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Abstract
The present work aims at investigating the effect, in terms of residual stress prediction, determined by the adoption of different
material constitutive models in the Finite Element simulation of the casting process of a superduplex stainless steel benchmark,
from the cooling after the pouring phase to the subsequent heat treatment (heating and water quenching). A 3D thermo-
mechanical Finite Element (FE) model was created with the commercial code Abaqus: the preliminary thermal problem, i.e.
the determination of the heat transfer coefficients during both the mould cooling and the quenching, was solved by means of an
inverse analysis approach by minimizing the difference between the numerical evolution of temperature and the experimental
acquisition coming from real casting test. Two separate routes were followed according to the adopted constitutive equations:
modelling the material as (i) elasto-plastic or (ii) elasto-viscoplastic. The numerical prediction of the residual state of stress in
terms of casting relaxation was compared with the experimental data after the cut of the casting using an electro-discharge
machine. The analysis revealed that when the elasto-viscoplastic modelling was adopted, the simulations underestimated the
relaxation with an error larger than 50%; on the other hand, the elasto-plastic model leads to an overestimation with an error of
about 30%.
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1 Introduction

The performance of engineering components manufactured
by means of foundry processes can be considerably influ-
enced by several defects, among which one of the most
detrimental is represented by the residual state of stress.
If adjacent regions experience different specific volume
variations (due to cooling at different rates or to different

phase transformations), stresses can arise and if the yield
limit of the material is overcome, a residual stress state
remains at room temperature [1]. Such a defect is common
in several industrial processes, like for example welding,
partial (surface) or global heat treatments, and machining
[2–4]. Components obtained by casting (especially sand
casting) are generally subjected to heat treatments before
further machining or being put in exercise: residual stresses
generated during the cooling in the sand mould can have an
influence on the final residual state at the end of the sub-
sequent heat treatment. In particular, this aspect becomes
crucial when dealing with the casting of large-scale com-
ponents made of superduplex stainless steels (SDSS),
mainly adopted for oil and gas applications, thanks to their
high corrosion resistance due to the balanced biphasic
austenitic-ferritic microstructure at room temperature [5].
During the cooling phase in the sand mould, beside the
development of a stress state due to the differential cooling
of adjacent regions of the cast, some embrittling secondary
phase precipitation can be promoted, having a negative
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effect on toughness, ductility and corrosion resistance
[6–8]. For this reason, a properly designed heat treatment
after cooling in the sand mould becomes an unavoidable
step to ensure the quality of the casting: at first, a prelim-
inary heating up to a certain temperature (usually higher
than 1100 °C) is necessary to enter the biphasic region of
the phase diagram (where only ferrite and austenite coex-
ist), subsequently followed by a drastic decreasing of tem-
perature to freeze up the microstructure and avoid the risk
of secondary phase precipitation [5]. Starting from this
scenario, it should be clear that predicting the occurrence
of such defects and, more than that, also the interactions
between stress states generated by different processes on
the component is a challenging problem. The FE approach
represents a helpful and efficient tool in this direction: if
the component is characterized by high level of complex-
ity, such an approach can be used to minimize the costs
related to the trial and error approach, thus assuring high
quality and cheaper parts.

Numerical prediction of the residual state of stress needs
the solution of both the thermal and the mechanical prob-
lem: a fully coupled approach within a FE environment [9]
or, alternatively, the solution of the thermal problem with a
finite difference (FD) solver and the subsequent mechani-
cal one within a FE environment [10] are both reported in
literature as viable solutions. The robustness of a numerical
model can be ensured properly defining two key aspects:
(i) the material modelling and (ii) the thermal boundary
conditions. As for the former, several studies underline
the importance of taking into account the viscous behav-
iour of the alloy during the cooling down [11–13]; other-
wise, an overestimation of the residual state of stress at
room temperature may result from a less complex elasto-
plastic rheological model. On the other hand, the reduction
of computational costs, without undermining the accurate-
ness of the numerical prediction, is another key point:
neglecting the presence of the sand mould, thus proposing
an improved surface element formulation [14] able to take
into account the effect of the mould constraint, or assuming
that the heat transfer is mainly regulated by the convection
laws [13] are reported to be promising solutions to shorten
simulation time. As previously introduced, the thermal
boundary conditions, i.e. the heat transfer coefficients
(HTC), need to be properly determined. Despite several
experimental methods can be considered effective (the im-
mersion method, unidirectional tests, the one-dimensional
solidification process, fluidity tests) [15], the adoption of
the inverse analysis approach is still considered one of the
most reliable solutions. Temperature-time curves are ac-
quired by probes and used as target data to inversely deter-
mine the optimal value of the HTC by means of the mini-
mization of an error function [13, 16]. In particular, the
inverse analysis gives more advantages especially when

applied to the solution of complex thermal problems, as
in the case of water quenching processes: differently from
the case of gas (or air) quenching numerical simulations, in
which the computational fluid dynamics (CFD) provides a
reliable estimation of the HTCs as function of temperature
[17, 18], the water quenching process is characterized by
an even more complex interaction between the component
and the quenchant [19] and, at the same time, it is influ-
enced by a larger number of parameters, as the entering
position of the component in the quenching bath or the
flow rate and agitation of the quenchant [20, 21]. The
adoption of the inverse analysis to evaluate the HTCs is
widely reported to be effective, especially if coupled with
various optimization procedures [16, 22–24].

The present work deals with the investigation on the evo-
lution of the residual stress state in a cast benchmark
superduplex stainless steel (ASTM A890 Gr. 5A) component
during the whole manufacturing process. After cooling down
in the mould, the cast component was subjected to a subse-
quent heat treatment: at first, it was heated up to 1130 °C (in
the region of the austenitic-ferritic biphasic region) to relief
the arisen residual state of stress and to eliminate any second-
ary phases in the microstructure. The part was then water
quenched to freeze up the characteristic biphasic structure of
SDSS as also proved by subsequent metallographic investiga-
tions. On the other hand, the whole manufacturing process
was numerically investigated adopting a fully coupled
thermo-mechanical approach. According to Palumbo et al.
[13], the HTC (as a function of temperature) were inversely
determined minimizing the difference between the numerical
and the experimental time evolution of temperature in specific
points of the casting. To evaluate the effect of the material
modelling on the stress prediction, two separate routes were
investigated: (i) an elasto-plastic constitutive modelling
implementing temperature-dependent flow stress curve or
(ii) an elasto-viscoplastic constitutive equation adding the vis-
cous contribution implementing data from the creep tests.

2 Material and methods

2.1 Investigated material and geometry of the case
study

In this section, a brief description of the investigated material
and the adopted geometry is provided, being these aspects
already discussed in the previous work of the same authors

Table 1 ASTM A890 Gr5A chemical composition (wt%)

C % Cr % Ni % Mo % N %

< 0.03 25.0 7 4.2 0.18
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[13]: the investigated alloy, namely ASTM A890 Gr. 5A, be-
longs to the group of the superduplex stainless steels, consid-
ered particularly interesting since it is characterised high me-
chanical properties and higher corrosion resistance than the
conventional austenitic grades [5]. The chemical composition
of the alloy is resumed in Table 1.

The investigated benchmark geometry, widely adopted in
literature [13, 25], is a casting consisting of three bars charac-
terized by unbalanced moduli able to promote the occurrence
of a residual state of stress. The main dimensions of the inves-
tigated geometry are reported in Fig. 1.

2.2 Water quenching

In the present work, the residual state of stress was numerical-
ly predicted at the end of the water quenching step. Figure 2
schematically reports the complete thermal history experi-
enced by the node located on the middle plane of the side
bar (highlighted in green): once reaching the room

temperature after the first two steps (BSO “before shake
out” and ASO “after shake out”), the component was fully
solutioned by means of a specific heat treatment (HT) and
subsequently water quenched (WQ).

During the HT and WQ phases, the casting temperature
was monitored by means of K-type thermocouples (acquisi-
tion frequency equal to 1 Hz) located both on the outer surface
of the bars and near the casting middle plane (respectively
indicated as Surface TC and Middle Plane TC in the 3D sche-
matic representation of Fig. 3a).

Once cooled down at room temperature, the casting was
heat-treated following the temperature profile showed in
Fig. 3b. The heat treatment was carried out in an industrial
furnace (Fig. 4a) and, after the cast reached a homogeneous
temperature of 1130 °C, it was immersed in a quenching
bath (Fig. 4b) that was continuously fed by a constant
water flow rate to maintain its temperature as close as pos-
sible to the room one.

2.3 The stress relaxation technique

The residual state of stress after quenching was evaluated
adopting the stress relaxation technique [26], being such a
procedure considered one of the destructive techniques of-
ten adopted to estimate of the residual state of stress in the
as-cast condition, i.e. once the cooling phase (after the
pouring) was finished. Both the side bars were subjected
to consecutive cuts (according to the sequence in Fig. 5) by
means of a 0.3 mm wire electro discharge machine (EDM).

A physical reference point (Ref) for the initial wire po-
sitioning was created on one of the massive parts of the
casting; the wire was then moved in the position of the first
cut and its coordinates were recorded. After the first cut
(1A in Fig. 5), the two halves came in contact, completely
enclosing the gap created by the wire, due to a partial
relaxation of the residual stress state. The complete

Fig. 2 Description of the thermal history during the whole process
experienced by the node located on the middle plane of the side bar

Fig. 1 Overview of the
investigated geometry with the
main quotes in millimeters
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relaxation on the first bar was ensured after the second cut
(2A in Fig. 5) located 5 mm far from the first one along the
longitudinal direction. The same procedure was applied on
the other side bar, sequentially cutting along 1B and 2B, so
that the state of stress in both the bars could be completely
relaxed. The wire was then positioned in contact with the
first bar at the 1A cut location: the current coordinates were
again recorded and compared with those acquired before
the 1A cut to experimentally evaluate the bar relaxation.

2.4 Metallographic investigations

Metallographic analyses were performed by means of light
microscopy and exploiting the Struers® LectroPol5. The
two slices (5 mm thick) from the consecutive cuts on the side
bar cutting were further investigated via metallographic anal-
yses using an electrolytic polishing (using the Struers® A3
electrolyte) and a subsequent electrochemical etching (in a
20% NaOH aqueous solution at 3.5 V for 5 s).

Results at different magnifications in Fig. 6 a and b show
that, at the end of the quenching process, the microstructure
was characterized by the presence of isles of austenite
(appearing brighter) in a ferritic matrix; the black dots are

relative to microporosities due to the casting process, while
no sigma phase was found (such a brittle phase can be easily
distinguished from the austenite and ferrite, appearing orange
or dark brown in a micrograph, depending on the adopted
magnification [27]).

2.5 Description of the numerical procedure

The fully coupled thermo-mechanical approach was
adopted; only half of the casting was modelled to sensibly
reduce the computational costs: the geometry was meshed
with 12346 C3D8T (8-node thermally coupled brick,
trilinear displacement and temperature available in the
Abaqus element library) elements with an average size
of 5 mm. The whole casting process was simulated: from
the initial cooling phase (BSO and ASO in Fig. 2) to the
heat treatment that was divided into two sub-steps; in the
first step, i.e. the heating phase, the simulation time was
set to 23,400 s (this is the real duration of the heating in
the furnace), whereas in the second one, i.e. the water
quenching, the simulation time was set to 400 s, which
is the time the bars needed to cool down to the room
temperature. The accuracy of the proposed numerical

Fig. 4 Industrial furnace for heating up the casting (a). Water bath adopted for the quenching (b)

Fig. 3 K-type thermocouples positioning (a) and temperature evolution during the heating phase (b)
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model relies on two key points: (i) the material behaviour
and (ii) the definition of the thermal boundary conditions.
As for the former aspect, the influence of the constitutive
equation was evaluated throughout the whole process,
from the initial cooling step up to the final water
quenching. The material data have been briefly recalled
from a previous work [13]: uniaxial tensile tests suggested
that the material yield point decreased as the temperature
increased (curve labelled as σy in Fig. 7a); additional uni-
axial tensile tests were carried to specifically determine
the elastic behaviour of the material [28] showing a sim-
ilar dependence of the Young’s modulus according to the
temperature (curve labelled as E in Fig. 7a).

Material data were arranged to be subsequently implement-
ed within the FE model: in particular, results from the tensile
tests were fitted by means of the Hollomon’s model (σ =Kεn)
whose constants are plotted in Fig. 7b as a function of the test
temperature (the material behaviour was modelled as perfectly
plastic at temperature higher than 800 °C).

On the other hand, the material viscous behaviour was
investigated by means of creep tests at high temperatures,
namely 600 °C, 800 °C and 1000 °C: tests were carried out
up to the secondary stage and results were fitted using the

Norton-Bailey power law (ε ̇=Aσb), whose constants have
been listed in Table 2 according to the temperature levels.

The above presented results were subsequently implement-
ed within the FE model allowing to investigate two different
formulations: (i) an elasto-viscoplastic (EVP) constitutive
model and (ii) an elasto-plastic (EP) constitutive equation.

As concerning the thermal boundary conditions, HTCs
were properly evaluated by means of the inverse analysis
applied on pure thermal transient simulations: the casting
geometry was partitioned as shown in Fig. 8a and, for each
portion, HTCs as a function of the temperature (both in the
cooling phase after pouring [13] and in the water
quenching) were determined minimizing the error between
the numerical evolution of temperatures and the experi-
mental data coming from the thermocouples (as described
in Section 2.2).

Material thermal properties—i.e. thermal conductivity,
density and specific heat—were modelled as a function of
temperature implementing data from a previous experimental
campaign [16]. The stress state at the end of quenching (cal-
culated by means of a fully coupled thermo-mechanical anal-
ysis) was imported in the subsequent mechanical simulation
and the bar relaxation was numerically evaluated removing
the symmetry constraints on the side bars (highlighted in
orange in Fig. 8a).

As depicted in Fig. 8b, the relaxation was determined as the
absolute value of the difference between the component along
the y axis of the segment AB (end of the quenching) and the
segment AB’ (once the stress state was relaxed).

3 Results

3.1 HTC numerical evaluation

The HTCs, which regulate the heat exchange between the
casting and the quenchant (water, in this case), play a key role
in the simulation and need to be correctly evaluated.

Fig. 6 Results of the
metallographic investigation: 10×
(a) and 50× (b)

Fig. 5 Sequence of cuts by means of EDM wire cut
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Temperature evolutions during the water quenching were
acquired by thermocouples placed at the middle plane of the
casting (Middle Place TC in Fig. 3a) and used as target data
for a robust evaluation of the HTCs.

As the bold lines in Fig. 9 show, high cooling rates were
achieved during the quenching: only few seconds were nec-
essary to decrease the temperature from the one at the end of
the heating (1130 °C) down to the room one.

The good matching between the numerical results (dashed
lines with markers) and the experimental data (continuous
lines) on both bars confirms the effectiveness of the adopted
approach based on the inverse analysis. The resulting HTC

profiles for each of the partitioned region have been reported
in Fig. 10 a and b according to temperature.

3.2 Numerical evolution of the residual state of stress

The evolution of the residual stress state was numerically in-
vestigated throughout the whole casting process, considering
both the EP and the EVP constitutive model.

When neglecting the viscous contribution (Fig. 11 a
and b), during the first cooling after pouring, both of
the bars were subjected to an uniaxial state of stress,
tensile for the middle bar and compressive for the side
bars.

During the subsequent heating, the state of stress was
not completely relieved in both bars as shown in Fig. 11 c
and d. Due to the high cooling rate of the water
quenching, the casting experienced a much higher (in
module) stress state, more complex and not completely
uniaxial: the minimum principal stress component in the
middle bar (Fig. 11e) was lower than the maximum prin-
cipal one, but not so much to be considered negligible
(about 200 MPa), whereas the side bar was stressed in
the opposite way (Fig. 11f).

Similar trends were identified monitoring the evolution
of the residual stress in the casting when adopting the
EVP constitutive model (Fig. 12a–f): the most evident
difference was that, at the end of the heating step, residual
stresses were almost completely absent; in addition, the
stress level after the quenching step resulted again to be
more complex, but lower than the one implementing the
EP constitutive model. It is important to point out that,
regardless of the adopted material constitutive equation,
the stress state at the end of the quenching step was much
more complex than the one in the as-cast condition (i.e.
after solidification in the mould).

3.3 Numerical evaluation of the bar relaxation

EDM wire cuts were modelled removing the symmetry con-
straints on the side bars: since bar relaxation is directly con-
nected with the final stress state at the end of the quenching,
the Mises stress distribution of the side bar along the vertical
path shown in Fig. 13 was investigated.

The stress distribution in the as-cast condition resulted
to be almost constant along the cross section both in the
case of the EP (a) and the EVP (b) constitutive model; on
the contrary, only in the case of the elasto-plastic behav-
iour, a less uniform stress distribution was obtained at the
end of the quenching step.

The bar relaxation was numerically calculated as explained
in Section 2.5 (Fig. 8b) and results have been reported in
Table 3: it is evident that, when implementing the EVP con-
stitutive model, the numerical prediction of the bar relaxation

Table 2 Creep tests at high temperature: material constants of the
Norton-Bailey power law

Temperature (°C) A (MPa−b∙s−1) b (−)

600 4.65E−23 6.9587

800 7.85E−13 4.2429

1000 2.36E−09 3.5198

b

a

Fig. 7 Results from the uniaxial tensile tests. aYield point and bYoung’s
modulus as a function of the test temperature

3016 Int J Adv Manuf Technol (2020) 107:3011–3022



resulted sensibly lower than in the case the viscous contribu-
tion was neglected.

4 Discussion of results

The inverse analysis through the minimization of an er-
ror function resulted to be effective in providing proper
thermal boundary conditions: the resulting HTC curves
as a function of temperature proposed in Fig. 10 a and b
are in good accordance with the theory: the peak value is
in the region of the lower temperatures and its value is
comparable with data available in literature for the P20
steel [24], an eutectoid steel [29] and the SUS304 stain-
less steel [22].

As reported in Section 3.2, the choice of the consti-
tutive equation strongly affected the residual state of

stress at the end of the cooling in the mould: during
the heating step, the stress state of both bars (Fig. 14
a and b) predicted by the FE simulation implementing
the EVP model was characterized by a pronounced drop
after around 3200 s.

In addition, at the end of this heating step, a residual
uniaxial compressive state (around 10 MPa) was found
on the side bar when neglecting the viscous behaviour
(Fig. 15a); on the contrary, at the end of the heating,

a

b

Fig. 10 HTC profiles. Region#1 (a). Region#2 (b)

Fig. 8 Casting division for the HTC evaluation (a). Scheme for the numerical determination of the bar relaxation (b)

Fig. 9 Numerical vs. experimental evolution of temperature during
quenching

Int J Adv Manuf Technol (2020) 107:3011–3022 3017



almost the entire residual stress was relieved in the case
of the simulation implementing the EVP material model
(Fig. 15b).

Material modelling resulted to have a not negligible
influence on the final stress state at the end of the
quenching step: the contribution of the viscous behav-
iour is evident in the final maximum principal stress of
the middle bar, remarkably lower than the one predicted
when such a contribution was neglected (Fig. 16a).

A similar trend was found in the side bar, character-
ized by a final value of the minimum principal stress
much higher (more than twice) than in the case the EP
material model was adopted (Fig. 16b). If compared
with the almost completely uniaxial state of stress in
the as-cast conditions—i.e. after the steps BSO and
ASO—the more complex and severe state of stress jus-
tified the higher relaxation of the side bars.

It can be thus stated that once the boundary thermal
conditions are properly defined, the accurateness of the
numerical prediction depends only on the choice of the
proper constitutive equation. As shown in Fig. 17,
neglecting the viscous contribution in the material be-
haviour led to an overestimation of the as-cast residual
stress state at room temperature, twofold higher than the
one calculated implementing the EVP material model.

On the contrary, the EP model, despite overestimating
the experimental data of about 30%, resulted to be more
accurate than the EVP formulation, according to which the
bar relaxation was underestimated of more than 50%.

The extensive knowledge of both the plastic and viscous
properties was confirmed to be of prior importance to ade-
quately model the material behaviour in the FE model, but
the choice of the proper constitutive equation was important
as well, in order to avoid poor accuracy in the estimation of the
residual state of stress.

a b

c d

e f

Fig. 11 EP material modelling,
evolution of residual stress.
Middle bar (a) and side bar during
cooling after pouring (b). Middle
bar (c) and side bar during heating
(d). Middle bar (e) and side bar
during water quenching (f)
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a b

c d

e f

Fig. 12 EVP material modelling,
evolution of residual stress.
Middle bar (a) and side bar during
cooling after pouring (b). Middle
bar (c) and side bar during heating
(d). Middle bar (e) and side bar
during water quenching (f)

a b

Fig. 13 Comparison of the equivalent stress on the side bar in the as-cast condition and after quenching. EP (a). EVP (b)
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a b

Fig. 14 Creep contribution on the stress evolution during the heating phase. Side bar (a) and middle bar (b)

a b

Fig. 15 Residual stresses in the cross section of the side bar at the end of the heating phase. EP (a). EVP (b)

Table 3 Numerical estimation of the side bar displacement due to stress
relaxation

As cast [13] After quenching

Numerical (EVP) 0.069 mm 0.12 mm

Numerical (EP) 0.143 mm 0.35 mm

ba

Fig. 16 Influence of the material modelling on the final stress state after quenching. The middle bar (a) and the side bar (b)
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5 Conclusions

The prediction of the residual state of stress during the
whole casting process, from the mould cooling to the final
water quenching, has been successfully assessed in the
present work, thanks to (i) the proper definition of the
thermal boundary conditions and (ii) the in-depth investi-
gation of the influence of the material constitutive behav-
iour. The attention has been focused to a benchmark widely
adopted in literature [13, 25], consisting of three bars char-
acterized by unbalanced moduli able to promote the occur-
rence of a residual state of stress.

The inverse analysis revealed to be a robust method-
ology able to accurately evaluate the HTCs starting
from experimental data: the thermal history of the cast-
ing was simulated with an optimal fitting between ex-
perimental and numerical data.

Such an approach allowed to focus the attention in this
work on the material constitutive modelling, which revealed
to play a key role in the prediction of the residual stress state,
especially in the case of a more complex stress state like the
one occurring after the water quenching.

Although the EVP formulation proved its effectiveness
in precisely predicting the residual state of stress in the as-
cast condition (overestimating experimental measurements
of less than 7% [13]), the EP material modelling gave a
more accurate prediction of the residual state of stress after
the quenching (overestimating the experimental measure-
ment of about 30%).

The proposed results represent an additional step towards
the improvement of the reliability of a FE-based design tool
able to predict even very complex stress states as the ones at
the end of a quenching step: as revealed by the investigations
conducted by the authors, not only the heat transfer but also
the material modelling has to be properly tuned in order to
avoid poor accuracy of the results.
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