [29], during the pre-strain process,
the work done by pulling force is transformed into kinetic energy, in-
ternal energy, and temperature increment. A finite part Σ in gauge
length of the specimen is taken, the closed surface of the finite part is
named S, and the surrounding volume of the finite part is named V. δW
represents the work done by pulling force on the part of Σ due to the
increment of tiny displacement. δU indicates that the increment of in-
ternal energy on the part of Σ due to the increment of tiny displace-
ment. δK represents the increment of kinetic energy. δQ represents the
change of heat energy. According to the first law of thermodynamics,
gives:

= + −δW δK δU δQ (3)

Due to the tensile tests were condicted at room temperature with the
strain rate of 5e−4/s, the change of heat energy is slight during slow
tensile deformation. Therefore, thermal energy and kinetic energy are
negligible in this study. According to the first law of thermodynamics
[29], the work by pulling force in tensile deformation is converted into

Fig. 3. Variations of yield strength and ultimate tensile strength with pre-strain.

Fig. 4. Variation of fracture elongation with pre-strain for 316L austenitic
stainless steel.

Fig. 5. Variations of strain hardening n and material constant lnK with pre-
strain.
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internal energy, which is stored in the specimen.
According to the above analysis, the work W done by pulling force

contains two parts: one is the work W1 done by body force X, Y and Z,
the other is the work W2 produced by surface force.

∭ ∭= = + +W X u dV Xu Yv Zw dV( )
V i i V1 (4)

∬ ∬= = + +W X u dS X u Y v Z w dS( )
s i i s2 (5)

Then:

∭ ∬= + = + + + + +W W W Xu Yv Zw dV X u Y v Z w dS( ) ( )
V s1 2

(6)

Therefore, the work done by pulling force on the part of Σ due to the
increment of tiny displacement can be expressed as:

∭ ∬= + = +δW δW δW X δu dV X u dS
V i i S i i1 2 (7)

Equilibrium differential equation and static boundary condition are
substituted into Eq. (7), then Eq. (8) can be acquired based on the di-
vergence theorem:

∭=δW σ δu dV
V ij ij (8)

Finally, the increment of internal energy increment δU is obtained as
follows:

∭=δU σ δε dV
V ij ij (9)

The function u0(εij) is defined to satisfy the Green formula:

∂
∂

=
u ε

ε
σ

( )ij

ij
ij

(10)

Then:

∭=δU udV
V (11)

As can be seen from Eq. (11), the function u(εij) represents the strain
energy density. The integral of Eq. (11) can be obtained:

∫ = −du u ε u( ) (0)
u ε

ij0

( )ij

(12)

where, u(0) and u(εij) represent the strain energy density before and
after deformation, respectively. Usually, u(0)= 0 is taken as:

∫=u ε σ dε( )ij
ε

ij ij0

ij

(13)

According to the calculation method of strain energy density above,
the strain energy density during tensile test is equal to the area en-
circled by the stress-strain curve. Fig. 6 shows the representations of
elastic energy density and fracture energy density. It indicates that the
elastic energy density is corresponding to the yield strength σy, while
the fracture energy density is corresponding to the ultimate tensile
strength σus. Elastic energy density presents the ability of elastic de-
formation, while fracture energy density controls the total deformation
ability of the material. According to Eq. (13) and the results of tensile
tests shown in Fig. 2, elastic energy density and fracture energy density
of different pre-strained specimens can be calculated.

Fig. 7 shows the relationship between the strain energy density and
pre-strain. It can be seen from Fig. 7 that elastic energy density in-
creases with the increase in pre-strain, but fracture energy density de-
creases with the increase in pre-strain. It indicates that, during the pre-
strain process, the energy density is rearranged. Most of the consumed
fracture energy density is used to equilibrate the energy of applied load,
and part of consumed fracture energy is transformed into elastic density
energy.

Energy dissipation variable based on fracture energy density

Proposal of energy dissipation variable
Both plastic deformation and creep deformation can induce damage

in metallic materials [30]. In physical phenomena, plastic damage is
manifested as the formation, expansion and aggregation of holes [31].
Due to elastic modulus of metallic materials decreasing after damage,
the traditional method to calculate plastic damage is to measure the
damaged elastic modulus. Therefore, the damage variable can be cal-
culated by the elastic modulus of pre-strain specimens. Using the
principle of strain equivalence, it is obtained that:

=
−

=∼σ σ
D

Eε
1 e (14)

where, ∼σ is effective stress, D is damage variable, εe is equivalent strain.
Transposing Eq. (14) is as follows:

= − = ∼σ E D ε E ε(1 ) e e (15)

where, ∼E is elastic modulus after damage =∼E( )σ
εe

. Therefore, damage
variable D can be expressed as [32]:

= −
∼

D E
E

1 (16)

But there are some difficulties to accurately measure elastic mod-
ulus E. Firstly, the damage is localized and needs to be measured with a
high precision strain gauge. Moreover, even in the elastic region of
stress-strain curve, the nonlinearity of curve also appears, and the

Fig. 6. Representations of elastic energy density and fracture energy density.

Fig. 7. Variation of energy density of 316L austenitic stainless steel with pre-
strain.
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determination of elastic modulus is with human factor. Therefore,
elastic modulus is replaced by fracture energy density to indirectly
describe damage evolution of 316L austenitic stainless steel in this
study. The energy dissipation variable DU is defined as follows:

= −D
U
U

1U
fed pre

fed 0 (17)

where, Ufed_pre is the fracture energy density of pre-strained specimen,
Ufed_0 is the fracture energy density of as-received specimen. Fig. 8
shows the variation of energy dissipation variable DU with pre-strain.
When the material is as-received, DU=0, which indicates that the
material is undamaged. With the increase in pre-strain, the energy
dissipation variable DU increases, and plastic damage appears. When
DU=1, the material is totally damaged and its carrying capacity is lost.
The dislocation and mechanical twinning increase with pre-strain for
austenitic stainless steel, and when the pre-strain researches a critical
vale, the microvoids begin to nucleate and generate in austenitic
stainless steel. Therefore, the energy dissipation variable DU increases
with pre-strain value.

The effect of energy dissipation variable on mechanical properties
From the analysis of the energy dissipation variable of 316L auste-

nitic stainless steel above, the energy dissipation variable can reveal the
damage evolution of pre-strained material with pre-strain. In order to
display the influence of the energy dissipation variable on the

mechanical properties, Fig. 9 shows the evolutions of yield strength,
ultimate tensile strength, fracture elongation and strain hardening ex-
ponent with energy dissipation variable. It shows that the yield strength
increases with the increase in energy dissipation variable, but the
fracture elongation and strain hardening exponent decrease with the
increase in energy dissipation variable, while the ultimate tensile
strength is independent on energy dissipation variable. The proposal of
energy dissipation variable is based on the fracture energy density,
which is a plastic damage parameter. Therefore, plastic parameters
such as fracture elongation and strain hardening exponent decrease
with the energy dissipation variable. On the other hand, yield strength
as a strength parameter, which shows an opposite phenomenon with
plastic parameter, increases with energy dissipation variable.

An improved Hollomon model based on the energy dissipation
variable

Hollomon model was widely applied to describe stress-strain curve
of metallic materials, and some improved Hollomon models were de-
veloped to give better results [15–19]. In classical Hollomon model,
strain hardening exponent is constant with strain, which disagrees with
mechanical properties of 316L austenitic stainless steel as shown in
Fig. 2. Moreover, mechanical properties change significantly with pre-
strain as shown in Figs. 3 and 4, which is also not considered in the
classical Hollomon model. Therefore, based on energy dissipation
variable, an improved Hollomon model considering the effect of pre-
strain is constructed in this work. Only parts of experimental results
corresponding to 0%, 8%, 16%, 24% and 35% pre-strained specimens
were used to construct the constitutive model, and others were used for
verification. The construction of the improved Hollomon model is as
follows:

Step 1: Correlation between the parameters n and K in the improved
Hollomon model with energy dissipation variable.

As shown in Fig. 5, strain hardening exponent n decreases with the
increase in energy dissipation variable, while material constant K is
constant. According to the analysis of energy dissipation variable
mentioned above, energy dissipation variable of austenitic stainless
steel and strain hardening exponent can be related as following:

= +n A BDU
C (18)

where, A, B and C are material constants, which can be fitted by partial
experimental data as shown in Fig. 10(a).

Step 2: Correlation between energy dissipation variable and pre-
strain.

Through the analysis of energy dissipation variables above, energy

Fig. 8. Variation of energy dissipation variable DU with pre-strain.

Fig. 9. The effect of energy dissipation variable on mechanical properties: (a) yield strength and ultimate tensile strength; (b) fracture elongation and strain
hardening exponent.
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dissipation variable and pre-strain is linear relationship, as Eq. (19):

=D kεU pre (19)

where, k is material constant, which can be fitted by partial experi-
mental data, as shown in Fig. 10(b).

Step 3: Constructing the improved Hollomon model.
According to the above analysis, classical Hollomon model is im-

proved as the following form:

⎧
⎨⎩

=
=

+σ Kε
D kε

A BD

U pre

U
C

(20)

This improved Hollomon model is based on the energy dissipation
variable, and the damage process caused by pre-strain is considered in
this model. According to experimental data analysis of 316L austenitic
stainless steel, the improved Hollomon model can be obtained as Eq.
(21).

⎧
⎨⎩

=
=

−σ Kε
D ε1.347·

D

U pre

0.384 0.401· U
0.604

(21)

The improved Hollomon model has the following advantages: (1)
Classical Hollomon model only considers the effect of strain hardening
behavior, but the improved Hollomon model considers the influence of
the energy dissipation variable on mechanical behavior with physical
meaning; (2) The improved Hollomon model takes account of the effect
of pre-strain, and it can predict stress-strain curves of different pre-
strained specimens.

In order to verify this improved Hollomon model, other four sets of
experimental data are used to verify the predicted values by the im-
proved Hollomon model shown in Fig. 11. It suggests that the stress-
strain curves predicted by the improved Hollomon model agree well
with the experimental results for different pre-strained specimens.

Correlation coefficient R provides information on the strength of
linear relationship between experimental data and predicted data [33].
The calculation equation of R is given as:

=
∑ − −

∑ − ∑ −
=

= =

R
E E P P

E E P P

( )( )

( ) ( )
i
N

i i

i
N

i i
N

i

1

1
2

1
2

(22)

where, Ei is the experimental data and Pi is the predicted data, P and E
are mean values of P and E, respectively. N is the total number of data
employed in the investigation.

Fig. 12 shows the correlations of experimental data and predicted
values by improved Hollomon model of the whole experimental data. It
can be seen that most of data points agree well, and the correlation
coefficients is 0.9944. It indicates that the improved Hollomon model

considering the energy dissipation variable during pre-strain process is
suitable to describe mechanical behavior of different pre-strained spe-
cimens.

Fig. 10. Construction of the improved Hollomon model: (a) The relationship between strain hardening exponent n and energy dissipation variable DU; (b) The
relationship between energy dissipation variable DU and pre-strain εpre.

Fig. 11. Comparison between the experimental data and predicted results by
improved Hollomon model for the other four pre-strained specimens.

Fig. 12. Correlation between experimental data and predicted results by im-
proved Hollomon model for different pre-strained specimens.
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Conclusion

The effect of pre-strain on mechanical properties of 316L austenitic
stainless steel was investigated in this work. Yield strength increases
from 296MPa to 791MPa and fracture elongation decreases from 0.656
to 0.336 with the increase in pre-strain from 0% to 35%. But ultimate
tensile strength is basically constant as 1025MPa. An energy dissipa-
tion variable was proposed based on fracture energy density, and the
effect of the energy dissipation variable on tensile behavior of pre-
strained 316L austenitic stainless steel was analyzed. Yield strength
increases with the increase in energy dissipation variable, but strain
hardening exponent and fracture elongation decrease with the increase
in energy dissipation. Finally, based on energy dissipation variable, an
improved Hollomon model considering the effect of pre-strain was
developed in this study, and can be applied for pre-strained 316L aus-
tenitic stainless steel with acceptable accuracy.
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