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a b s t r a c t

The temperature- and phase-dependent yield strength plays a decisive role in the precise

prediction of residual stresses in structural steel weldments. Since it is very expensive and

time-consuming to directly measure the yield strength of a given steel by experimental

method, numerical simulation has commonly been performed using the available yield

strength of the same steel grades in scientific literature and material database or using the

evaluated data based on the empirical formulations in standards/codes for the given steel.

Nevertheless, the yield strengths of the same steel grades are usually differentmainly due to

the disparity in chemical composition and grain size. Furthermore, there are considerable

differences in the yield strength at elevated temperatures obtained from the predictive

functions for the given steel. Therefore, it is necessary to clarify the influence of the variation

in temperature- andphase-dependent yield strengthobtained fromdifferentmethodson the

predicted welding residual stresses in numerical simulation. In this study, numerical

sensitivity analyses have been conducted to clarify the effect of yield strength on the pre-

dicted residual stresses in ultra-high strength steel S960 weldments. Furthermore, tensile

tests andwelding experimentswere carried out for comparison and validation. Based on the

current work, the effect of temperature- and phase-dependent yield strength on the calcu-

latedwelding residual stresses is clarified. Besides, the reliability of theproposed functions to

evaluate yield strength based on the tensile test results mainly from mild steels and con-

ventional high strength steels is assessed for the recently developedultra-high strength steel

S960. Finally, guidance on how to economically determine the reliable temperature- and

phase-dependent yield strength for S960 steel in numerical welding simulation is provided.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The elevated emissions of greenhouse gases leading to global

warming is a pressing risk to global security [1]. For controlling
eig.de (J. Sun).

y Elsevier B.V. This is
).
the emissions of greenhouse gases primarily from burning

fuels mainly for transportation, etc. [1], one of themost recent

approaches is to reduce the weight of transportation equip-

ment such as vehicles, airplanes, and ships to decrease fuel
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consumption. This can be achieved by the application of

lightweight materials [2e4] such as ultra-high strength steel

S960 [5,6] in the transportation industry. In themanufacturing

industries, traditional arc welding has still been widely uti-

lized to join components made of lightweight steel due to its

low prices, high productivity, and flexibility. Nevertheless,

residual stresses are unavoidably generated in weldments

because of the highly localized transient heat input [7,8]. It is

well known that tensile residual stress is one of the critical

factors causing the hydrogen-assisted cold cracking [9] and

the sensitivity to cold cracking rises with increasing strength

of steels when welded [10], which makes many industrial

sectors reluctant to apply these promising lightweight steels

in the practical production. Therefore, it is critical to accu-

rately predict the magnitude and distribution of residual

stresses in lightweight steel weldments in the optimization

and design of the welding procedure.

With the rapid development of computational mechanics

and computer technology, numerical simulation using the

finite element method (FEM) has been increasingly employed

to assess welding residual stresses (WRS) [11,12]. Performing a

welding simulation requires inputs like finite element (FE)

model, initial conditions, thermomechanical boundary con-

ditions, material (thermal and mechanical) properties, weld-

ing parameters, etc. Among these inputs, the material

properties are numerous but very crucial for FE simulation

[7,12]. An important characteristic of material properties is

temperature dependence [8].

Until now, many efforts have been made to study the in-

fluence ofmaterial properties on the predictedWRS. Free et al.

[13] predicted the residual stresses in multi-pass weldments

by using FEM. They found that a reasonable precision can be

achieved if the material properties except for the yield

strength of mild steels are taken at room temperature (TRT).

Zhu et al. [14] studied the influence of material properties on

the simulated WRS in a 5052-H32 aluminum plate. They

concluded that the sufficiently accurate prediction can be

achieved by using the material properties except for yield

strength at TRT. Asserin et al. [15] introduced a method called

the global sensitivity analysis methodology for ranking the

importance of the input thermomechanical properties on the

outputs such as residual stresses. They found that only a few

temperature-dependent material properties are critical to the

calculated thermomechanical results. Bhatti et al. [16] inves-

tigated the effect of thermomechanical properties on the

calculated WRS in various steel grades. They concluded that

all of the mechanical properties except for yield strength can

be taken as the constant at TRT for the accurate assessment of

WRS.

Based on the above literature, one can know that the yield

strength is critical and must be temperature-dependent for

the accurate prediction of WRS in numerical simulation. It is

well known that solid-state phase transformation (SSPT) oc-

curs duringwelding of structural steel [17]. The yield strengths

of austenite, ferrite, bainite, andmartensite are quite different

[17e19]. That means the yield strength is not only

temperature-dependent but also phase-dependent for struc-

tural steels. Deng et al. [20] found that the phase-dependent

yield strength is needed for the accurate prediction of WRS

in numerical simulation. Therefore, how to determine the
reliable temperature- and phase-dependent yield strength is

of vital importance in the precise assessment of WRS in FE

simulation.

Currently, three methods are usually used to obtain the

data of material properties including yield stress for a given

material. One is to directly measure that by experiments,

which is called the “experimental method”. One is to use the

available material data of the same steel grades or similar

steels from the published scientific literature and thematerial

database, which is named the “literature method” or “similar

method” here. The last one is to evaluate that by using the

predictive formulations, which is called the “equation

method” here.

Since it is time-consuming, costly, and often difficult to

measure the temperature-dependent material properties of a

given material [21], the latter two methods have been

commonly used in most FE simulations. Nevertheless, it

might be very difficult to obtain the temperature- and phase-

dependent yield strength from the literature and material

database for a given steel, especially for the recently devel-

oped lightweight steels such as S960, except for a few that are

commonly used in manufacturing industries like S355 steel

[15]. Besides, the chemical composition and grain size of the

same steel grades might be quite different [22]. It is well

known that the chemical composition (alloying extent) [23,24]

and grain size [25] have significant impacts on the yield and

tensile strength of steel. Thus, the yield strengths of the same

steel grades are usually different. Until now, some predictive

equations presented in standards and codes to assess the

temperature-dependent yield strength of carbon steel have

been deduced based on a large set of tensile test results

[26e29]. Nevertheless, there are considerable differences in

the temperature-dependent yield strength obtained from

these functions. This is because there have been no standard

tensile test methods to evaluate the yield strength at elevated

temperatures [30e33]. Furthermore, most of the predictive

equations have been deduced mainly from mild steels

(<420 MPa) and conventional high strength steels

(420e690 MPa) [34e36]. It is still unknown whether these

functions can also be used for the recently developed light-

weight steels such as S960 [37]. In addition, the temperature-

dependent yield strength obtained from these equations is

mainly for the initial/parent phase of steel base metal. How-

ever, these functions cannot provide the yield strength of the

generated phases due to SSPT in structural steel weldments.

Although there are the above three methods to obtain the

data of temperature- and phase-dependent yield strength for

a given steel, there has been very little literature to clarify the

influence of the variation in the yield strength obtained from

these three different methods on the predicted WRS in nu-

merical simulation. Besides, the reliability of the proposed

functions in standards and codes to evaluate yield strength

has rarely been tested for lightweight steels.

As fundamental research, welding simulation cases have

been elaborately designed and performed based on Sysweld

software to systematically investigate the influence of tem-

perature- and phase-dependent yield stress on the calculated

residual stresses in S960 steel weldments. Furthermore, ten-

sile tests were performed to measure the temperature-

dependent yield strength of base metal (BM) and welding
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experiments were carried out to measure thermal results and

WRS for comparison and validation. Based on the experi-

mental and calculated results, the effect of yield stress on the

predicted WRS is clarified. Besides, the reliability of the pro-

posed functions in standards and codes to evaluate yield

strength is analyzed for S960 steel. In addition, guidance on

how to economically determine the reasonable temperature-

and phase-dependent yield strength for S960 steel in numer-

ical welding simulations is provided.
2. State of the art

2.1. Solid-state phase transformation

Many investigations have concluded that SSPT is one of the

important sources to generate residual stress in structural

steel weldments, especially the high-strength steels with low

transformation temperatures, as seen in Fig. 1 [17,38]. To

better understand the influence of SSPT on the transient/re-

sidual stress, the cooling line ② is taken as an example for

illustration in detail. The cooling stage can be divided into

three stages: (1) Stage I (S-I): cooling from peak temperature

(Tpeak) to SSPT start temperature (TS-SSPT); (2) Stage II (S-II):

cooling from TS-SSPT to SSPT end temperature (TE-SSPT); (3)

Stage III (S-III): cooling from TE-SSPT to TRT.

At Stage I, the microstructure is austenite. With the

decrease in temperature, the tensile stress is generated

because of the hindered thermal shrinkage [17]. The variation

in tensile stress is nearly along the temperature-austenite

yield strength curve [17,38]. This is because austenite is

almost unable to accommodate the elastic strain but deforms

plastically due to the low yield strength at high temperatures

[38]. At Stage II, austenite with face-centered cubic (fcc) crystal

structure transforms to bainite/martensite with body-

centered cubic (bcc) crystal structure begun at TS-SSPT and

completed at TE-SSPT. The TS-SSPT, TE-SSPT, and generated phase

fractions are related to the cooling rate Dt8/5 time and the

continuous-cooling-temperature (CCT) diagram of steel.

Because of the hindered SSPT volume expansion, phase

transformation compressive stress is generated and is

superimposed to the thermal/shrinkage tensile stress. With
Fig. 1 e Influence of solid-state phase transformation on weldi

evolution of stress.
the temperature decreasing from TS-SSPT to TE-SSPT, the weld-

ing stress decreases and even changes from tension to

compression. This is because of the increased restraint degree

and product hard phase (bainite/martensite) fractions result-

ing in the increased hindered volume expansion. Besides, the

yield strength increases due to the decreased temperature and

the increased hard phase fractions, which does not limit the

welding stress [17]. At Stage III, the microstructure is

completely the product hard phases.With the cooling fromTE-

SSPT to TRT, welding stress increases due to the further hin-

dered thermal shrinkage leading to the overlap of tensile

stress. The slope of stress-temperature line mainly depends

on the restraint degree and thermal expansion coefficient (a)

of the product phases. Therefore, the magnitude of residual

stress at TRT is determined by the restraint degree, a, TE-SSPT,

and the value of stress at TE-SSPT. It should be noted that the

yield strength of the product phases might limit the value of

residual stress if SSPT occurs at higher temperatures as ①

shown in Fig. 1(b).

2.2. Equations to determine yield strength of steels

For the design and evaluation of temperature-dependent yield

strength of carbon steel, some predictive equations have been

proposed presented in standards and codes such as the

American Society of Civil Engineers (ASCE)Manual [26], British

Standard (BS) 5950 [27], Australian Standard (AS) AS4100 [28]

and Eurocode (EC) 3 [29] listed in Table 1. The functions rec-

ommended by Bhatti et al. [16] andQiang et al. [36] recently are

also listed in the table. In Table 1, sy∙T means the yield

strength at temperature T and sy∙RT represents the yield

strength at TRT (20 �C). The value of the reduction factor k in

Eq. (1) can be seen in Fig. 2. The reason for the reduction in the

yield strength with the increasing temperature has been

deeply elaborated in [32,39,40]. In Eq. (2), b1, b2, and b3 are

linear functions without physical significance. Tf1, Tf2, and Tf3

are temperature constants, which are 500, 800 and 1100 �C,
respectively. TMT represents the melting temperature of steel.

According to the proposed equations in Table 1 and the

measured sy∙RT of the given steel, the yield strength at

elevated temperatures can be estimated for the given steel.

Nevertheless, the approximated yield strengths by using these
ng stress [17,19]: (a) solid-state phase transformation; (b)
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https://doi.org/10.1016/j.jmrt.2021.09.050


Table 1 e Approximation of temperature-dependent yield strength of steel.

Models Yield strength

ASCE Manual (1992) sy$T ¼ k$sy$RT (1)

BS5950 model (1998)

AS4100 model (1998) where: sy∙T � yield strength at temperature T; sy∙RT � yield strength at

room temperature TRT; k � reduction factor;EC3 model (2005)

Bhatti model (2015)

8>>>>>>>>>><
>>>>>>>>>>:

sy$T ¼ sy$RT � b1$T; TRT � T � Tf1;

sy$T ¼ 1
Tf2 � Tf1

$½sy$Tf1
$ðTf2 � TÞ þ b2$ðT� Tf1Þ�; Tf1 � T � Tf2;

sy$T ¼ 1

Tf3 � Tf2
$½sy$Tf2

$ðTf3 � TÞ þ b3$ðT� Tf2Þ�; Tf2 � T � Tf3;

sy$T ¼ sy$Tf3
; Tf3 � T � TMT;

(2)

b1 ¼ 0.0005$sy$RT; b2 ¼ 0.07$sy$RT � 4; b3 ¼ 10; Tf1 ¼ 500 �C; Tf2 ¼ 800 �C;
Tf3 ¼ 1100 �C;

where: b1, b2, b3 � linear functions; Tf1, Tf2, Tf3 � temperature constant;

TMT � melting temperature;

Qiang model (2016)

8>><
>>:

k ¼ sy$T

sy$RT
¼ 1:006� 2:834$10�4$T; TRT � T � 400;

k ¼ sy$T

sy$RT
¼ �3:21$10�6$T2 þ 9:75$10�4$Tþ 1:011; 400 < T � 700;

(3)
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models might be quite different as seen in Fig. 2. This can be

primarily attributed to the used heating rate, strain rate, load

rate, and strain level in the tensile tests since there have been

no standard test methods [30e33].

It is necessary to mention that these empirical equations

have been deduced based on numerous tensile test results.

The usually applied method to perform tensile tests is under

steady-state [36]. In the steady-state tensile tests, the test

sample is heated up to the designed temperature and then

loaded in tension until it breaks while remaining at the same

specific temperature. It is well known that the initial micro-

structure of structural steel changes to austenite started at the

austenitization start temperature (Ac1) and completed at the
Fig. 2 e Reduction factor k at elevated temperatures in

standards/codes.
austenitization end temperature (Ac3) at the heating stage

[19,41]. Therefore, the measured yield strength is for the

initial/parent phase if the specific temperature is lower than

Ac1, while that is for austenite if the designed temperature is

higher than Ac3. Furthermore, Eq. (4) was proposed by Loose

[42] deduced from mild steels (mainly S235 and S355), which

indicates the relationships of the yield strength (sy) of ferrite/

pearlite, bainite, and martensite.

�
sy ðbainiteÞ ¼ 1:39$ sy ðferrite=pearliteÞ
sy ðmartensiteÞ ¼ 1:97$ sy ðferrite=pearliteÞ (4)

3. Experimental procedure

The basematerial is the ultra-high strength steel S960QL from

Edelstahlcenter Garbsen GmbH. The measured S960QL steel

chemical composition is shown in Table 2. In this study, the

tensile tests were performed to measure the stressestrain

curves of S960QL steel at TRT and elevated temperatures.

The applied strain rate here was 0.0096/min. The size of ten-

sile test samples and the measured nominal stressestrain

curves can be seen in Fig. 3. The geometry of the weld sam-

ple is 200 � 150 � 10 mm as seen in Fig. 4. Heat treatment was

employed on the weld specimens to eliminate the initial re-

sidual stress before welding. The tungsten inert gas (TIG)
Table 2 e Measured chemical composition of S960QL
steel, wt%.

Elements C Si Mn P S Cu

Value 0.155 0.281 0.85 0.0098 0.0013 0.0244

Elements Mo Ni Al Ti Cr Fe

Value 0.515 0.478 0.0363 0.0018 0.491 Balance

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 3 e Tensile tests of S960QL steel at different temperatures: (a) size of the tensile test sample; (b) measured stress-strain

curves.

Fig. 4 e The dimension of the experimental mock-up (Unit:

mm).

Table 4 e Locations of K-type thermocouples.

Number Distance from fusion line on
the top surface (mm)

TC-1 1.0

TC-2 2.0
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welding without filler wire addition was applied to produce

the single-pass bead-on weld. Table 3 displays the used

welding conditions. Type K thermocouples were placed on the

top surface of the weld sample to measure temperature his-

tories. Table 4 lists the set locations of thermocouples. Note

that no external restraint was applied to the specimen during

the welding process.

After welding experiments, the X-ray diffraction (XRD)

techniquewas utilized tomeasureWRS along line 1 (see Fig. 4).

A U-diffractometer was applied to measure residual strains

through the analysis of the shift of Cr-Ka radiation stemming

from the lattice plane {2 1 1} of martensite, bainite, or ferrite-

pearlite. Here, the sin2j method was utilized to analyze the

shift of the center of gravity of the interference lines, which

were recorded at eight tilt angels j (0, 13, 18, 27, 33, 39, 42 and

45�) in a 2q interval of 149-163� at eachmeasurement position.
Table 3 e Welding conditions.

Parameters Current (I-A) Voltage (U-V) Speed

Value 200 12.5
In this study, the X-ray tube's current and voltage were 30 mA

and 35 kV. The utilized collimator's diameter was 2.0 mm. Be-

sides, the macro andmicrographs at the transverse mid-cross

section of the weldment were observed. Furthermore, Vickers

hardness tests were performed to measure the hardness dis-

tribution along the line about 0.5 mm below the top surface.
4. Finite element analysis

In this study, the sequently coupled thermal-metallurgical-

mechanical FEM was employed for numerical simulation

based onSysweld software. It should benoted that the sequent

coupling also referred to as one-waycouplingorweak coupling

does not account for the effect of mechanical results on the

calculated temperature field [43]. The size of the FEmodel as in

Fig. 5 is the same as that of the experimental weld sample.

4.1. Thermal analysis

Goldak's double-ellipsoid volumetric heat source [11] was

used to simulate the arc heat input. The temperature-

dependent thermal properties of structural steel S960QL

were taken from that of the comparable structural steel

S355J2G3 included in the Sysweldmaterial database as seen in

Fig. 6. Besides taking the heat transfer due to thermal con-

duction into account, the heat losses because of convection

and radiation were also considered in FE analyses [7]. In this

study, the value of the convective heat transfer coefficient (h)
(v-cm/min) Heat input (q-J/mm) Shielding gas

10 1500 100% Ar

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 5 e Finite element model and boundary conditions.

Fig. 6 e Temperature-dependent thermal properties: (a) thermal conductivity; (b) specific heat capacity.
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was 25 W/(m2$K) and that of emissivity (e) was 0.8 [44]. Here,

TRT was about 25 �C in welding. The temperature range of the

heat-affected zone (HAZ) was assumed from 750 to 1500 �C
and the melting temperature was assumed to be 1500 �C for

structural steels [45].

4.2. Metallurgical analysis

Here, the temperatures Ac1 and Ac3 were assumed as about

730 and 870 �C [46], respectively. It is well known that SSPT is

either diffusion type (from austenite to ferrite-pearlite and

bainite) or non-diffusion type (from austenite to martensite)

[47]. In the current work, the diffusive phase transformation

waspredictedbyusing the Leblondkinematic equationas seen

in Eq. (5) [48e50]. Furthermore, the displacive transformation

was simulated by employing the KoistineneMarburger (KM)
relationship equation as seen in Eq. (6) [51]. The used CCT di-

agram of S960QL steel referring to that of S960MC steel pro-

vided by Ghafouri et al. [52] is shown in Fig. 7. The phase

mixture's material properties were determined by using the

linear mixture rule as seen in Eq. (7).

dPðTÞ
dt

¼ fð _TÞ$PeqðTÞ � PðTÞ
tðTÞ (5)

PðTÞ¼ 1� expð� b $ ðMs�TÞÞ ðT < MsÞ (6)

�
Pt ¼

X
Xi$PiX

Xi ¼ 100%
(7)

where, P is proportion of phase; t represents time; _T is heating

or cooling rate; Peq means equilibrium phase proportion; t is

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 7 e Continuous-cooling-temperature diagram of S960

steel (From [52], modified).
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delay varyingwith temperature T; b is the constant expressing

the transformation evolution; Ms characterizes the

martensite starting transformation temperature; i is the

phase of austenite, ferrite, pearlite, bainite, ormartensite; Xi is

ratio of phase i; Pi means the material properties of phase i; Pt
indicates the thermomechanical properties of the phase

mixture.

In the present study, the total strain increment (Dεtotal)

can be expressed as below:

Dεtotal ¼ Dεe þ Dεp þ Dεth þ Dεtrip (8)

where, Dεe, Dεp, Dεtrip, and Dεth are the increment of elastic

strain, plastic strain, transformation-induced plasticity (TRIP)

strain and the combination of thermal and metallurgical

strain, respectively.

4.3. Mechanical analysis

The mechanical analysis is conducted by using the thermal

results from the thermal analysis as the thermal load. The FE

models in the mechanical analysis were identical to those in

the thermal analysis. The used mechanical properties for
Fig. 8 e Temperature-dependent mechanical properties: (a) Y
S960QL steel in the numerical simulation are shown in Fig. 8.

The temperature-dependent Young's modulus plotted in

Fig. 8(a) was obtained from themeasured stressestrain curves

as seen in Fig. 3, and that of all phases was assumed to be the

same [53]. The Poisson's ratio was assumed to be a constant

0.33 for all phases as in Fig. 8(a) [53]. The thermal strain as in

Fig. 8(b) was determined referring to the dilatometric curves of

S960MC steelmeasured by Ghafouri et al. [52]. Themechanical

boundary conditions were applied for restraining the rigid

body motion as shown in Fig. 5. In this study, the strain

hardening effect was not considered since S960QL steel

almost has no hardening phenomenon as shown in Fig. 3.

4.4. Simulation cases

For clarifying the effect of temperature- and phase-dependent

yield strength on the simulatedWRS, the cases in Table 5were

elaborately designed and performed by using Sysweld soft-

ware. Note that the material properties except yield strength

of all cases in Table 5 are identical. It is necessary to mention

that the initial phase of quenched and tempered (Q-type) and

thermomechanically rolled (M-type) S960 steel is about 100%

bainite or the mixture of bainite, martensite, and auto-

tempered martensite with microconstituents [52,54]. Be-

sides, it can be known from Fig. 7 that almost no ferrite-

pearlite can be generated in the welding process because of

fast cooling. Therefore, the yield strength of ferrite-pearlite

was not studied here. Since the phase fractions of

martensite and auto-tempered martensite are very small

[52,54] and the temperedmartensite is assumed to possess the

bainitic yield strength [53], it is reasonable to assume that the

initial phase of S960 steel is 100% bainite in numerical welding

simulation. Hence, the measured yield strength of S960 steel

base metal at TRT and elevated temperatures (lower than Ac1)

is for the initial phase (bainite). Although austenite is gener-

ated if the designed tensile test temperature is 800 �C (over

Ac1), it is rational to assume bainite as the only phase at 800 �C
for simplification in numerical simulation. This is because the

value of yield strength at high temperatures is very small (see

Fig. 3(b)) and a small amount of austenite could be generated

at 800 �C here. In Table 5, the “Measurements” represents the

measured temperature-dependent yield strength of S960QL

steel basemetal (bainite) based on themeasured stressestrain

curves as in Fig. 3. Note that the determined yield strength

from themeasured stressestrain curves (see Fig. 3) is the 0.2%
oung's modulus and Poisson's ratio; (b) thermal strain.

https://doi.org/10.1016/j.jmrt.2021.09.050
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Table 5 e Simulation cases.

Cases Austenite Bainite Martensite

Group A (A:Austenite) Case 1-A DC04 Measurements Eq. (4)

Case 2-A 316L

Case 3-A X5CrNi18-10

Case 4-A S355J2G3

Case 5-A A516 Grade 70

Case 6-A Forta H400

Case 7-A 15CrNi6-097

Group B (B:Bainite) Subgroup-1 Case 1-B Forta H400 Measurements Eq. (4)

Case 2-B Csotic et al.

Case 3-B Qiang et al.

Case 4-B Ghafouri et al.

Case 5-B Bhatti et al.

Subgroup-2 Case I-B Forta H400 Measurements Eq. (4)

Case II-B EC3 model

Case III-B ASCE Manual

Case IV-B BS5950 model

Case V-B AS4100 model

Case VI-B Bhatti model

Case VII-B Qiang model

Group M (M:Martensite) Case 1-M Forta H400 Measurements Eq. (4)

Case 2-M 15CrNi6-097

Case 3-M 15CrNi6-032

Case 4-M DP1000

Case 5-M TRIP700Z

Case 6-M X20Cr13

Fig. 9 e Temperature-dependent yield strength of

austenite.
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offset yield strength. The “Eq. (4)” in Table 5 indicates that the

temperature-dependent yield strength of martensite was ob-

tained by using Eq. (4) with the measured yield strength of the

given steel S960QL base metal (bainite). It should be stressed

that the yield strength of bainite and martensite at the tem-

perature higher than 900 �C is defined as the same as that of

austenite [55]. This is because the initial phase completely

transfers to austenite at high temperatures over Ac3 defined

as 870 �C here.

The cases in Table 5 were categorized into three groups:

group A, group B, and group M. It is necessary to mention that

Case 6-A, Case 1-B, Case I-B, and Case 1-M are the same and

are taken as the reference case for comparison.

In group A, only the yield strength of austenite was varied.

Since it is very complicated and difficult to directly measure

the yield strength of austenite for the given steel S960QL and

there have been almost no empirical functions to evaluate

that, the similar method as described before has usually been

used to determine that in numerical welding simulation. Here,

seven representative cases were carefully designed. The

temperature-dependent yield strength of austenite was taken

from that in austenitic steels (316L, X5CrNi18-10, Forta H400),

low alloy carbon steels (DC04, S355J2G3), pressure vessel steel

(A516 Grade 70), and case-hardening steel (15CrNi6-097)

included in the Sysweld material database as seen in Fig. 9.

In group B, only the yield strength of bainite was changed.

Note that the yield strength of austenite was modeled as that

of austenite stainless steel Forta H400. As discussed before,

the initial phase of S960 steel base metal is assumed as 100%

bainite in FE simulation. Therefore, the equation method can

be employed to approximate the yield strength of bainite for

S960 steel. Here, group B consists of two subgroups as seen in

Table 5. In subgroup-1 (using similar method), the

temperature-dependent yield strength of S960 steel base
metal measured by Csoti et al. (S960) [56], Qiang et al. (S960QL)

[36], Ghafouri et al. (Q960MC) [52], and Bhatti et al. (S960) [16]

can be seen in Fig. 10(a). In subgroup-2 (using equation

method), the evaluated yield strength at elevated tempera-

tures of the given steel S960QL can be seen in Fig. 10(b) by

using the predictive models in Table 1 combined with the

measured sy∙RT (1010 MPa) in Fig. 3. Here, BS5950 model

means that one with strain level 0.5% in Fig. 2.

In group M, only the yield strength of martensite was var-

ied. Since it is very hard to directly measure the yield strength

of martensite for S960 steel, the similar method and equation

method have commonly been used to determine that in

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 10 e Temperature-dependent yield strength of bainite: (a) Subgroup-1; (b) Subgroup-2.
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numerical simulation. The used temperature-dependent yield

strength ofmartensite as shown in Fig. 11was taken from that

in case-hardening steels (15CrNi6-032, 15CrNi6-097),

advanced high-strength steels (DP1000, TRIP700Z), and

martensite stainless steel (X20Cr13) included in the Sysweld

material database.
5. Results and discussion

5.1. Welding temperature field

As the sequently coupled FEM was used here for simulation

and the thermal properties of these cases in Table 5 are the

same, the calculatedwelding temperature fields in these cases

are the same. Fig. 12 compares the calculated and measured

weld dimension in the transversemid-cross section. In Fig. 12,

the predicted both size and shape of fusion zone (FZ) and HAZ

match the experimental results very well. Fig. 13 shows the

simulated and measured thermal cycles. From this figure, it

can be found that the predictions are in good agreement with

the measurements. It should be mentioned that the predicted
Fig. 11 e Temperature-dependent yield strength of

martensite.
peak temperature at the TC-1 location is about 150 �C higher

than themeasurement. This can be primarily attributed to the

measuring error of TC-1 location due to the too sharp tem-

perature gradient in HAZ. Fig. 14 displays the measured mi-

crographs at FZ, HAZ, and BM. From this figure, one can know

that the microstructure of BM is nearly 100% bainite, and that

of FZ andHAZ is themixture of bainite andmartensite. Table 6

lists the predicted phase fractions at TC-1 location and the

empirical values obtained from the Weldware software com-

bined with the measured cooling rate Dt8/5 time and chemical

composition of the given steel S960QL. From this table, it can

be seen that the predictions fit very well with the empirical

values. Fig. 15 displays the simulated and measured hardness

along the line about 0.5 mm below the top surface at the
Fig. 12 e Peak temperature distribution at the transverse

mid-cross section.

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 13 e Thermal cycles at TC-1 and TC-2 locations.

Table 6 e Phase fractions at TC-1 location.

Phase fractions (%) Bainite Martensite Ferrite-
Pearlite

FEM (predicted Dt8/5 ¼ 9.2 s) 62 38 0

Empirical value (measured

Dt8/5 ¼ 9.0 s)

57 42 1

Fig. 15 e Comparison of hardness distribution.
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transverse mid-cross section. In Fig. 15, the predicted magni-

tude and distribution of hardness match the measurements

very well.

According to the above comparisons, it can be concluded

that the current thermal simulation is reliable and can provide

the reasonable welding temperature field.

5.2. Welding residual stresses

5.2.1. Longitudinal residual stress
Fig. 16 shows the longitudinal residual stress distributions

along line 1 (see Fig. 4) predicted by cases in group A and

measured by experiments. In Fig. 16, there is almost no dif-

ference in the calculated longitudinal residual stress in the

area away from the weld. This is because austenite can only

be generated at high temperatures (over Ac1). Besides, it can

be found that the differences of longitudinal residual stress in
Fig. 14 e Microstructures of S960QL steel: (a) base metal (BM); (b)

heat-affected zone (CGHAZ); (d) fusion zone (FZ).
theweld area calculated by these cases in group A except Case

1-A are very small. To explain the above phenomenon, Fig. 17

is provided. Fig. 17(a) shows the evolutions of the calculated

longitudinal stress and phases during cooling at the node

located in the middle of FZ (y ¼ 0 mm) in Case 1-A, Case 3-A,

and Case 6-A. That during heating are not shown here since

the longitudinal stress at Tpeak of that node in these cases is
fine-grained heat-affected zone (FGHAZ); (c) coarse-grained

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 16 e Longitudinal residual stress distributions along line 1: (a) range from ¡30 to 30 mm; (b) range from 0 to 16 mm.
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almost 0 MPa and the phase is 100% austenite as seen in

Fig. 17(a). The temperature-dependent yield strength of

austenite in these three cases are plotted in Fig. 17(b). From

Fig. 17, it can be found that from Tpeak to TS-SSPT the slope of

the longitudinal stress-temperature curve in Case 1-A is the

smallest, while that in Case 6-A is the largest. This is because

the slope is related to the yield strength of austenite as dis-

cussed in detail in Section 2.1. From TS-SSPT to bainite trans-

formation finish temperature and martensite transformation

start temperature (TM-SSPT), the longitudinal stress decreases

due to the volume change induced by SSPT. Similarly, the

slope of the longitudinal stress-temperature line in Case 1-A is

the smallest but that in Case 6-A is the largest, while that in

each case is steeper than that at high temperatures from Tpeak

to TS-SSPT due to the generation of hard phase (bainite). From

TM-SSPT to TE-SSPT, the longitudinal stress continuously de-

creases and even changes from tension to compression. The

slope of the longitudinal stress-temperature curve in these

three cases is almost the same. A very important phenome-

non can be found that the magnitude of longitudinal

compressive stress at TE-SSPT in Case 3-A and Case 6-A is

nearly the same (about �90 MPa), while that in Case 1-A is

about �65 MPa. This is because the yield strength of austenite
Fig. 17 e Evolutions of longitudinal stress and phase and temp

longitudinal stress and phases; (b) longitudinal stress and aust
in Case 1-A is still too small at low temperatures as seen in

Fig. 9, therefore, the austenite still deforms plastically. Be-

sides, one can see that although there is about 100 MPa dif-

ference in the yield strength of austenite from TM-SSPT to TE-

SSPT in Case 3-A and Case 6-A, the longitudinal compressive

stress at TE-SSPT in these two cases is nearly the same. This is

because the compressive stress is not limited by the yield

strength of austenite in Case 3-A and Case 6-A. It should be

noted that the differences of longitudinal stress in these three

cases at TE-SSPT are obviously smaller than that at TS-SSPT. This

is because the proportion of austenite decreases from 100% at

TS-SSPT to 0 at TE-SSPT. With the further cooling from TE-SSPT to

TRT, one can see that the slope of the longitudinal stress-

temperature curve in Case 1-A, Case 3-A, and Case 6-A is

nearly the same due to the comparable restraint degree, etc.

as discussed in detail in Section 2.1. Therefore, the longitudi-

nal tensile residual stress in Case 1-A is higher than that in

Case 3-A and Case 6-A, while the difference between Case 3-A

and Case 6-A is ignorable.

The comparison between the predictions and experi-

mental data indicates that the simulated results in the area

away from the weld qualitatively match the measurements

well overall as seen in Fig. 16. Comparatively speaking, the
erature-dependent yield strength of austenite: (a)

enite yield stress.
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calculated results in cases 2-A to 6-A in the weld area match

the experimental results better.

Fig. 18 compares the longitudinal residual stress distri-

butions along line 1 predicted by cases in group B and ob-

tained from experiments. From Fig. 18, one can see that the

differences in the calculated width and magnitude of longi-

tudinal tensile residual stress at BM among these cases are

obvious, while that at FZ and HAZ are ignorable compara-

tively speaking. For better understanding, the evolutions of

longitudinal stress at four representative points in the

transverse mid-cross section of four typical cases (Case 1-B/

Case I-B, Case 5-B, Case III-B, and Case V-B) are extracted out

for analysis as seen in Fig. 19. From Fig. 19(a) and (b), it can be

found that even though there is a certain difference in lon-

gitudinal stress among these cases during heating, the final

longitudinal stress at Tpeak in these cases is nearly the same

and is about 0 MPa due to the low yield strength at high

temperatures. At the cooling stage, there is almost no dif-

ference in longitudinal stress in these cases due to the low-

temperature SSPT resulting in low longitudinal stress,

which is much lower than the yield strength of bainite.

Therefore, the variation in the temperature-dependent yield

strength of bainite has almost no influence on the simulated

longitudinal residual stress in the weld area. In Fig. 19(c), at
Fig. 18 e Longitudinal residual stress distributions along line 1

0 to 16 mm (Subgroup-1); (c) range from ¡30 to 30 mm (Subgro
the heating stage, the longitudinal compressive stress in Case

1-B, Case 5-B, Case III-B, and Case V-B increases with a

similar slope at first due to the same Young's modulus but

then that in Case 1-B significantly decreases since around

500 �C while that in the latter three cases since about 400 �C.
This is because the yield strength of bainite sharply de-

creases since around 500 �C in Case 1-B, while that since

about 400 �C in the latter three cases, especially Case 5-B, as

seen in Fig. 10. Furthermore, the decreasing rate of longitu-

dinal compressive stress in Case 5-B is larger than that in

Case III-B and Case V-B as seen in Fig. 19(c). This is because

the variation in the yield strength of bainite at high tem-

peratures in Case 5-B is faster than that in Case III-B and Case

V-B as shown in Fig. 10. Owing to the above two factors, a

significant difference in the magnitude of compressive stress

at Tpeak among these cases can be found in Fig. 19(c). At the

cooling stage, the slope of stress-temperature line in these

cases is similar due to the same Young's modulus, restraint

degree, etc. The same phenomenon in Fig. 19(c) can also be

found in Fig. 19(d). Therefore, the magnitude and width of

longitudinal tensile residual stress among these cases are

quite different in the area away from the weld.

Through the comparison between the predictions and

measurements, one can see that the calculated magnitude
: (a) range from ¡30 to 30 mm (Subgroup-1); (b) range from

up-2); (d) range from 0 to 16 mm (Subgroup-2).
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Fig. 19 e Evolution of longitudinal stress: (a) at y ¼ 0 mm (fusion zone); (b) at y ¼ 6.25 mm (heat-affected zone); (c) at

y ¼ 8.3 mm (base metal); (d) at y ¼ 10.8 mm (base metal).
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and distribution of longitudinal residual stress in Case 1-B

(Case I-B) and Case VI-B fit the experimental results better.

Fig. 20 indicates the longitudinal residual stress distribu-

tions along line 1 predicted by the cases in group M and

measured by experiments. In this figure, the calculated lon-

gitudinal residual stress in these cases is almost the same.

This is because SSPT temperature is very low as seen in Fig. 17

and the generated longitudinal stress is much lower than the

yield strength of martensite as in Fig. 11. The comparison

between the simulated and measured results illuminates that

the predicted magnitude and distribution shape of longitudi-

nal residual stress are qualitatively in good agreement with

measurements overall.
Fig. 20 e Longitudinal residual stress distributions along

line 1.
5.2.2. Transverse residual stress
Fig. 21 displays the transverse residual stress distributions along

line 1 simulated by the cases in group A andmeasured by exper-

iments. From Fig. 21, it can be found that the predicted distribu-

tion shapes of transverse residual stress in these cases are the

same. The differences of the calculated magnitude of transverse

residual stress intheareaawayfromtheweldare ignorable,while

that in theweld areaareobvious. This is becauseaustenite canbe

generated only at the high temperature area. In Fig. 21, the

magnitudeof transverse residual stress in theweldarea inCase1-
A is significantly lower than that in the other cases. This is due to

that the transverse stress in Case 1-A is limited by the yield

strength of austenite referring to the discussion in Fig. 17.

https://doi.org/10.1016/j.jmrt.2021.09.050
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Fig. 21 e Transverse residual stressdistributionsalong line1. Fig. 23 e Transverse residual stress distributions along line

1.
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Through the comparison between the predictions and the

experimental data, the calculated results in Case 6-A and Case

7-A are more consistent to the measurements.

Fig. 22 shows the transverse residual stress distributions

along line 1 calculated by the cases in group B and measured

by experiments. From Fig. 22, one can see that the predictions

in these cases are almost the same. This is because the

magnitude of transverse residual stress is much lower than

the yield strength of bainite. In Fig. 22, the predicted distri-

bution and magnitude of transverse residual stress in these

cases match the experimental data very well.

Fig. 23 indicates the transverse residual stress distributions

along line 1 calculated by the cases in group M and measured

by experiments. Similar to Fig. 22, there is almost no differ-

ence in the simulated transverse residual stress among those

cases as seen in Fig. 23. The comparison between the pre-

dictions and measurements illuminates that the calculated

results are in good agreement with the experimental data.
Fig. 22 e Transverse residual stress distributions
6. Discussion

6.1. Temperature-dependent yield strength of austenite

From Figs. 16 and 21, it can be seen that the temperature-

dependent yield strength of austenite has a certain influence

on the magnitude of WRS mainly in the weld area. Neverthe-

less, the differences of WRS calculated by the cases in group A

except Case 1-A are ignorable, although the differences in

temperature-dependent yield strength of austenite in these

cases are significant and can reach about 200 MPa from TS-SSPT

to TE-SSPT as seen in Fig. 9. The detailed explanation for this

phenomenon can be found above. Besides, one can expect that

the used temperature-dependent yield strength of austenite of

low-alloy steel DC04 for that of the given structural steel S960QL

inCase 1-A is too low since that is evenmuch lower than that of

structural steel S355J2G3 as shown in Fig. 9.

Based on the above discussion, it can be concluded that it is

reliable to use the available temperature-dependent yield
along line 1: (a) Subgroup-1; (b) Subgroup-2.
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strength data of austenite of similar materials for a given steel

(similar method). It means that it is not necessary to do time-

consuming and expensive tensile tests tomeasure that for the

given steel in numerical welding simulation. It should be

stressed that it does not mean that the temperature-

dependent yield strength of austenite is not important and

can be randomly determined in FE simulation. From the cur-

rent work, it is strongly recommended to choose the available

yield strength of austenite of a similar steel for the given steel

in numerical welding simulation based on the given steel

grade or the yield strength at TRT of the given steel.

6.2. Temperature-dependent yield strength of bainite

It should be stressed again that the initial phase of S960 steel

basemetal is nearly 100% bainite or themixture of bainite and

martensite/auto-tempered martensite. Since the tempered

martensite is assumed to possess the bainitic yield strength

[53] and the phase fractions of martensite/auto-tempered

martensite are very small [52,54], it is reasonable to assume

that the initial phase of S960 steels is 100% bainite in nu-

merical welding simulation.

From Figs. 18 and 22, it can be found that the temperature-

dependent yield strength of bainite nearly does not influence

the predicted transverse residual stress in S960 steel weld-

ments, while that has an impact on the calculated width and

magnitude of longitudinal tensile residual stressmainly in the

area away from the weld. Therefore, it should be careful to

determine that in FE simulation.

Based on Figs. 2 and 10, and Table 1, it can be summarized

that the temperature-dependent yield strength of carbon

steel base metal (initial phase) has three typical shapes as

shown in Fig. 24. For type-1 referring to ASCEmanual [26] (see

Fig. 2), the yield strength continuously decreases with

increasing temperature as seen in Fig. 24(a). Note that the

decreasing rate increases first but then decreases later. For

type-2 based on AS4100 model (type-2a) [28] and EC3 model

(type-2b) [29] (see Fig. 2), the yield strength keeps as constant

at first but then almost linearly decreases with the increase of

temperature as shown in Fig. 24(b). For type-3 referring to

Bhatti model [16] (see Table 1), the yield strength linearly

decreases slowly at first but then linearly decreases sharply

and linearly decreases slowly again with increasing temper-

ature as seen in Fig. 24(c).

Referring to a set of experimental data for S960 steels as

seen in Fig. 10(a), the type-3 as in Fig. 24(c) ismore common for

S960 steels. According to Fig. 10(a), it can be seen that the
Fig. 24 e Temperature-dependent yield strength of carbon steel b

EC3 model); (c) type-3 (Bhatti model).
critical temperature Tf1 in type-3 is about 400 or 500 �C and Tf2

is about 700 or 800 �C. From Fig. 19(c) and (d), it can be un-

derstood that Tf1 and Tf2 have great impact on the width and

magnitude of longitudinal tensile residual stress. From

Fig. 10(b), one can see that the yield strength fromTRT to 500 �C
in Case II-B is much higher (up to about 200 MPa) than that in

Case I-B, while that from 500 to 800 �C in these two cases is

nearly the same. Note that Tf1 is 500 �C and Tf2 is 800 �C in Case

I-B. From Fig. 18(d), it can be found that the difference of

longitudinal residual stress in Case I-B and Case II-B is very

small. The same phenomenon can also be found through the

comparison between Case 4-B and Case 5-B (Tf1 ¼ 400 �C,
Tf2 ¼ 700 �C). That means the yield strength from TRT to Tf1 is

not that important for the prediction of longitudinal residual

stress in numerical welding simulation. Furthermore, lots of

investigations conducted before have shown that the yield

strength at high temperatures (over cut-off temperature,

about 900 �C for steels) is very small and has almost no impact

on the calculated WRS discussed in detail by Lindgren [12].

Based on the above analysis, it can be concluded that the

determined values of Tf1 and Tf2 in type-3 for a given S960 steel

are more critical on the accurate prediction of longitudinal

residual stress comparing to the data of temperature-

dependent yield strength obtained from these three different

methods.

If the experimental method is used to measure the

temperature-dependent yield strength of a given S960 steel

base metal, it is not necessary to do too many tensile tests at

elevated temperatures. Based on the present study, it is sug-

gested to just measure the yield strength at TRT, 400, 500, 700

and 800 �C. It is well known that the experimental method is

very expensive and time-consuming, which is not the first/

best choice to determine the temperature-dependent yield

strength for numerical welding simulation. Based on the

above analysis, one can see that the similarmethod is not very

reliable to obtain the temperature-dependent yield strength

for a given S960 steel base metal (refer to Figs. 10(a) and 18(a)).

The reliability of the equation method will be discussed in

detail in Section 6.4.

6.3. Temperature-dependent yield strength of
martensite

From Figs. 20 and 23, one can see that the variation in the

temperature-dependent yield strength of martensite obtained

from different methods has almost no influence on the

calculated WRS in S960 steel weldments. This is because
ase metal: (a) type-1 (ASCEmanual); (b) type-2 (AS4100 and
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martensite is the product phase generated at low tempera-

tures during cooling, and the magnitude of transient and re-

sidual stress is much lower than the yield strength of

martensite. From the current work, one can conclude that

there is no need to measure the temperature-dependent yield

strength of martensite for S960 steel in numerical welding

simulation. The similar method or equation method is suffi-

cient and practicable to obtain that for FE analysis.

6.4. Assessment of predictive equations for S960 steel
base metal

Until now, many of the predictive equations (see Table 1) to

evaluate the yield strength at elevated temperatures of carbon

steel base metal have been proposed mainly based on mild

steels (<420 MPa) and conventional high strength steels

(420e690 MPa). According to Fig. 10(b) and the discussion in

Section 6.2, one can see that BS5950 model (0.5%, strain),

Bhatti model, and Qiang model in Table 1 can also catch the

distribution characteristic of temperature-dependent yield

strength of the recently developed ultra-high strength steel

S960 basemetal well. Nevertheless, othermodels are not quite

suitable. Comparatively speaking, Bhatti model is more
Fig. 25 e Comparison between the evaluated and measured tem

measurements from Csoti et al. [56]; (b) measurements from Qia

measurements from Bhatti et al. [16].
applicable if the critical temperatures Tf1 (400 or 500 �C) and
Tf2 (700 or 800 �C) in Bhatti model as in Eq. (2) are variables.

When Bhatti model is used combined with the measured

sy∙RT of a given S960 steel, it can be expected that four

different groups of data on temperature-dependent yield

strength can be obtained because of unknown Tf1 and Tf2.

However, one of them can match the measurements of the

given S960 steel very well proved by Fig. 10(b) (Case I-B vs Case

VI-B) and Fig. 25. A question naturally arises how to determine

the critical temperatures Tf1 and Tf2 in Bhatti model if there is

no measured yield strength at elevated temperatures for

validation. In that case, four simulation cases using these four

different groups of data on temperature-dependent yield

strength obtained from Bhatti model can be designed and

carried out. Through the comparison between the predicted

and measured magnitude and width of longitudinal tensile

residual stress, the case that provides the simulated results

matching the measurements better would be reasonable.

According to the above discussion combined with the

analysis in Section 6.2, one would be amazed at that it is not

necessary to measure the yield strength of S960 steel base

metal at elevated temperatures even at TRT for numerical

welding simulation. The procedure to obtain the temperature-
perature-dependent yield strength of S960 steels: (a)

ng et al. [36]; (c) measurements from Ghafouri et al. [52]; (d)

https://doi.org/10.1016/j.jmrt.2021.09.050
https://doi.org/10.1016/j.jmrt.2021.09.050
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dependent yield strength for a given S960 steel base metal

(initial phase, bainite) can be seen as following: (1) The first

step is to obtain sy∙RT from the available data of the same steel

grade in literature for that of the given S960 steel. Here, similar

method is used to obtain sy∙RT. (2) The second step is to obtain

the yield strength at elevated temperatures of S960 steel base

metal by using the Bhatti model combined with the deter-

mined sy∙RT. Note that Tf1 is 400 or 500 �C and Tf2 is 700 or

800 �C in the Bhatti model. In that case, four groups of the data

of that can be obtained. Here, the equation method is used to

obtain sy∙T. (3) The third step is to carry out numerical welding

simulation by using the above determined four group data of

yield strength. Through the comparison between the pre-

dicted and measured longitudinal residual stress, the reliable

data of temperature-dependent yield strength can be deter-

mined finally. Comparing to the expensive and time-

consuming experimental method, the provided procedure

here is economical, efficient, and reliable to determine the

temperature-dependent yield strength of a given S960 steel

base metal.

6.5. Deviation between prediction and measurements

Through the comparison between the predictions and the

experimental results as in Figs. 16,18,20e23, it can be found

that the calculated magnitude and distribution shape of WRS

in the reference case (Case 6-A, Case 1-B, Case I-B, or Case 1-M)

qualitatively match the measurements well overall. Never-

theless, the deviation between the predicted and measured

longitudinal residual stress in the weld area cannot be

ignored. The calculated longitudinal residual stress at the

middle of FZ (y ¼ 0 mm) in the reference case is about 180 MPa

lower than the measurement. From this study, one can see

that the variation in the temperature- and phase-dependent

yield strength is almost helpless to reduce that deviation.

A very interesting phenomenonwas found by Klassen et al.

[57] and Nitschke-Pagel [58] that the deviation in the

measured longitudinal residual stress by using the XRD

method in theweld area is large up to 200MPa. This is because

the measurements can be highly affected by the assessment

procedures and particular devices. Furthermore, the surface

of the weld beam is highly irregular in the welding (longitu-

dinal) direction.

It is well-known that SSPT has a great influence on the

magnitude of welding stress from TS-SSPT to TE-SSPT affecting

the final residual stress as seen in Figs. 1 and 17. Heinze et al.

[46] studied the influence of CCT diagram on the predicted

WRS in numerical simulation. They found that the variation in

the CCT diagram has a great impact on the calculated longi-

tudinal and transverse residual stress. Therefore, SSPT rele-

vant parameters [59] such as TS-SSPT and TE-SSPT related to the

CCT diagram and cooling rate Dt8/5 time should be systemat-

ically investigated in the future to further improve the pre-

diction accuracy of WRS in numerical simulation.

According to the analysis in Section 2.1, it can be realized

that the restraint degree has a great influence on the magni-

tude of transient and residual stress. Thus, it is necessary to

study the effect of yield strength on WRS under various re-

straint degrees in the future. To further reduce the weight of

components and structures, the use thin plate (having low
internal restraint degree) of ultra-high strength steel in

transportation and structural engineering has attracted great

interest of the manufacturing industry [5,6,32,33]. Therefore,

it is critical to investigate the influence of the variation in the

yield strength obtained from different sources on WRS and

deformation in the thin-plate ultra-high strength steel weld-

ments in the near future.
7. Conclusions

In the current work, the influence of temperature- and phase-

dependent yield strength of ultra-high strength and light-

weight steel S960 on the calculated welding residual stresses

in numerical simulation has been systematically investigated.

According to the predictions and measurements, the

following conclusions have been provided:

(1) The variation in the temperature-dependent yield

strength of austenite has a certain influence on the

calculated magnitude of welding residual stresses

mainly in the weld area, while that nearly does not

affect the predicted distribution of welding residual

stresses.

(2) The method to determine the temperature-dependent

yield strength of austenite for a given S960 steel from

the available material data of similar steels is practi-

cable for numerical welding simulation. Nevertheless, it

should be careful to choose similar steel and is sug-

gested to choose that based on the given steel grade or

the yield strength at room temperature of the given

steel.

(3) The temperature-dependent yield strength of bainite,

which is the main/total initial phase of S960 steel base

metal, has a great influence on the simulated width and

magnitude of longitudinal tensile residual stressmainly

in the area away from theweld in numerical simulation.

(4) Some of the proposed predictive equations to assess the

temperature-dependent yield strength of carbon steel

mainly based on a set of tensile test results of mild steel

and conventional high-strength steel can also be used

for the recently developed ultra-high strength steel

S960, especially the Bhatti model.

(5) The change of the temperature-dependent yield

strength of bainite obtained from differentmethods has

nearly no effect on the predicted magnitude and dis-

tribution of transverse residual stress in S960 steel

weldments.

(6) Guidance on how to obtain the reliable temperature-

dependent yield strength for a given S960 steel base

metal by using the similar method and equation

method in numerical welding simulation is provided.

This is very important as it can be avoided to do time-

consuming, expensive and difficult tensile tests.

(7) The variation in the temperature-dependent yield

strength of martensite has almost no influence on the

calculated magnitude and distribution of residual

stresses in S960 steel weldments. Therefore, the similar

method or equationmethod is practicable and sufficient

to obtain that in numerical simulation. In other words,

https://doi.org/10.1016/j.jmrt.2021.09.050
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there is no need to do tensile tests for measuring that

for numerical simulation.
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