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The sound numerical prediction of welding-induced thermal stresses, residual stresses,
and distortions strongly depends on the accurate description of a welded material’s
thermomechanical deformation behaviour. In this work, we provide experimental data on
the viscoplastic deformation behaviour of a grade-s960QL steel up to a temperature of
1000°C. In addition, a multi-phase viscoplastic material model is proposed, which accounts
for the experimentally observed isothermal deformation behaviour of grade-s9soQL steel
base and austenitised material, as well as for athermal contributions that originate
from solid-state phase transformations. The multi-phase viscoplastic and a classic rate-
independent isotropic hardening material model were applied in the numerical simulations
of both-ends-fixed bar Satoh tests and a single-pass gas metal arc weld. The influence
of material modelling choices on the agreement between numerical simulation and

experimental results is discussed, and recommendations for further work are given.
© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The application of numerical methods to enhance the understanding and to facilitate the prediction of welding induced
thermal stresses, residual stresses, and distortions is termed computational welding mechanics (cwm) [1]. One challenging
aspect in cwM is the accurate description of the material thermomechanical deformation behaviour in the high-temperature
region of the weld, where cyclic thermomechanical loading conditions do exist [2]. For high-strength low-alloy (HSLA) steels,
such loading conditions result in a deformation behaviour with contributions by plastic strain hardening, viscoplasticity,
and solid-state phase transformations [3]. The challenge to conduct in situ experimental measurements of thermal stresses
and thermal strains in real welds led to the design of simplified experimental setups. A setup of particular interest for the
validation of thermomechanical material modelling choices in cwmMm are both-ends-fixed bar Satoh [4] tests. Experimental
Satoh tests and corresponding numerical simulations for low-alloy steels indicate that contributions of phase transformations
by means of transformation-induced plasticity (TRIP) [5] must be accounted for, and recovery formulations of hardening
state variables are recommended [6]. In addition, it was shown that taking into account viscoplastic effects [7], better suited
plastic hardening formulations [6], and an improved description of phase transformation kinetics [8] favour the accurate
numerical prediction of thermal stresses. Systematic investigations on material modelling choices in numerical simulations
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of real welds confirm the findings of the Satoh tests in terms of improved numerical predictions of residual stresses and
distortions by considering viscoplastic effects [9,10], suitable plastic hardening formulations [11], and accurate modelling of
solid-state phase transformations [8,12].

Grade-s960QL steel [13] exhibits a mixed isotropic softening/kinematic hardening deformation behaviour for cyclic plastic
loading at ambient temperatures [8,14]. At elevated temperatures, low-alloy steels are known to harden kinematically with
substantial contributions by viscoplastic effects. Contemporary hardening and viscoplastic formulations employed in cwwm [3]
offer a poor approximation to the deformation behaviour of grade-s960QL steel base and austenitised material. A more accu-
rate description of the single-phase deformation behaviour of materials is accomplishable by the application of viscoplastic
Chaboche [15] material models. Viscoplastic Chaboche models are not commonly employed in cwm, but are by now state of
the art in numerical simulations of thermomechanically loaded structures such as extrusion toolings [16], internal combus-
tion engine turbo chargers [17], or aero engines [18]. In regards to grade-s960QL steel, internal variables and corresponding
evolution equations to describe nonlinear kinematic hardening [19] and strain-range memory effects [20,21] may be utilised
to obtain a more accurate description of the material single-phase plastic strain hardening response. Short- and long-term
contributions from viscoplastic effects are accessible by overstress and static recovery in hardening state variables [16,21].
To account for the contributions of solid-state phase transformations, Chaboche material models can be used in combina-
tion with the meso approach of Coret [22], which further incorporates the phenomenological Leblond phase kinetics model
[23,24] and a rate-equation for TRIP strains [25,26]. Whereas the meso approach was not yet applied to cwMm of an actual
weld, promising results were obtained for the numerical simulation of a low-alloy steel during progressing solid-state phase
transformations and the numerical rupture prediction of a nuclear pressure vessel subjected to accidental high-temperature
loads [27]. The application of a Chaboche material model in combination with the meso approach, a Leblond phase kinetics
model, and a TRIP rate equation in cwM demands a comprehensive set of experimental data in order to identify the models’
parameters [28]. For grade-s9soQL steel, experimental data sets available in the literature are limited to material strength
in uni-axial cyclic loading at ambient temperatures [14], strength in uni-axial tension at elevated temperatures [29,30], the
constant of TRIP strains for a fully martensitic transformation [31], some basic data on phase transformation kinetics [31,32],
constants of elasticity and thermal material properties [30].

This work is a contribution to the experimental investigation and modelling of the grade-s960QL steel viscoplastic ther-
momechanical deformation behaviour with applications to cwM. Experimental data on the cyclic viscoplastic hardening
response of the material as obtained in complex low-cycle fatigue (cLcF) tests [33] is provided up to a temperature of
1000°C. We further provide experimental data on grade-s960QL steel thermal stresses and thermal strains in both-ends-
fixed bar Satoh tests. A multi-phase viscoplastic material model which is based on the meso framework of Coret and the
viscoplastic Chaboche material modelling approach is proposed and applied in the numerical simulations of the Satoh tests
and a single-pass gas metal arc (GMA) weld. Alongside to the newly proposed model, a classic rate-independent isotropic
hardening material model is applied in the numerical simulations. The consequences of material modelling choices on nu-
merically predicted thermal stresses, thermal strains, and residual stresses are discussed by the comparison of the numerical
simulation results and the experimental measurements. Suggestions for further work on material modelling of grade-s960QL
steel in cwM are derived based on the reproducibility of experimental results in the corresponding numerical simulations.

2. Methodology - experimental investigations
2.1. Experimental complex low-cycle fatigue tests

The uniaxial viscoplastic cyclic hardening behaviour of grade-s960qQL steel was experimentally investigated at isothermal
conditions by cLcF tests [33]. The experimental setup and a schematic strain vs. time series of the strain-controlled cLCF
tests is shown in Fig. 1(a) and (b). Each cLcF test did comprise three stages of strain amplitudes &1, €2, and &3, respectively.
Each stage did consist of three cycles of tension/compression at strain rates &; = 0.001%/s and &, = 0.1%/s, and one cycle
at constant strain of dwell time ¢, (stress relaxation cycle). The strain rates were identical for all temperatures of testing,
with &1 chosen slow enough to allow long-term static recovery to take place, and &, of a magnitude similar to the expected
strain rates in the heat-affected zone (HAz) and fusion zone (Fz) for a typical cMA weld. The remaining parameters of the
CLCF tests (&1, &2, €3, ty) were prescribed in dependence of the temperature of testing and are reproduced in Table 1. The
strain amplitudes and dwell time were prescribed to aid parameter identification of the viscoplastic Chaboche model and
to be representative for GMA welding. Temperatures of testing did span the range from 20°C up to 1000°C. In each cLcF
test, the specimen was pre-heated at the temperature of testing for 30 min. Each test was repeated twice to confirm the
reproducibility of the experimental results.

The geometry of the CLCF test specimens is shown in Fig. 2. All specimens were extracted from a 20-mm-thick WEL-
DOX960E grade-s960QL steel plate in the direction of rolling. The chemical composition of the material is shown in Table 2.
The surface finish of the specimens did correspond to smooth grinding. Two tensile testing machines were used in the
CLCF campaign. CLCF tests up to and including 600°C were conducted with an Instron 8561 servoelectrical computerised
universal tensile testing machine where specimens were exposed to the atmosphere during testing. Testing at temperatures
of 800°C, 900°C, and 1000°C was realised with a MTS 810 servo hydraulic computerised universal tensile testing machine
that was fitted with a vacuum chamber to shield the specimen in an argon 5.0 environment at a maximum 5 ppm of
residual oxygen. The specimens were heated by electromagnetic induction in both setups. The temperature of the specimen
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Fig. 1. Experimental setup of the cLcF tests (a), and schematic strain vs. time series (b).
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Fig. 2. cLcF specimen dimensions (in mm) and local coordinate system.

Table 1

Temperature dependent parameters of the CLCF test experiments.
T in °C &1 in% & in% e3in% th ins
20. 0.51 0.85 12 3600.
200. 0.4 0.75 11 3600.
400. 0.33 0.665 1 7200.
600. 0.14 0.47 0.8 7200.
800. 0.1 0.38 0.66 3600.
900. 0.08 0.33 0.58 3600.
1000. 0.06 0.28 0.5 3600.

Table 2
Maximum allowables (*) for grade-s960QL steel alloying elements in wt. % according to DIN EN 10025-6 [13] and ssAB test report data for CLCF test specimen
material.

C Si Mn P S Cr Ni Mo \ Ti Cu Al Nb B N Fe
DIN EN 10025-6* .20 .80 1.70 .020 .010 1.5 2.0 .700 120 .050 .50 >.015 .060 .005 .015 balance
SSAB test report .16 22 1.24 .010 .001 .20 .06 .603 .038 .003 .01 .055 .015 .001 .002 balance

was measured at y =0 mm using a platinum/platinum-rhodium thermocouple of wire diameter 0.2 mm. Local straining of
the specimen was measured by a MTS 632.51F-08-1147 extensometer calibrated to 5% elongation with extensometer rods
applied at positions y = —5 mm and y =+5 mm.

2.2. Experimental Satoh tests

Satoh tests were conceived to investigate the evolution of thermal stresses in a material subjected to welding-like ther-
momechanical load histories by a both-ends-fixed bar analogy [4]. The specimens used in the experimental Satoh tests
were identical to the cLCF test specimens and the experiments were conducted with the Instron 8561 tensile testing ma-
chine. Platinum/platinum-rhodium thermocouples were tack welded at y = —10 mm, y = —5 mm, y =0 mm, y = +5 mm,
y =410 mm, y =+15 mm, and y = 420 mm to acquire temperature field data for the corresponding numerical simulation
of the Satoh test. The extensometer setup was identical to the setup in the CLCF tests. The specimen was heated by elec-
tromagnetic induction with an inductor coil geometry for concentrated heat input. The temperature profile of the thermal
cycles is (multi)linear in the heating stage, with peak temperatures of 706 °C and 908 °C. The peak temperatures correspond
to material located in the non-austenitised and austenitised fine grain HAz of a weld. The cooling part of the thermal cycles
correspond to an experimental temperature measurement in the HAz of a single-pass cMA weld without pre-heating. The
applied heating rate is slow in comparison to a real GMA weld, but was necessary to avoid temperature oscillations related
to the disposable heating control setup. Parts of the experimental setup and the prescribed thermal cycles are shown in
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Fig. 3. Experimental setup of the SATOH tests — extensometer not shown (a). Prescribed temperature vs. time series (b).

Fig. 3(a) and (b). Water-cooled brass brazes as depicted in Fig. 3(a) were applied to the specimen to achieve sufficiently
high cooling rates. The stroke of the tensile testing machine was kept constant during the Satoh tests according to the
both-ends-fixed bar analogy.

3. Methodology - material modelling and numerical simulations

In this work, we follow the staggered approach where the thermometallurgical simulation is assumed not to be coupled
with the thermomechanical simulation results. The thermometallurgical material model that describes the heat conduction
properties and the phenomenological evolution of the metallurgical state in grade-s960QL steel is presented in section 3.1.
The multi-phase viscoplastic and the classic rate-independent isotropic hardening material models that describe the mate-
rial stress response for thermomechanical load paths that may involve solid-state phase transformations are presented in
sections 3.2 and 3.3. The finite element models of the Satoh tests and the cmaA weld are presented in section 3.4.

3.1. Thermometallurgical material model

The thermometallurgical material model specifies the effective specific heat capacity c, the effective heat conductivity A,
and the evolution of the metallurgical state z in a representative volume element (RVE) of material subjected to welding-like
temperature histories. The metallurgical state z was introduced as a tuple of five scalars that denote the volume phase
fractions of base material (z;), martensite (z;), bainite (z3), ferrite (z4), and austenite (z5). The relationship ), z; =1 holds.
The effective specific heat capacity ¢ and the effective heat conductivity A for a mixture of metallurgical phases in a RVE of
material was computed by the linear mixture rules

«M) =) ciTz (1)
and

M=) xi(T)zi ()

¢; and A; are the temperature-dependent specific heats and heat conductivities of the individual metallurgical phases. The
effect of latent heat due to solidification, liquefaction, and solid-state phase transformations were neglected. In addition,
dissipated heat caused by plastic deformations and the contributions from plastic deformations to a change of the metal-
lurgical state were ignored. The evolution of the metallurgical state was described by the phenomenological Leblond phase
kinetics model [23]. The influence of austenite grain conditioning on solid-state phase transformations was not modelled.
Multi-linear parameterisations were employed to specify phase-transformation kinetics in the Leblond model, except for the
austenite-to-martensite transformation, for which a modified version of the Koistinen-Marburger [8,24] relationship was
used:

Zeq(T) =1 — exp[—A(MS — T)"] (3)

In Eq. (3) T is the temperature in the RVE. MS, 8, and n are material parameters that describe the martensite transformation
characteristics. The Macaulay brackets for the scalar argument x are defined as (x) = (|x| +x) /2. Eq. (3) results in the
original Koistinen-Marburger relationship for n = 1.

The thermometallurgical material model was implemented in the ABAQUS6.12-3 FEM package using the UMATHT subroutine
in order to solve for the temperature T and metallurgical state z in the numerical simulations of the Satoh tests and cma
weld.
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Fig. 4. Meso model localisation and homogenisation scheme. E and ¥ are the macroscopic strain rate and stress. & and S; are the phase specific (local)
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3.2. Multi-phase viscoplastic thermomechanical material model

The multi-phase viscoplastic deformation behaviour of grade-s9soQL steel was described by the application of the meso
model introduced by Coret [27] and a viscoplastic Chaboche [15] material modelling approach. In the meso approach, each
RVE of material in a body is thought to consist of multiple metallurgical phases. The stress response in the i-th metallurgical
phase is obtained by the application of a material model for a localised phase-specific strain rate €; and the macroscopic
thermal loading condition of the RVE. The phase-specific localised strain rate is obtained by a localisation procedure from
the macroscopic (total) strain rate E in a RVE of material. The macroscopic state of stress ¥ does result from the application
of a homogenisation procedure in the stresses of the particular metallurgical phases S;. The localisation and homogenisation
scheme is illustrated in Fig. 4.

In the multi-phase viscoplastic thermomechanical material model, we treat grade-s960QL steel as a two-phase material
that consists of base material with volume phase fraction 1 — z5 and austenitised material with volume phase fraction zs.
The localisation procedure

é=E—EM _EP (4)

was used; it differs from the one proposed by Coret as the thermal strain rate of the RvE E™ is treated as macroscopic. EtP
is the rate of TRIP strains. The homogenisation procedure for the macroscopic state of stress X is a linear mixture rule in
the stresses of the two metallurgical phases, and is identical to the formulation used by Coret,

E:ZZiSi (5)

The thermal strain rate in Eq. (4), E™ is the time derivative of
E(T) = )2 [ (T = Tre) + Elhy ] 1 (6)
i

Eq. (6) is a linear mixture rule for the RVE's macroscopic thermal strain in the thermal strains of the two metallurgical
phases. The «; are the coefficients of thermal expansion of the two metallurgical phases and Ty is the reference temper-
ature for thermal expansions of magnitude ng,r 1 is the unit tensor of rank 2. The rate of transformation-induced plastic
strains E* in the localisation procedure, Eq. (4), was introduced as

E® =3K; X' [z5(—25) + (1 — 25) (25)] )

In Eq. (7), K¢ is the constant of transformation-induced plastic strains, which is a material parameter [31] and ¥’ is the devi-
atoric part of the macroscopic state of stress in the RVE of the material. Eq. (7) is based on the common [5] parameterisation
of TRIP strains in the segregating austenitic phase E® = %K ®(z5)X’ and the particular choice of the polynomial expression
® =(1-25)[2—(1—25))]. In this work, an identical TRIP characteristic was assumed for the formation and segregation of
austenite. Eq. (7) then follows by taking the time derivative of E* for the formation and segregation of austenite and for
the assumption of a constant state of stress X’ [5].

Egs. (4) to (7) define the macroscopic multi-phase deformation behaviour for a RVE of material. The phase-specific
thermomechanical deformation behaviour of grade-s960QL base and austenitised material was described by a viscoplastic
Chaboche material model that was applied for each of the two metallurgical phases. Small deformations were assumed, and
the stress in the i-th metallurgical phase S; was assumed to be related to the elastic strain ef of the phase by Hooke’s law.
The strain rate in the i-th metallurgical phase é; was additively decomposed in an elastic & and plastic strain éf component

e =éf +ef (8)

A Norton-type overstress model as motivated in [15] was used to relate the plastic strain rate of the i-th phase, é? , to the
phase specific state of stress S; and phase specific state of kinematic X; and isotropic hardening R;,
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éP:§<12(Si_Xi)—(ki+Ri)>i Si —Xi 9)

) Ki T2 (Si — Xi)

Di

In Eq. (9), J; is the invariant J»(S;) = \/% (Si — 3 tr(Si) 1) : (Si — 3tr(Si) 1), where the scalar contraction of rank-two tensors
is denoted by : and tr() is the trace operator. p; is the equivalent plastic strain rate in the i-th phase. k;, n; and K; are
temperature dependent material parameters. S'; is the deviatoric state of stress in the i-th metallurgical phase. The state of
kinematic hardening in phase i, X;, was introduced as the sum of two back stress tensors

2
Xi =X +Xo=)_ Xj (10)
j=1
The relation of the back stress tensors X;; to the back strain tensors A;; and the corresponding evolution equations were
adopted from [16] as

Xij = ajj Ajj (11)
and

. p 3Cj, . 3 J2 (Xij) i Xij .

Ajj =cije; — iafijxijpi — 5dij a5 %) 8(zi, zi) Ajj (12)
with

. &) ifz >0
8(zi,zj) = { o ile- —0 (13)
;=

In Egs. (11) and (12), ajj, cjj, djj, and m;; are temperature-dependent material parameters of the i-th metallurgical phase
and j-th kinematic hardening variable. The employed evolution equation for nonlinear kinematic hardening does comprise
terms of linear kinematic hardening, dynamic recovery, static recovery, and annealing. The annealing formulation, Eq. (13),
was introduced [6] to describe the effective state of hardening during an increase of the i-th metallurgical phase fraction.
The formulation was derived in analogy with the effective austenite grain size formulation in the phase kinetics model of
Leblond [23].

The phase-specific state of isotropic hardening R; is also introduced based on the formulation of [16], with static recovery
being neglected, but strain range memory effects and annealing due to phase transformations are accounted for:

Ri=Qiri (14)
fi=bi (1 —71i) pi — &(zi, Zi)Ti (15)
In Eq. (15), Q; and r; are internal variables, b; is a temperature-dependent material parameter. The internal variable Q;

describes the magnitude of isotropic softening/hardening in the presence of strain range memory effects [14,20,21]. Q; was
introduced as an extended version of the formalism presented in [21],

_ 16
Zi1 +Zi,2:| (16)

Qo.i» Qm.i, i1, Mi2, Zi,1, i 2 are phase-specific temperature-dependent material parameters. q; is a further phase-specific
internal variable. The plastic strain memory surface,

Qi = Qo,i + (Qm,i — Qo,i) [1 — [zi.1exp (—2i.10i) + 21,2 exp (—21ti 24i) ]

2
F=§JA£—£J—mso (17)

is used to describe strain range memory effects [21]. In Eq. (17), e? denotes the current plastic strain of the i-th phase and
the internal variables &; and g; are state variables that describe a translation and expansion of the plastic-strain memory
surface. The evolution equations of the internal variables &; and g; are

. 2 . .

Qi=§77iH(F) (m :nf) pi — g(zi, Zi) qi (18)
. 2 . .

£i=§(1—m)H(F) (n:nf) pin — g(zi, 2) &; (19)

In Eq. (18), H(F) is the Heaviside step function, n; is a temperature-dependent and phase-specific material parameter, and
n; is the phase-specific direction of the plastic flow, which follows from Eq. (9) as
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3 9i-X
=2 -—o— (20)
2 J2(8i—Xi)
Furthermore, in Eq. (19), n} is the normal to the plastic strain memory surface
3 eP—¢;
nf = 'pigl (21)
2 Ja (e} — &)

Egs. (8) to (21) describe the thermomechanical deformation behaviour of the i-th phase; in combination with the meso
model, Egs. (4) to (7), they describe the multi-phase viscoplastic deformation behaviour of a RVE of material. The multi-phase
viscoplastic material model was implemented in the ABAQUS6.12-3 FEM code using the UMAT subroutine for its application in
the identification of material parameters [28] and in the numerical simulations of the Satoh tests and cmA weld.

3.3. Classic rate-independent isotropic hardening thermomechanical material model

The rate-independent isotropic hardening material model follows the classic approach in cwm. Hence, for small strains,
the strain rate in a RVE of material is additively decomposed as the sum of an elastic, thermal, TRIP, and plastic part,

E=E®+EM + E®  EP (22)

The state of stress S and the elastic strains E® in a RVE of material are related by Hooke’s law. The thermal and TRIP strain
rates follow from Egs. (6) and (7). The plastic strain rate EP results from the isotropic hardening yield criterion

3 1 1
\/2 (Si — 3t (Si)1> : (Si -3t (Si)1) —> ziRei(pi) <0 (23)

where Rg; is the yield stress for the effective accumulated plastic strain p; = [ pi(t) dt of the i-th metallurgical phase. T is
a measure of time. p; is an effective measure of accumulated plastic strain as annealing was applied during an increase of
the i-th metallurgical phase fraction. The material model was implemented in the ABAQUS6.12-3 FEM code using the UHARD,
UEXPAN, USDFLD user, and the GETVRM utility subroutine.

3.4. Numerical model of the Satoh test and single-pass GMA weld

The thermometallurgical simulations of the Satoh tests and cmA weld were carried out with the ABAQUS6.12-3 FEM pack-
age. Volumetric heating was applied by the UDFLUX subroutine. Thermal material properties were applied according to [30].
Thermal properties of ferrite, bainite, martensite and base material were assumed to be equal. A mixed bainitic/martensitic
segregation of austenite as depicted in Fig. 5 was assumed. The results obtained in the thermometallurgical simulation were
transferred to the thermomechanical simulation by mapping. The thermomechanical simulations of the numerical models
were conducted in ABAQUS using the c3D20R 20 node reduced integration 3D brick element. Thermomechanical material
properties for the multi-phase viscoplastic material model were identified based on the experimental CLCF test results with
a methodology motivated in [28]. Linear interpolation between the next lower and next higher material parameter set
was employed to obtain material parameters at a given temperature T. The material properties were extrapolated for base
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orange, light green, and light blue. Thermal boundary conditions on cooling channels are depicted dark blue. Multi point constraint couplings for nodes on
the upper chuck chaw are shown as dashed lines.

material above 600°C, and for austenitised material below 800°C and above 1000 °C. Strength levels of hot tension test
curves [30] were used as a guidance of material strength in the extrapolated temperature ranges. Material strength for the
classic rate-independent isotropic hardening model was prescribed based on hot tension test curves of grade-s960QL steel
[29,30]. The constant of transformation induced plastic strain for a pure martensitic transformation, K = 6.9 E~> MPa~',
was used [31].

Fig. 6 shows the spatial discretisation and boundary conditions of the finite element Satoh test model. A quarter model
with corresponding symmetry boundary conditions was employed. The specimen, cooling braces, and parts of the chuck
chaws were incorporated in the spatial discretisation. Fixed displacement boundary conditions were applied for nodes on
the outer surface of the lower chuck chaw. Nodes on the outer surface of the upper chuck chaw were tied to the lower
end-point of a linear elastic spring. The spring was used to model the stiffness of the tensile testing machine and was
prescribed as 56 GPa. The elastic stiffness of the cooling brazes was reduced according to the lose connection of the cooling
brazes and the cLcF specimen in the experimental setup. The deformation behaviour of the chuck chaws was assumed
to be linear elastic, with a stiffness of low alloy steel. Fixed temperature boundary conditions of 20°C were applied on
the outer surfaces of the chuck chaws and the cooling channel walls. Thermal boundary conditions of heat radiation and
convective cooling were not applied. Heating of the specimen was modelled by a volumetric heat flux in material within
—25 mm < y < +25 mm of the specimen. The magnitude of heat input was computed based on the temperature difference
between a target temperature and the temperature at the finite element integration points. The target temperature was
a linear interpolation in the y-coordinate of the model with the experimental thermocouple measurements as sampling
points. Only positive heat fluxes were allowed. Initial conditions were set to a temperature of 20°C and a metallurgical
state of pure base material.

The FEM model of the cMA weld is shown in Fig. 7. In the experimental weld, two grade-s960QL steel plates of 300 mm
length, 60 mm width, and 6 mm thickness were joined in a single pass using a matching filler material. The joint plates
were prepared with a V-groove. A half-model of the weld was used in the numerical simulation based on symmetry con-
siderations. Multi point constraints were employed to constrain nodes in the regions of mesh refinements. The deposition
of filler material during welding was modelled by the chewing gum method [1]. Chewing gum material properties were
assigned to material in the V-groove, except for elements which were used to model the three tack welds. Chewing gum
material properties were also applied for elements of deposited material on the weld root and weld toe. Heat input in the
thermometallurgical simulation was modelled by a combination of ellipsoid heat sources [34]. The distribution and inten-
sity of volumetric heat input was adjusted until the numerical simulation results did match experimental thermocouple
measurements and the weld’s Fz as obtained from macrographs. Convective and radiation cooling was applied to describe
long-term cooling of the plate to ambient temperatures after welding. Initial conditions were set to 20°C and pure base ma-
terial in the welded plates. In the thermomechanical simulation, boundary conditions were applied to allow free shrinkage
of the plate, see Fig. 7.
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Tack weld

Tack weld

Fig. 7. Coordinate system, mesh, and mechanical displacement u boundary conditions for the numerical simulation of the single-pass weld. Symmetry
displacement boundary conditions in regards to the y-plain were assumed for nodes on the blue (deposited filler material) and orange coloured (tack
welds) element faces. The rigid body motion of the model was constraint by displacement boundary conditions at nodes highlighted by red dots. 33460
elements were used for the spatial discretisation of the plate.

4. Results and discussion
4.1. Experimental low-cycle fatigue tests and parameter identification of the viscoplastic Chaboche material model

CLCF test results were highly reproducible except for testing at 600°C where the specimen stress response was only
reproducible up to cycle 14. Cycles of a non-reproducible stress response were not considered for the identification of the
Chaboche material model parameters and are excluded from the following presentation and discussion.

The cyclic hardening response of grade-s960QL steel in CLCF tests at 20°C was in close agreement to experimental data
provided in [8] and [14]. At 20°C, a reduction of the elastic range did occur on first tensile plastic loading in cycles 1, 8,
and 15. A stationary cyclic hardening response was obtained for the following five tension/compression cycles in each stage.
Fig. 8(a) shows the stationary cyclic hardening response of the steel in cycles 6, 13, and 20. Fig. 8 (b) and (c) shows the
softening response of the material during the first plastic loading at strain amplitudes ¢, and &3. Isotropic softening was
most pronounced in cycle 8. The effect of isotropic softening during cycles 1, 8, and 15 of the cLcF tests did diminish with
increasing temperatures at 200 °C and 400 °C, and no isotropic softening did occur for testing at 600 °C. The stationary cyclic
hardening stress response for tests at 200°C and 400°C is shown in Fig. 8(d) and (e). The cyclic hardening stress response
did not depend on the strain rate at 200°C. A pronounced contribution of viscoplastic effects on cyclic hardening was first
observed in cLCF tests at 600°C - see Fig. 8(f). Viscoplastic contributions by means of stress relaxation in grade-s960QL
steel base material are shown in Fig. 9(a). A short-term stress relaxation did result in tests at 20°C. For an increase in
the temperature of testing, long-term viscoplastic effects did result, with a steady decrease of stress during the complete
duration of the stress relaxation cycle.

The parameter identification of the Chaboche material model did result in a close description of the stationary cyclic
hardening response of grade-s960QL base material, see Fig. 8(a) and (d)-(f). A good qualitative description of the material
response did also result for combined isotropic softening/kinematic hardening, see Fig. 8(b) and (c). The contributions of
viscoplastic effects on the material deformation behaviour are also well reproduced in the numerical simulations of the
CLCF tests, Figs. 8(f) and 9(a). For the parameter identification of the Chaboche model, short-term viscoplastic effects at
20°C were described by overstress. The stress relaxation response at elevated temperatures was described by overstress and
static recovery of kinematic hardening state variables.

The cyclic hardening and stress relaxation response of grade-sos0QL steel in austenitised conditions is shown in
Fig. 10(a)-(c) and in Fig. 9(b). A kinematic hardening stress response with no isotropic hardening contributions did re-
sult. Viscoplastic contributions in terms of a strain-rate-dependent stress response in cyclic hardening and stress relaxation
were distinctive. The experimentally observed deformation behaviour was properly reproduced after parameter identification
of the viscoplastic Chaboche material model. As for the case of grade-s960QL steel base material, viscoplastic contributions
were modelled by overstress and static recovery of kinematic hardening state variables.

4.2. Experimental Satoh tests and corresponding numerical simulations

The experimental Satoh test and corresponding numerical simulation results are shown in Fig. 11. The temperature
cycle of Satoh’s test A, Fig. 11(a), did lead to elastic loading of the specimen until the yield stress of grade-s9s0qQL steel
base material was reached at ~ 550°C, Fig. 11(c) and (e). The following plastic compression of the specimen at increasing
temperatures did result in tensile residual stresses after cooling. The temperature cycle of Satoh’s test B, Fig. 11(b), leads to
an initially elastic loading, followed by plastic compression due to a decrease of the material strength up to Ac1, and further
plastic compression during austenitisation up to a temperature of ~Ac3 - see Fig. 11(d) and (f). On cooling, tensile thermal
stresses did initially develop until the onset of solid-state phase transformations that lead to a decrease of thermal stresses
caused by local thermal expansions and TRIP strains, both originating from the segregation of the austenitic phase. Tensile
residual stresses of a magnitude similar to Satoh’s test A did result after cooling to ambient temperatures.
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Fig. 8. Cyclic hardening stress response of grade-s960QL steel base material for temperatures of testing at 20°C, 200°C, 400°C, and 600°C. &; = 0.001%/s,
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Fig. 9. Stress relaxation response of grade-s960QL steel base (a) and austenitised (b) material.

A good agreement of experimentally measured and numerically simulated temperature field data was obtained for both
Satoh tests, Fig. 11(a) and (b). With regards to thermal stresses and strains, an equally good qualitative agreement did
emerge for the application of both material models. However, a slightly better quantitative agreement of thermal stresses
and strains was achieved by the application of the multi-phase viscoplastic material model.

The numerical simulation results of Satoh’s test B indicate that both, classic and meso approach, offer an adequate
representation of the multi-phase material deformation behaviour in cwm. The good agreement of thermal stresses and
thermal strains for a progressive austenitisation of the specimen is favoured by accounting for TRIP strains during the
formation as well as the segregation of the austenitic phase. The proper prediction of thermal stresses following partial
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Fig. 10. Cyclic hardening stress response of grade-s960QL steel austenitised material for temperatures of testing at 800 °C, 900°C, and 1000°C. &; = 0.001%s,
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austenitisation of the specimen further indicate that annealing formulations in hardening state variables during an increase
in a metallurgical phase fraction do favour the accuracy of numerical simulation results, which is in agreement with findings
in the literature [6].

It is worth noting that numerically simulated thermal stresses in both Satoh’s tests are rarely affected by the employed
viscoplastic and hardening formulation, which is in contrast to findings in the literature [6]. For Satoh’s test A, this observa-
tion may be attributed to the high strength of grade-s960QL steel, which leads to elastic loading in tension after cooling from
the peak temperature, so that no reverse plastic yielding does occur. In Satoh’s test B, the thermal stress and thermal strain
response is in large parts driven by the contributions from TRIP strains related to solid-state phase transformations. Hence,
in both Satoh’s tests, the plastic loading of base material is radial, a loading condition that is equally well described by the
classic isotropic hardening and the Chaboche material modelling approach. Cyclic plastic loading is limited to the austeni-
tised material in Satoh’s test B - where the material response is indeed somewhat better predicted by the multi-phase
viscoplastic modelling approach.

4.3. Numerical simulation of the cmA weld

Fig. 12 shows the Mises invariant and selected residual stress components in the GMA weld for a free body cut at half-
length of the plate. Residual stresses of significant magnitude were confined to the HAz of the weld. Longitudinal residual
stresses of dominating intensity did evolve in non-austenitised base material spanning the complete thickness of the plate,
Fig. 12(b). Transversal residual stresses of considerable magnitude did result in the transition region of non-austenitised
and austenitised base material and are confined to the top and bottom surfaces of the plate, Fig. 12(c). Through thickness,
residual stresses were limited to the transition region of non-austenitised and austenitised base material in the interior of
the plate, Fig. 12(d).

The characteristic of the numerically predicted residual stress fields is very similar for the application of the classic
and multi-phase viscoplastic material model. In particular, the distribution and magnitude of numerically predicted trans-
verse and through-thickness residual stresses is virtually identical. However, longitudinal residual and Mises stresses of
higher magnitude did result for the classic material modelling approach for non-austenitised base material in the HAZ of
the weld. In this region of the weld, the non-austenitised base material is subjected to cyclic thermomechanical loading,
which results in an isotropic softening/kinematic hardening deformation behaviour for the application of the multi-phase
viscoplastic model. A more early plastic re-yielding in tension following a plastic compression results in the significantly
lower magnitude of longitudinal residual stresses for the multi-phase viscoplastic model.

Fig. 13 shows a comparison of numerically predicted and experimentally measured residual stresses in the weld at
x =150 mm. In general, a good qualitative agreement was obtained for the application of both material models. Both
modelling approaches reproduce the M-shape longitudinal residual stress profile that is typical for a single-pass HSLA steel
weld. The application of the multi-phase viscoplastic material model did however result in a better prediction of longitudinal
residual stress magnitudes. The level of longitudinal residual stresses was systematically overpredicted with the classic
modelling approach in non-austenitised material close to the weld’s austenitised zone. The overprediction of the longitudinal
stress magnitude is related to the poor description of the grade-s960qQL steel’s cyclic hardening deformation behaviour by the
isotropic hardening formulation. In terms of transversal residual stresses, a misprediction did result inside the austenitised
zone (Az) on the upper surface of the weld for both material modelling approaches. It is important to note that tensile
residual stresses of high magnitudes in the austenitised zone of the weld necessarily need to develop after the segregation
of the austenitic phase. High magnitudes of transversal thermal stresses in austenitised material would be offset by material
expansion and TRIP strains during the austenite-to-bainite and martensite transformation - as it was the case for thermal
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Fig. 11. Satoh test experimental and numerical results as obtained by the application of the rate independent isotropic hardening (Classic) and multi-phase
viscoplastic (Visco.) material modelling approaches. Ac1 and aAc3 denote the austenite start and finish temperatures. Bs and Ms are the bainite and martensite

start, MF is the martensite finish temperature.

stresses in Satoh’s test B, Fig. 11(f). It is hence likely that a spatially varying onset of austenite segregation - possibly caused
by austenite grain size effects - is a driving force for the experimentally measured tensile transversal residual stresses on
the upper surface of the weld.

4.4. Recommendations for cwM of grade-s960QL steel and suggestions for further work

The numerical GMA weld results suggest that a proper description of the grade-s960QL steel’s hardening response should
be employed. The application of isotropic hardening or linear kinematic hardening formulations, which are commonly em-
ployed in cwwM, are not suitable to describe the cyclic plastic hardening behaviour of the steel. Unfit hardening formulations
result in mispredictions of residual stress magnitudes for material subjected to cyclic plastic loading in the HAz of the
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weld. Whereas the region of the material subjected to cyclic thermomechanical loading conditions is confined in single-pass
welds, a more severe misprediction of residual stresses is to be expected in numerical simulations of multi-pass welds that
feature a larger HAz and multiple thermomechanical load cycles in HAzZ material.

Considering viscoplastic effects did not significantly improve the numerical predictions of thermal stresses and thermal
strains in the Satoh tests or residual stresses in the single-pass cMA weld. However, taking into account viscoplastic ef-
fects via overstress and static recovery of hardening state variables might prove worthwhile in numerical simulations of
multi-pass welding, post-weld heat treatments, or welded structures subjected to accidental high-temperature loads.

The contribution of solid-state phase transformations on the material thermomechanical deformation behaviour is sig-
nificant, which is readily obvious in Satoh’s test B - see Fig. 11(d). At the same time, no experimental data on grade-s960QL
steel solid-state phase transformations for varying austenitisation conditions and cooling cycles are available. Further work
in terms of experimental investigations and modelling of phenomenological solid-state phase transformation kinetics of
grade-s960QL steel is expected to further improve numerically predicted thermal and residual stresses.

5. Summary and conclusions

The cyclic viscoplastic hardening behaviour of grade-s9soQL steel was experimentally investigated. A multi-phase vis-
coplastic material model that describes the experimentally observed deformation behaviour of the steel in close approxima-
tion was proposed. The newly proposed model and a classic material model were applied in cwmM of grade-s960QL steel. Both
models were found suitable to reproduce the vast majority of experimental results with an improved numerical prognosis
of thermal stresses, thermal strains, and residual stresses for the application of the multi-phase viscoplastic model. Based
on the agreement and deviation of experimental and numerical results, we can draw the following conclusions.

e Viscoplastic Chaboche models are suitable to describe the uni-axial cyclic viscoplastic hardening deformation behaviour
of grade-s960QL steel base and austenitised material with a good approximation.

e The meso approach of Coret allows for the application of viscoplastic Chaboche material models for materials sub-
jected to solid-state phase transformations. The effect of solid-state phase transformations on the material deformation
behaviour is equally well accounted for in the meso and classic material modelling approaches.

e A proper description of the grade-s960qQL cyclic hardening behaviour favours the sound numerical prediction of residual
stress levels in non-austenitised base material in the HAz of a single-pass weld.

e The description of viscoplastic effects may increase the accuracy of numerically predicted thermal stresses and strains.
However, the gain in accuracy by viscoplastic formulations for the application to a single-pass cMA weld was small
compared to the gain in accuracy that did result from improved cyclic hardening formulations.

o Further work in cwm of grade-s960QL steel should focus on experimental investigations and modelling of the phe-
nomenological nature of solid-state phase transformations. This should include effects of austenite grain size and cooling
conditions.
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