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Abstract.

This paper aims to investigate cyclic plasticity of a new type of high-performance austenitic stainless steel with both

high strength and high ductility. The new stainless steel termed as QN1803 has high nitrogen and low nickel, which leads to
reduction of cost ranging from 15% to 20%. Another virtue of the new material is its high initial yield strength and tensile
strength. Its initial yield strength can be 40% to 50% higher than conventional stainless steel S30408. Elongation of QN1803 can
also achieve approximately 50%, which is equivalent to the conventional one. QN1803 also has a corrosion resistance as good
as that of S30408. In this paper, both experimental and numerical studies on the new material were conducted. Full-range true
stress-true strain relationships under both monotonic and cyclic loading were obtained. A cyclic plasticity model based on the
Chaboche model was developed, where a memory surface was newly added and the isotropic hardening rule was modified. A
user-defined material subroutine was written, and the proposed cyclic plasticity model can well evaluate full-range hysteretic

properties of the material under various loading histories.
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1. Introduction

Advancement of civil engineering relies on development
of new materials and new mechanics. Stainless steel has
become more and more appealing to civil engineers for
their virtues over conventional structural steel, e.g., high
corrosion resistance, high ductility and toughness. Due to
relative high cost of the material, it is commonly employed
in some non-structural parts of a building, such as roofs and
curtain wall systems. In some marine environment, it is also
employed as structural members to avoid corrosion (Wang
et al. 2019, Cai and Young 2018, 2019, Yousefi et al. 2017,
2018, Zhao et al. 2015). Generally, application of stainless
steel in structural engineering is still limited, which is
mainly due to consideration of high cost of stainless steel.

Recently, a new type of high-performance stainless steel
with both high strength and high ductility was developed by
a Chinese company. The new austenitic stainless steel
termed as QN1803 employs a new metallurgical technology,
which has high nitrogen and low nickel as shown in Table 1.
Because of low nickel content, the material cost can be
greatly reduced. The new technology can significantly
reduce the cost by 15% to 20% compared with conventional
S30408 stainless steel. The new material also has a high
initial yield strength and tensile strength, where the initial
yield strength is 40% to 50% higher than that of
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conventional S30408. The nominal yield strength of S30408
is 205 MPa, and the one of QN1803 is 440 MPa in this
study. According to the definition of structural steel, steel
with a yield strength beyond 420 MPa can be classified as
high strength steel. Thus, QN1803 is a type of high strength
stainless steel. It can be found that QN1803 shares similar
properties with that of EN1.4162 as listed in Table 1
(Theofanous and Gardner 2009), which also has a high
yield strength of around twice of the S30408, while has a
price around 50% of S30408. The new material also has
comparable ductility as conventional stainless steel, and its
elongation can achieve approximately 50%. Corrosion
resistance of QN1803 can be as good as that of S30408, and
sometimes can be better than the latter. For example, cold-
formed members using QN1803 has a higher pitting
corrosion resistance than that of S30408. For
aforementioned virtues, the new material has a great
potential in civil engineering, such as roof systems, curtain
wall systems and even structural members. Before
application of the new material, it is necessary to obtain its
constitutive  relationship under monotonic loading.
Meanwhile, cyclic plasticity of the material is also
important for structural engineers when seismic loading is
concerned.

A number of studies on monotonic stress-strain
relationship of stainless steel were conducted (Arrayago et
al. 2015), where mainly the Ramberg-Osgood model
(Ramberg and Osgood 1943) was employed. It was found
that the original Ramberg-Osgood model cannot capture
full-range true stress-true strain relationship of stainless
steel, and a number of studies two-stage (Gardner and
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Table 1 Chemical composition of QN1803 stainless steel

Chemical Composition (Weight %)

Material

Si Mn P Cr Ni Mo Cu N
QN1803 <0.1 <1.0 4.0-8.0 <0.05 <0.005 18.1-20.0 2.0-3.5 <03 >1.5 <0.3
S30408 0.04 0.4 1.02 0.035 0.004 18.1 8.02 0.02 0.1 0.045
EN1.4162 0.025 0.8 4.99 0.02 0.001 21.64 1.5 0.3 0.31 0.209

Ashraf 2006, Mirambell and Real 2000, Rasmussen 2003),
three-stage (Quach et al. 2008) and multistage (Hradil et al.
2013) Ramberg-Osgood models were thus developed.
However, most of studies were focused on full-range
engineering stress-engineering strain relationship but not
true stress-true strain one (Jia et al. 2016, Jia and
Kuwamura 2014).

Monotonic and cyclic plasticity of ductile metal has
been extensively investigated, e.g., Chen et al. 2018, Wang
et al. 2018, Hu and Shi 2016, Dundu 2018, Gao et al. 2018,
Huang and Young 2017, Xiang ef al. 2018. However, most
of ductile metals have an elongation less than 30%, while
elongation of the new stainless steel investigated in this
study can reach as much as more than 50%. In addition,
most of previous studies were focused on small plastic
strain ranges, e.g., less than 5%. For structures in regions
with a high seismic risk, full-range cyclic plasticity of a
material is of interest. Structures can fail due to ductile
fracture or ultra-low-cycle fatigue failure in a limited
number of extremely large plastic strain ranges (Ge and
Kang 2014, Jia 2014, Jia et al. 2016, Jia and Kuwamura
2014, 2015, Kang et al. 2015, Liao et al. 2015). Under this
circumstance, strain concentration can be significant, and
the maximum local true strain can reach as much as 100%.
Up till now, only several studies were conducted for cyclic
plasticity of stainless steel within small plastic strain ranges
(Wang et al. 2014, Yin et al. 2019), and no study has been
found for the new stainless steel QN1803. This material has
a high potential to be employed in practice for its superior
mechanical properties and low cost, especially in thin-
walled structures. To stimulate its application in structural
engineering, it is necessary to first understand and well
evaluate its monotonic and cyclic plasticity.

2. Scope of this study

This paper aims to propose a model to well describe
both monotonic and cyclic plasticity of the newly developed
QN1803 stainless steel. To obtain full-range constitutive
relationship of the material under monotonic loading, post-
necking modification is necessary. In this paper, two post-
necking modification methods were investigated and
compared to obtain full-range true stress-true strain data till
fracture. A two-parameter and a three-parameter function
describing full-range constitutive relationship was
respectively proposed. A cyclic plasticity model with a
memory surface was developed to describe cyclic plasticity

of QN1803 under full-range cyclic loading. A user-defined
material subroutine was also written using Fortran to
implement the newly-developed cyclic plasticity model.
Both experimental and numerical studies were conducted to
investigate cyclic plasticity of QN1803. For the experiments,
compact specimens were designed under various loading
histories, which can cover a variety of loading patterns and
strain ranges. A simple method to calibrate the model
parameters was also given. Through comparison of the
experimental and numerical results, validity of the proposed
cyclic plasticity model and parameter calibration method
was proved. The proposed plasticity model can be further
employed to many other metallic materials, especially for
ones with high ductility.

3. Full-range monotonic true stress-true strain
3.1 Post-necking modification methods

This paper aims to describe full-range cyclic plasticity
of the new high-performance stainless steel QN1803. In fact,
it is not so easy to obtain full-range true stress-true strain
data till fracture using a monotonic tension coupon test. The
main challenge is a triaxial stress state of the coupon after
necking initiation. Before necking initiation, the stress state
of a material within the gage length is uniaxial tension, and
this assumption doesn’t hold for the post-necking stage.
Thus, a post-necking modification method is required to
obtain full-range true stress-true strain till fracture. Several
studies have been done to solve the above problem.
Bridgman (1952) proposed a theoretical method to obtain
the post-necking true stress-true strain, while it requires
accurate measurement of geometrical dimensions of the
necked region, which is difficult for engineers. In fact, the
cross section under post-necking stage can become elliptical,
which also makes it more difficult to obtain an accurate
result. Several methods using a combination of both
numerical and experimental tools are proposed, and it is
required to assume a monotonic hardening function of the
post-necking stage. In this paper, two methods are
employed, i.e., the weighted average (WA) method (Jia and
Kuwamura 2014b) and the power law tangent (PLT)
method (Jia et al. 2016) are both employed in this study.

It is widely accepted that necking generally occurs when
the true stress is equal to tangent modulus of a true stress-
true strain curve. The WA method postulates that the post-
necking tangent modulus follows a linear function, and true
stress can be given as follows
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Fig. 2 Comparison of load-displacement curves of two post-necking true stress-true strain modification methods
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Fig. 3 Full-range monotonic true stress-true strain relationship of QN1803 stainless steel

where G and € are true stress and true strain

neck neck
+W-G, (e— Sneck) (1) when necking initiation occurs, respectively; w is a weight

factor of the WA method.

6= Gneck
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Table 2 Mechanical properties of QN1803 stainless steel

Mechanical Properties

Post-necking modification parameters

Yield stress Tensile strength Elongation  é&neck Oneck E w n
(MPa) (MPa) (%) (%) (MPa) (MPa)
440 737 713 380 1083  1.9x10° 0.97 1.0

Notes: €neck and oneck are the true strain and true stress when necking initiates, respectively, £ is Young’s modulus. w and » are the
parameters of the weighted average method and power law tangent method, respectively

The PLT method assumes that the true stress-true strain
relationship of a material follows the power law given in the
following formula

(¢}
_ neck €neck
G — 8 necl
( Pl €neck ] (2)
neck

The above formation can ensure that the true stress
The PLT method

also postulates that an upper bound of true stress follow a
linear function, and the method can be expressed by the
following equation

while necking occurs is equal to O -

€neck
neck

O = G [w1<1+s—sneck)+(1—wl)[8 ]] 3)

where w; is a weight factor of the PLT method. This method
has also been employed for structural steel by other
researchers (Ge et al. 2018).

3.2 Functions of full-range monotonic true stress-true
strain

Three coupons with configuration shown in Fig. 1 were
manufactured and pulled to rupture using an MTS testing
machine. The configuration of coupons was designed based
on the gauge length of the extensometer, which is 50 mm in
this study, and the filleting radius is determined according
to the specification, requiring a radius no less than 20 mm
(GB/T  228.1-2010). Experimental results  and
corresponding numerical results using full-range true stress-
true strain data with the aforementioned two post-necking
methods are compared in Fig. 2. From the figure, it was
found that the WA method can give a good evaluation of
the stress-strain relationship of QN1803 stainless steel,
while the PLT method cannot well describe the stress-strain
relationship at the post-necking stage. This is mainly for the
fact that the PLT method has an exponential expression,
which will lead to no strain hardening at large strain range.
The PLT method can underestimate the post-necking true
stress of QN1803, and the necking deformation can be
overestimated after necking initiates.

The load-displacement curves using full-range true
stress-true strain data obtained by the two methods are
compared in Fig. 2, indicates that the PLT method
underestimates the ductility of the material due to premature
necking of the tension coupon. Mechanical material
properties of QN1803 stainless steel are given in Table 2,

and corresponding material parameters of the two
aforementioned post-necking modification methods are also
listed in the table. The Young’s modulus is about 1.9x10°
MPa. Yield strength can reach 440 MPa, and tensile
strength is 737 MPa. The yield to tensile strength of the new
stainless steel QN1803 is 0.60, which is much less than
0.85. This indicates that the material has a large residual
strength after yielding, which is favorable from viewpoint
of ductile design. This also indicates a high strain hardening
effect, which may lead to high requirement of connected
members during structural design. Elongation of the
coupons in this study can reach as much as 71.3%, where
the uniform elongation before necking is 38.0%.
Commonly, necking is deemed to initiate when the peak
load is achieved, and the elongation of the material till the
tensile strength is the uniform one, which is 38% for the
QN1803 tested in this study. These values are much larger
than most structural steel, indicating good ductility and
energy dissipation capacity of the base metal. To facilitate
application of the new material, two-parameter and three-
parameter formulae to describe full-range true stress-true
strain data till rupture under monotonic tension are given as
follows

o=o,+a[l-exp(-b ¢, )]=440+2003[1-exp (-1.02¢,,)] (4)

o =0,,+3,[l-exp(=b, - £,)]+K, - &,=440+270x[1-exp (- 6.83¢,,)]+1020¢,, (5)

2 Eeq

Since Eqgs. (4) and (5) are obtained based on test results
of the three coupons employed in this study, more
experimental results are required to further validate the
parameters of the two formulae, where a; and b; are
material constants of the two-parameter formula, and az, b
and K three-parameter ones. Full-range true stress-true
strain data given by Eqgs. (4) and (5) are compared with the
one using the WA method in Fig. 3, indicating good
accuracy of the two-parameter and three-parameter
formulae. It can also be found that the three-parameter
formula gives almost the same result of the WA method,
which is a bit better than that of the two-parameter one.
Both of the two formulae can be employed to describe full-
range true stress-true strain data of QN1803 stainless steel
under monotonic uniaxial loading.

4. Introduction of combined hardening models
with/without a memory surface

4.1 Yield function and flow rule
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Yield function describes the condition when a material
yields. For ductile metal, commonly the Mises yield
function is employed both for its accuracy and
mathematical formation, though it can overestimate yield
stress under shear-dominant loading conditions. For the
combined hardening Chaboche model, there are both
isotropic and kinematic hardening (KH) components. The
yield function can be generally written as

f =\/g(8—a):(8—a) ~(0,,+R)=0  (©

where S is the deviatoric stress tensor; a is the total
backstress tensor, which gives movement of center of the
yield surface; oy is initial yield strength; R is an isotropic
hardening (IH) component, indicating increase in size of the
yield surface. The flow rule describes how plastic strain
increases. For ductile metal, the associated flow rule is
generally employed, and it assumes that the plastic potential
function is identical to yield function.

4.2 Combined hardening rule

A hardening rule describes how the yield surface
evolves under the post-yielding stage. For ductile metals
following the Mises yield function and the associated flow
rule, formation of the backstress proposed by Armstrong
and Frederick (1966) can be employed

2

da:§C0dap—7/-a-deeq (7)
where Cop / y gives the stabilized value of KH stress; y gives
the hardening rate of KH stress; dep is increment of the
plastic strain tensor; de., is incremental equivalent plastic
strain. It can be found that the Armstrong-Frederick rule
will reduce to the Prager hardening rule when y is equal to
zero

da = %COdsp =Cde, (8)

For a uniaxial stress state, expression of the backstress
in incremental form shown in Eq. (7) can be rewritten as

&[1-exp (-re,)]when y =0
oa=<7 )

Cog, when y=0

It can found from Eq. (9) that the backstress o follows
an exponential function, indicating that it will converge to a
limit value of Cy / y when y is not equal to zero. The
Armstrong-Frederick rule with only a single backstress is
generalized by Chaboche et al. (Chaboche and Dang 1979,
Chaboche and Rousselier 1983), who introduced several
backstresses each with different hardening parameters to
describe different hardening rates at full strain range. The
generalized Armstrong-Frederick rule is also termed as
Chaboche model, which gives much better evaluation of
cyclic plasticity of metal than that of the Armstrong-
Frederick rule for some ductile metal. There can be several

backstresses in the generalized Armstrong-Frederick rule
(Chaboche and Dang 1979, Chaboche and Rousselier 1983)

n 2

where a; is the i-th backstress; n is total number of
backstresses; Ci / yi gives the stabilized value of the i-th
backstress at large strain range; yi describes hardening rate
of KH component of the i-th backstress. Different
backstresses can have different hardening rates, which thus
can lead to better description of cyclic plasticity of ductile
metal at various strain ranges. For example, there can be
two backstresses. One is expected to determine large strain
range, and the other one together with the first one to define
small strain range.

For the combined hardening model, there is also an IH
component, R. Incremental form of the IH rule (Jia and
Kuwamura 2014 a) is given as

dR=k(Q,, — R)de,, (11)

where dR represents incremental increase of size of the
yield surface; & gives hardening rate of the IH rule; QO
gives stabilized value of R commonly at a large strain level.
For a uniaxial stress state, the IH component can be
expressed as an exponential function, which is almost the
same as expression of the backstress in the Armstrong-
Frederick rule when y is not equal to zero

R=Q,[1-exp(-k-&,)] (12)

For the combined hardening model (termed as Chaboche
model in this paper), commonly there are two or three
backstresses, where commonly one of them has a linear
formation to describe stress-strain relationship at large
plastic strain range.

In this paper, the IH rule shown in Eq. (12) was revised
to obtain a better evaluation of cyclic plasticity of the new
material. An additional linear function was added in Eq.
(12) in the proposed plasticity model with a memory
surface. The IH hardening rules can thus be written as

dR =dR, +dR, (13)
R =Q.[1-exp(—key)]

(14)
RZ = cheq

where R; and Rz are two IH hardening components, K. is
post-yielding hardening modulus of the second IH
component, R.. Without the linear item, the IH component
of the original Chaboche model will converge to a limit
value of Q., and this will underestimate the hardening
modulus of the material at large plastic ranges, leading to
premature necking prediction.

4.3 Memory surface

It has been found that stress can achieve a stabilized
value after several constant-amplitude loading cycles, and
hardening will occur again when the previous peak
amplitude is exceeded. To describe this effect, memory
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Strain space

Memory surface

Fig. 4 Memory surface in strain space

surface is necessary to memorize loading history. Ohno
(1982) proposes a formation for a memory surface in strain
space as illustrated in Fig. 4, which is employed in this
study. A memory surface, g, is defined (Ohno 1982) as
follows

2
gg=\/§(ep—q)-(ep—q)—r=0 (15)
where q and r are center and radius of the memory surface,
respectively.
Evolution rule of the memory surface is given as

dg = 4(e, —q) (16)

where the initial value of q is zero.
Consistency condition of the surface, g., leads to
0 0 0
&:dap+&:dq+&-dr:0 (17)
Og,, aq or

One can obtain

2=, _ar
3r? r
Evolution rule of r is assumed to be

2(e, —q)d
dr = hy, 772—(8'0 3?) i

where /4 is a parameter determining expanding rate of the
memory surface, and » will increase only when dR is larger
than zero. According to Eq. (19), there will be no IH if
current strain state is within the memory surface or angle
between current plastic strain increment and normal of the
memory surface is larger than 90 degrees. With the above
memory surface, stress stabilization phenomenon of metal
under cyclic constant-amplitude loading can be captured.
For a cyclic plasticity model without the memory surface,
stress will continue increasing under cyclic constant-
amplitude loading, which will overestimate stress under
such loading histories.

(18)

when dR>0 (19)

5. Calibration of model parameters

Prediction accuracy of a plasticity model is significantly
affected by corresponding parameter calibration method.
For structural engineers, it will be straightforward if all
parameters of cyclic plasticity models can be calibrated
using only tension coupon test results. A method to
determine cyclic plasticity model parameters using only
tension coupon test results was proposed by one of the
authors (Jia and Kuwamura 2014a) based on observation
during fatigue tests (Kuhlmann-Wilsdorf and Laird 1979),
and good evaluation accuracy was achieved. It was
postulated that IH and KH components each takes half of
hardening stress for structural steel and aluminum. For the
Chaboche model, full-range true stress under monotonic
loading can be expressed as

o; :ayO+R+a (20)

where o; is true stress after post-necking modification. By
postulating that ratio of the IH one to total hardening stress
is constant for full strain ranges, a variable f can be defined
as illustrated in Fig. 5, and IH and KH stresses under
monotonic loading can be determined as follows

R=p(c;—0y) (1)

a=(1-p)(o;—0y) (22)

p is assumed to be a material constant, which can be
calibrated based on comparison results of monotonic and
cyclic tests. From Eqgs. (21) and (22), it can be found that [H
and KH functions can be easily obtained if value of f is
known. According to Eq. (12), IH correlated parameters,

QOO and k, can be obtained based on a simple regression
analysis. Likewise, KH correlated parameters, C; and y;, can
also be simply obtained based on a regression analysis. For
the proposed plasticity model with two IH components,
value of k is the same as that of y;, and value of Q_ is

equal to Ci / y1. K. in Eq. (14) can be obtained by
multiplying f and K, in Eq. (5).
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Fig. 6 Configuration of compact specimens under both monotonic and cyclic loadings

For structural steel and aluminum, it was found that the
optimal value of f is close to 0.5. Based on comparison of
monotonic and cyclic test results, an optimal value of 0.5 is
obtained for QN1803 stainless steel, which is the same as
those of structural steel and aluminum. The main reason
may be that the cyclic hardening mechanism of these metals
are basically the same, i.e., induced by crystal dislocation.

6. Experimental study
6.1 Configuration of specimens

Eight QN1803 stainless steel specimens with
configuration shown in Fig. 6 were designed and
manufactured. The configuration in the figure was designed
by the authors to achieve cyclic large strain loading. A
compact configuration was designed to avoid premature
elasto-plastic buckling of the specimens under compression
at large strain range. All specimens were cut from the same
14-mm thick stainless steel plate. The central segment has a
length of 5 mm with a uniform cross-section to achieve a
stress state close to uniaxial loading. The specimens were
designed as compact as possible to avoid premature
elastoplastic buckling under cyclic plastic loading. Width of
the central minimum cross-section is 12 mm, which is close
to the thickness to avoid premature out-of-plane buckling.
The central segment with a small length of 5 mm has the
same cross-sectional area to produce a stress state as

uniform as possible. The compact configuration was
determined to avoid premature buckling under compression.
Three coupons as illustrated in Fig. 1 were manufactured
and pulled to fracture. Coupon test results were employed to
obtain parameters of the Chaboche model with a memory
surface. Manufactured specimens are shown in Fig. 7, and
the tests were conducted using an MTS testing machine
under room temperature at a quasi-static speed of 0.01
mm/s. Capacity of the loading machine is 500 kN, and
displacement capacity is 75 mm. Specimens were clamped
to the bottom loading head, and enforced displacement was
applied to the top movable loading head. An extensometer
with a gage length of 50 mm was employed to measure net
deformation of the central segment as shown in Fig. 8. All
the tests were controlled by displacement data of the
extensometer. Specimens were tested under different
loading histories as illustrated in Fig. 9. A tension test was
employed to verify the maximum tensile displacement
capacity and necking initiation point of the specimen, and a
compression test was to obtain instant when global buckling
of the specimen occurs. Based on test results of the above
two specimens, cyclic loading histories covering various
strain ranges can be designed while avoiding premature
buckling of specimens under compression. Single full cycle
loading history and five constant-amplitude cycles loading
histories respectively shown in Figs. 9(c) and 9(d) were
designed to investigate the stress stabilization effect under
constant-amplitude cyclic loading. Two cycles pre- and
post-necking loading histories respectively shown in Figs.
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Fig. 7 Manufactured QN1803 specimens
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Fig. 10 Experimental results of specimens

9(e) and 9(f) were also designed to investigate cyclic
plasticity of the material in strain ranges before and after
necking initiation, where the necking initiation point under
monotonic tension was also given in the figure. The last two
loading histories, i.e., the full-range incremental and
constant-amplitude loading histories respectively shown in
Fig. 9(g) and 9(h), were designed investigate cyclic
plasticity of the material in full strain range. Cyclic
plasticity of QN1803 stainless steel can be investigated
comprehensively based on the aforementioned experimental
study and corresponding numerical one.

6.2 Experimental results

Experimental results of the specimens are shown in Fig.
10, where loads and displacement at peak and rupture points
are also given. The load-displacement curves are compared
since the stress state at the post-necking stage is not
uniaxial. The stress and strain distribution of central
uniform cross section is not uniform. From the figure, it can
be found that cyclic loading can lead to premature necking
initiation. Necking initiates at 2.69 mm for the five cycles
constant-amplitude loading, while the one under monotonic
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Fig. 11 Failure mode of specimens

Table 3 Calibrated model parameters of the plasticity models

Chaboche model p Ci C y2 O k K.

(MPa) (MPa) (MPa) (MPa)
With memory surface 0.5 922.73 6.83 510.35 0 135.05 6.83 510.35
Without memory surface 0.5 922.73 6.83 510.35 0 1001.5 1.02

tension is 4.37 mm. The peak load of specimen under the
five cycles constant-amplitude loading is also larger than
the ones of the other specimens. In addition, pre-necking
cyclic plastic straining can also lead to premature rupture of
specimens, e.g., rupture displacement of the specimen under
five cycles constant-amplitude loading is 7.40 mm, which is
much less than the monotonic one, which is 9.57 mm. It is
interesting to find that post-necking cyclic plastic straining
can even increase rupture displacements of specimens, e.g.,
the one under two cycles post-necking has a rupture
displacement of 10.40 mm. All specimens failed in a ductile
failure mode as shown in Fig. 11 except for the monotonic
compression one. Necking first initiates at middle of the
specimens, and ductile rupture finally occurs.

7. Numerical study

7.1 Finite element modeling

A three-dimensional solid model as shown in Fig. 12
was established in ABAQUS (ABAQUS, 2013) to simulate

cyclic plasticity of QN1803 stainless steel. A one-eighth
model was employed considering symmetric boundary

conditions of specimens. Element type C3D8R with a
reduced integration scheme was employed for its accuracy
and efficiency. Only portion within gage length of the
extensometer was simulated. Symmetric boundary
conditions were applied to the model as shown in Fig.
12(a), and mesh of the numerical model was shown in Fig.
12(b), where the central uniform part was meshed with fine
elements considering strain concentration there. Enforced
displacement was applied to top of the specimen. In this
study, both the Chaboche models with and without the
memory surface were employed in the above numerical
study. The two plasticity models both employ a combined
hardening rule, with both IH and KH rules. The only
difference is that there is a memory surface in strain space
for the proposed plasticity model. The one without a
memory surface is available in ABAQUS, and the proposed
plasticity model was implemented into software using a
user-defined subroutine developed in Fortran. The user-
defined subroutine is termed as VUMAT in ABAQUS,
which employs an explicit integration scheme. The
plasticity model parameters are all calibrated through
monotonic coupon test results using the aforementioned
method. Values of the calibrated plasticity model
parameters are given in Table 3.
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Fig. 14 Comparison of experimental and numerical results for specimens

7.2 Numerical results

Equivalent plastic strain contour plots obtained from the
numerical simulation were given in Fig. 13, implying
extremely large plastic strain. The maximum value can
reach as much as 260% for specimen under the full range
constant-amplitude loading, and the maximum equivalent

plastic strain of specimen under monotonic tension is 130%.
The elongation of the material is 71.3% in this study, and
true strain at the necked region can be much larger.
Load-displacement curves obtained from the numerical
simulation were compared with corresponding experimental
results in Fig. 14, where “Abaqus default” denotes the
Chaboche model without a memory surface, and VUMAT
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denotes the proposed model with a memory surface. Based
on comparison results, following observations can be found:

(1) The Chaboche model without a memory surface can
give a good evaluation result for the specimen under a
single full cycle loading, which is even a bit better than the
proposed model with a memory surface.

(2) For the specimen under five constant-amplitude
cycles loading, the Chaboche model without a memory
surface greatly overestimates cyclic hardening at both
tensile and compressive sides during constant-amplitude
loading stage, while predicting a premature necking
initiation of the specimen. The Chaboche model with a
memory surface can generally give a good evaluation result
for the specimen.

(3) For the specimen under two cycles pre- and post-
necking loadings, the Chaboche model without a memory
surface can overestimate stress at tensile side, while
underestimate the one at compressive side. The Chaboche
model with a memory surface can generally give a good
evaluation result for the specimen.

(4) Similar conclusion to the ones under pre- and post-
necking loadings can be obtained for the two specimens
under full range cyclic loading histories.

It can also be found that the hardening moduli as the
elasto-plastic transition zones are overestimated by the
proposed model. The deviation is mainly correlated the
calibration method for the cyclic plasticity model, where the
model parameters are calibrated using monotonic tension
coupon test results. The hardening modulus at the transition
zone of the first loading cycle is much higher than those of
the subsequent ones. This leads to overestimation of the
VUMAT at the transition zones except the first half cycle.

8. Conclusions

A new austenitic stainless steel termed as QN1803 with
high nitrogen and low nickel was recently invented, which
leads to significant reduction of material cost by
approximate 15% to 20%. In addition, the new material has
high initial yield strength and tensile strength. This high-
performance material has a high potential to be widely
employed in many applications. In this study, an
experimental study on cyclic plasticity of the new high-
performance stainless steel QN1803 was conducted to
investigate its full-range monotonic and hysteretic
properties. A combined cyclic plasticity model with a new
isotropic hardening (IH) rule was proposed, and a memory
surface in strain space was also employed to simulate the
new high-performance material. The newly developed
plasticity model was implemented into ABAQUS using a
user-defined subroutine. Numerical study was carried out to
capture cyclic plasticity of the new material and verify
validity of the newly proposed model. Based on
experimental and numerical results, following conclusions
can be made.

(1) For the new high-performance stainless steel
QN1803, yield strength can reach 440 MPa and it has an
elongation beyond 50% in this study, indicating QN1803
has high strength and good ductility. In addition, the yield

to tensile strength ratio can be as low as 0.60, implying high
strain hardening effect and a high post-yielding strength
potential.

(2) Both two-parameter and three-parameter formulae
were proposed for full-range true stress-true strain
relationship of the material, and the three-parameter one
with an exponential function and a linear one gives the best
evaluation accuracy.

(3) The newly proposed plasticity model with a new IH
rule and a memory surface in strain space can generally
well simulate full-range cyclic plasticity of QN1803
stainless steel under various loading histories.

(4) The Chaboche model without a memory surface can
greatly overestimate cyclic strain hardening effect under
cyclic constant-amplitude loading and underestimate stress
at reversal sides under some cyclic loading histories, e.g.,
cyclic incremental loading.

(5) Based on comparison between numerical and
experimental results, ratio of the IH component to total
post-yielding hardening stress, f, can be taken as 0.5 for
QN1803 stainless steel.
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