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Stress Distribution of EH40 with Defects
Considering Solid-State Phase Transformation

The effects of weld defects and SSPT on residual stress of marine steel
EH40 in high-power laser welding were analyzed

BY L. WANG, Y. RONG, Y. HUANG, J. XU, J. HU, AND G. ZHANG

Abstract

Residual stress of laser-welded marine steel
EH40 was experimentally and numerically analyzed
considering weld defects (collapse, hump, and
unfitness) and solid-state phase transformation
(SSPT). A double-cylindrical source model was
used to simulate the temperature distribution. The
mean prediction errors of the model without and
with weld defects along the plate thickness were
9.2 and 3.5%. Based on the thermodynamics of
SSPT, microstructure fractions were computed
and verified by weld hardness test results. Under
the effect of SSPT, residual stress changed from
compressive stress to tensile stress with the
increase of the distance from the weld center. Weld
defects have an influence on the value of residual
stress, and this effect was greater when SSPT was
considered. The affected zone extended from the
vicinity of weld defects to the whole weld. The
variations of longitudinal residual stress (LRS) and
transverse residual stress (TRS) caused by weld
defects and SSPT both exceeded 150 MPa. LRS was
mainly affected by the loss and increase of metal,
while TRS was affected by the stress concentration
caused by shape geometry changes. Thus, the
influence of weld defects on TRS was greater than
that on LRS. The proposed finite element model
considering weld defects and SSPT can be used to
accurately predict residual stress in laser welding of
marine steel EH40 and provide a theoretical basis to
reduce welding stress.
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Introduction

Marine equipmentis becoming large scale, diversified, and
high performing, and, thus, high-strength steel with large
thickness is more and more widely used. High-power laser
welding (=10 kW), owing toits advantage in high-energy den-
sity, small heat-affected zones (HAZs), and high-efficiency
processing, becomes an effective way to realize a thick-plate
(=10 mm [0.39 in.]) single-pass joining. A complete joint
penetration 304 stainless steel joint with a thickness of
12 mm (0.47 in.) could be welded by a 10-kW laser during
bead-on-plate welding (Ref.1). Meng et al. (Ref. 2) achieved
high-quality complete joint penetration welded joints with
a thickness of 15 mm (0.59 in.) by using a pulse fiber laser.
Under reduced ambient pressure, Jiang et al. (Ref. 3) real-
ized the single-pass laser welding of 20-mm- (0.79-in.-)
thick high-strength steel without weld defects. Kawahito
et al. (Ref. 4) obtained a single-pass weld bead depth of 70
mm (2.76in.) by a100-kW fiber laser. However, during high-
power laser welding, the heat distribution exhibits a highly
inhomogeneous state, leading to a high gradient of residual
stress and affecting joint performance (Ref. 5).

Theinhomogeneous residual stress in the thickness direc-
tion cannot be ignored for thick-plate welding. The study of
Yang et al. (Ref. 5) showed that the distributions of transverse
residual stress (TRS) and longitudinal residual stress (LRS) are
inhomogeneous, and the peak of residual stress was located
near the plate surface. Combining the finite element anal-
ysis and experimental measurements, Banik et al. (Ref. 6)
investigated through-thickness residual stress. The TRS and
LRS fluctuated obviously, and the fluctuation exceeded 150
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Fig. 1 — Simulation and experiment implementation framework of marine steel EH40 welded joint.

MPa. Ibrahim et al. (Ref. 7) found that the thicker the welded
plate, the greater the fluctuation in the through-thickness
residual stress. Xu et al. (Ref. 8) compared the residual stress
distribution at different thicknesses of welded joints and
found that the longitudinal stresses had similar distribution
features, while the transverse residual stresses at the middle
part of the welded joint had an opposite distribution feature
to that at the top and bottom surfaces of the welded joint.
Thisindicated the self-constraint caused by plate thickness
had a larger effect on the distribution of TRS.

Hump formation is a common weld defect in the single-
pass forming of large-thickness plates (Refs. 9,10), and col-
lapse usually occurs at the same time. In addition, unfitness
isalsocommonin upset welding (Ref.11). The residual stress
distribution and welding deformation are both impacted
by these geometrical defects. Liang et al. (Ref. 12) studied
the formation of the hump and its effect on residual stress
using a coupled computational fluid dynamic-finite element
method (CFD-FEM) model and found that the hump caused
stress concentration and increased the localized von Mises
stress. Xia and Jin (Ref. 13) analyzed the residual stress of
austenitic stainless steel butt joints with dissimilar thick-
nesses in different butt joint forms and concluded that the
distribution and amplitude of residual stress were influenced
by the weld geometry.

With a deeper understanding of the residual stress for-
mation mechanism, the traditional thermo-elastic-plastic
finite element method (TEP-FEM) cannot simulate the micro-
structure field in the joint. In the actual welding process,

solid-state phase transformation (SSPT) always occurs from
austenite to other phase mixtures. These transformations are
accompanied by an increase in volume at the microscopic
level, which affects the final residual stress distribution. The
research of Wang et al. (Ref. 18) showed that the accumulation
of tensile residual stress was offset because of the volumetric
expansion during martensite transformation. This resultsina
decrease in welding residual tensile stress, the formation of
astable compressive stress segmentin the fusion zone (FZ),
and a reduction in welding deformation. Welding residual
stress and deformation are significantly impacted by SSPT.

Many research achievements have been made on the effect
of plate thickness, weld defects, and SSPT on residual stress
distribution during laser welding. However, in high-power
laser welding, the high-power density energy input causes the
residual stress gradient to grow, and the thick plate further
aggravates the residual stress’sinhomogeneous distribution.
Meanwhile, the distribution of residual stress under the com-
bined action of various welding defects (collapse, hump, and
unfitness) and SSPT has not been methodically analyzed. In
this combined experiment and simulation study, the influence
of weld defects and SSPT on residual stress was investigated,
working with 16-mm- (0.63-in.-) thick marine steel EH4O0.
Four 3D transient coupled thermostructural models were
developed to study the stress distribution considering weld
defects (collapse, hump, and unfitness) and SSPT. The simu-
lation and experiment implementation framework are shown
in Fig.1. First, two models with and without weld defects were
built to compute the thermal-metallurgical-mechanical field.
The weld profile was used to test the validity of the thermal
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Fig. 2 — A — The size of the EH40 butt joint, the test position (Line 1) of residual stress; B — Line A, Line B, and

Line C of harcdness.

Table 1 — Chemical Composition of EH40 Steel (wt-%)

Cc Si Mn P S Al

0.12 0.31 1.31 0.018 0.0041 0.021

field. Then, the distribution of microstructure was obtained
by experiment and simulation. Due to the deep correlation
between hardness and microstructure, the effectiveness of
the SSPT model was verified by comparing experimental and
simulated hardness values at different thicknesses. Finally,
the residual stress distribution of welded joints and the evo-
lution process of nodes affected by weld defects and SSPT
were investigated and analyzed.

Experiment

Experiment Details

Awelding experiment was designed with a butt joint. The
base metal (BM) was marine steel EH40 with a size of 50 x
100 x 16 mm (1.97 x 3.94 x 0.63in.), as shown in Fig. 2A, and
its chemical components are given in Table 1. The welding
system mainly consisted of a fiber laser IPG YLS-30000,
KUKA robot, laser header, jig, and platform. The laser power
was 25 kW, the welding speed was 2.1 m (6.89 ft)/min, the
defocus length was O mm, and the shielding gas was argon
with a flow of 2.1 m3/h. Before welding, the sample surface
was milled to remove the oxide layer and cleaned with ace-
tone to reduce the impact of dust and oil contamination.

Measurement Methods

After welding, an x-ray stress analyzer was used to quantify
residual stress along Line 1, as shown in Fig. 2A. The section
sample was extracted by wire electrical discharge machin-
ing and eroded using a solution of HNO3: Alcohol = 4:96 to
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Cr

0.04

Nb Vv Ti Ni Cu Fe

0.01 0.003 0.012 0.02 0.02 Bal.

obtain the weld geometry. The microstructure of the weld
was observed by an optical microscope and scanning electron
microscopy (SEM). The distributions of hardness along Line
A, Line B, and Line C were measured with a Vickers micro-
hardness tester, as shown in Fig. 2B, and a load of 300 g
(10.58 0z) and a dwell period of 15 s were used.

Weld Geometry and Microstructure

The weld geometry and microstructure of the EH40 butt
jointinsingle-pass complete joint penetration laser welding
are shown in Fig. 3. Obvious weld defects were found, includ-
ing collapse, hump formation, and unfitness, and their sizes
were marked. The collapse’s shape was roughly a rectangle
with dimensions of 1.6 X 1.3 mm (0.06 X 0.05 in.), while the
hump’s shape resembled a semicircle with a radius of 1.25
mm (0.05 in.). And the unfitness value was 0.5 mm (0.002
in.). Furthermore, the width of both the FZand HAZ was small
compared to the plate thickness. The BM had a ferrite and
pearlite microstructure, while the FZ had a martensite micro-
structure. Inthe HAZ, with the distance from the fusion line
increasing, martensite decreased while ferrite increased, as
shown in Figs. 3D and E.

Numerical Analysis Process

It can be found from Fig. 3 that weld defects and SSPT
both occurredinthe laser-welded EH40 butt joint. The weld
defects changed the weld geometry, while SSPT affected the
microstructure distribution in the weld. Four models consid-
ering weld defects (collapse, hump, and unfitness) or SSPT
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Fig. 3 — The weld geometry and microstructure of the EH40 butt joint: A — Weld geometry (collapse, hump, and
unfitness); B — the microstructure of b zone in FZ; C — ¢ zone in BM; D and E — d and e zones in HAZ.

Table 2 — Four Finite Models of EH40 Steel

Weld Defects SSPT
M1 X X
M2 X v
M3 Vv X
M4 v Vv

were established to understand their effects on the residual
stress, as shown in Table 2. The distributions of temperature,
microstructure, and residual stress were simulated based on
the thermal-metallurgical-mechanical sequential coupling
method. The geometries of the weld defects were consid-
ered in the finite element models of M3 and M4, as shown
in Fig. 4B. The shapes of collapse and humps were approxi-
mated into rectangles and semicircles, and the leftand right
sides of the model had the same size as the unfitness. SSPT
has little influence on the temperature field (Ref. 15) and
thus was not considered in thermal analysis. Considering a
high nonlinear characteristic of the thermal-metallurgical-
mechanical behavior in laser welding, the no-uniform mesh
method was adopted to improve computation efficiency and
accuracy. Mesh near the FZ was refined, while mesh far from
the FZ was sparse. For the finite element models without weld
defects (M1and M2), there were 53,610 elements, and most
of the element sizes in the FZ were 0.667 x 0.8 x 0.5 mm
(0.026 x 0.031 x 0.02 in.), whereas for the finite element
models considering weld defects (M3 and M4), there were

55120 elements, and most of the element sizes in the FZ
were 0.667 x 0.8 x 0.5 mm. SOLID 70 and SOLID 185 were
used in thermal analysis and mechanical analysis, respec-
tively. In mechanical analysis, three points (A, B, and C) were
constrained to prevent rigid body motion of the sample, as
shown in Fig. 4.

Thermal Analysis

Adouble cylindrical model was used to simulate the heat-
ing behavior (Ref. 16). This heat source model was based on
the actual energy distribution of complete joint penetra-
tion welding. The peak of heat flux decays exponentially with
the increased distances to the upper or bottom surfaces,
thus it has great advantages in the simulation of welds with
sandglass geometry. Meanwhile, most of its parameters are
related to the actual welding process and can be determined
by experiments. Only two coefficients need to be adjusted to
improve the simulation accuracy. The mathematical expres-
sion of the double cylindrical modelis shown in Equations 1-3.

(%, ¥,2) = q1(x,y,2) + q2(x,y,2) Q)

92011

0 (x,y,2) = TRl - e3)2 P

(3 x sin(a) + zcosh(la) — firg sin(a) -
X exp <—f [xcos (@) — zsin(a) + firo — firecos (a)]* + y2>
’ (fir0)?
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Fig. 4 — Finite element models: A — Without weld defects (M1 and M2); B — with weld defects (M3 and M4).

T P —
2 Tf2hy 1 (1 — e73)2
H + x sin(a) + zcos (a) — firy sin(a)
h.
( [xcos (a) — zsin(a) + j‘lro — firg cos(@)]? + yz)
Xexp|—f,

)

exp (—3

(firo)?

where h and Q,, are the heightand laser power of the upper
heat source, h, and Q,, are the height and laser power of
the bottom heat source, ais the heat source angle (keyhole
inclining angle), f, is the radius coefficient, f, is the decay
index of heat flux in thickness direction, and His the total heat
source height. The initial temperature of the entire sample
was 25°C (77°F). Considering the heat loss because of con-
vection and radiation, the boundaries of the weld sample
surfaces are presented as an equivalent heat transfer coef-
ficient, h_(Ref.17).

W /(m? - °C)
W /(m? - °C)

T < 500°C

T = 500°C

h, = {0.0668 T @

“l0.231-T-821

Metallurgic Analysis

Based on the traditional TEP-FEM, a thermodynamic
model of SSPT considering austenite transformation, ferrite
and pearlite diffusion transformation, bainite transforma-
tion, and martensite transformation was developed (Refs.
18-21). During the heating and cooling process of EH40 in
laser welding, austenite, ferrite and pearlite diffusion, bainite,
and martensite transformation occured, respectively. The
carbon equivalent C, (Ref. 22) and the phase transition crit-
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ical temperature of each phase was calculated by Equations
5-10, where the austenite transformation temperature was
between A and A, (Ref. 23), ferrite and pearlite diffusion
transformation temperature was between A and B, the
bainite transformation temperature was between B_and
M, (Ref. 24), and the martensite transformation temperature
was between M_and M, (Ref. 25).

c _C+Mn+5i+Cr+Mo+V+Ni+Cu )
eq 6 5 15

Ay, =723 —-7.08Mn + 37.75i + 18.1Cr + 44.2Mo
+8.95Ni + 50.1V + 21.7Al + 3.18W
+297S — 830N — 11.5CSi — 14.0MnSi )
—3.1S5iCr — 57.9CMo — 5.28CNi — 15.5MnMo
—6.0MnNi + 6.77SiNi — 0.8CrNi — 27.4CV
+30.8MoV — 0.84Cr? — 3.46Mo? — 0.46Ni? — 28V

A =912 — 370C — 27.4Mn + 37.3Si — 6.35Cr
—32.7Ni + 95.2V + 190Ti + 72.0Al
+64.5Nb + 5.57W + 3325 + 276P
+485N — 900B + 16.2CMn + 32.3CSi
+15.4CCr + 48.0CNi + 4.325iCr — 17.3SiMo /)
—18.6SiNi + 4.8MnNi + 40.5MoV + 174C?
+2.46Mn? — 6.86Si% + 0.322Cr? + 9.9Mo>
+1.24Ni? — 60.2V2



Table 3 — Four Finite Models of EH40 Steel

Symbol Unit Value
A, gC 718.01
A, °C 851.85
B, °C 642.47
M, °C 401.46
M, °C 101.46
a, mm 1.9 x1073
SH mm 9x10°°
K J/K 1.38 X 10=23
W, 1/s 1.415 X 1078
Y; / 0.45
X, / 0.01—-0.06
By =745 —110C — S?Mn — 39Ni — 68Cr )
—106Mo + 17MnNi + 6Cr? + 29Mo?
M, = 764.2 —302.6C — 30.6Mn — 16.6Ni — 8.9Cr ©

+2.4Mo — 11.3Cu + 8.58Co + 7.4W — 14.55i

My = Mg — 300 (10)

Inthe austenitization stage, the BM was transformed into
austenite when the temperature increased from the starting
point A, to the ending point A_. According to the Johnson
Mehl Avrami Kolmogorov (JMAK) theory (Refs. 20, 21), the
temperature-dependent austenite fraction can be described
as shown in Equation 11.

£ = [1 = exp (=5164°¢*)] - Fa(T) (a
_ 1378 x 10712 —25.38
AT T (@syr P (T - Al) (12)

Symbol Unit Value
AH, J/mol 38573
AS* J/mol/K 13.48
) O m2/s 1.5

KV 1/s 1.234 x 10~
K, J/mol 2.065 x 10~
r J/mol 2450
p / 3.6375
X wt-% 0.43
X, wt-% 0.03
o 1/K 0.0M
G, = 7.0 x 120‘11 exp (—29.70) (13)
So T—A4A

where Arepresents austenite, a  is the edge length of the
pearlite colonies, and S is the average true interlamellar
spacing.

When the EH40 weld joint was cooled to the temperature
range A and B, the austenite would undergo diffusion phase
transformation due to the diffusion of atoms, transforming
into ferrite and pearlite. The fraction of ferrite and pearlite
could be expressed by Equation 14 (Ref. 21). Under the con-
dition of uniform nucleation, the temperature-dependent
nucleation rate expressions of ferrite and pearlite could be
given by Equations 15-17 (Ref. 26).

fo = [1=exp (~516o°*)]- B (14)

_ Q; Wi
Ip = Cyexp T " Cyiexp T (15)
W
Cii"Cy = El (16)
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Fig. 5 — Temperature-based material properties of: A — EH40 steel; B — each phase.

16wy}

S E— (17)
3(AGEh — AGP)®

i

where D represents ferrite or pearlite, Q, is the activation
energy for atomic migration per atom, W, is the change of
Gibbs free energy for the critical nucleus, k is Boltzmann’s
constant, and C, and C,, are nucleation constants. w, is the
crystal frequency, Q is the atomic volume, y, is the inter-
facial free energy per unit area, AG" is the volume-free
energy release, and AG/ is the strain energy. For welding,
AGy is equal to O, and the value of AG can be deduced as
given in Equation 18 (Ref. 27).

AGE" = { (1=x,)AGE" + x,(AG™ — AH,, + AS™T)

RT
7 1 [(1 = Zyx,)In(1-Z,x,)
Y

—(1-x)In(1-x,) +x,(Z —1)In xy]} /7.179/10-¢

(18)

where x, is the carbon atom fraction in austenite, R is the
gas constant, AG, y~«and AG®" are temperature-depen-
dent free energy, AH, and AS* are the enthalpy increment
and entropy increment, respectively, and Z isan empirical
parameter, which is calculated using Equation 19 (Ref. 28).

8054
Zy =14 - 12exp (— W) (19)

Equation 20 expresses the growth speed under the
assumption that anisotropic growth takes place during the
diffusion phase transformation (Ref. 27).
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G; = kDY exp (— g—,}/,) (T — Ay)? (20)

where kis a thermodynamic constant and D °"is the initial
diffusion coefficient of carbon in austenite.

When the temperature dropped to B_and M, the residual
austenite would transform into bainite. The phase transfor-
mation thermodynamics showed that bainite formation was
directly related toits nucleation rate. As shown in Equations
21-24 (Ref. 29), the increment of bainite fraction and nucle-
ation rate are correlated linearly.

fB(T) =1-/f)- Vmic<N) @1
v KZ (AGmax)
(N) =K exp [— RT (1 + f)] (22)
AGpax = AGr?mx - meax(AGSlax —Gy) (23)
GN = pT -r (24)

where f is the bainite fraction increment and V__is the
volume of a microregion. (N) denotes the nucleation rate.
K, K,, p,and rareall constants. (AG,_ ) is the maximum free



energy in the nucleation process, and its initial value AG®
can be calculated by iteratively solving Equations 25 and 26
(Ref. 30).

af(x
AGY,. = RTIn ;y((;")) (25)
c
y-a age(1—x) ag(x) _
AGFe + RTIn m — RTIn ay()?) =0 (26)
Fe c

where a,_and a_are the activities of iron and carbon, respec-
tively; y and a present austenite and ferrite, respectively; x is
the average carbon concentration;and x, is the carbon con-
centration obtained by equilibrium iteration of Equation 26.

When the weld joint was cooled to a temperature between
M_and M, the residual austenite would transform into
martensite. Based on the assumption that the fractional
increment is linear to the temperature rise (Ref. 31), Equa-
tion 27 determined the martensite fraction.

fu(T) =1 —exp[—a(M; —T)] @7)

where f is the martensite fraction and a is an empirical
coefficient.

Due to the strong correlation between hardness and the
microstructure of welded joints, hardness is widely used in
the validation of the SSPT model. The Maynier model is usually
used to predict the hardness distribution (Ref. 22). According
to the rules for calculating the mixed-phase properties, the
hardness can be calculated by the following equation:

H,=Hp fr+Hg fp+Hy fu+Hpm fom (28)

where H,, H,, H,,and H, arethe hardness of ferrite, bainite,
martensite, and BM, respectively; f,, f,, f,,and f, are the
fraction of ferrite, bainite, martensite, and BM, respectively.
Inaddition, H,, H,,and H,,are all related to the cooling rate,
Equations 29-31.

Hp = 42 4 223w(C) + 53w(Si) + 30w(Mn)
+12.6w(Ni) + 7w(Cr) + 19w (Mo)
+lgv[10 — 19w(C) + 4w(Si) + Sw(Cr) — 33w (V)]

(29)

Hp = —323 + 185w(C) + 330w (Si) + 153w (Mn)
+65w(Ni) + 144w(Cr) + 191w(Mo)
+lav [89 + 53w(C) — 55w(Si) — 22w (Mn)
V1 —10w(Ni) — 20w(Cr) — 33w(Mo)

(30)

Hy = 127 + 949w(C) + 27w(Si)

+1Iw(Mn) + Sw(Ni) + 16w(Cr) + 21lgv @1

where vis the cooling rate at 700°C (1292°F) during the cool-
ing process and w(x) is the content of element x.

Mechanical Analysis

SSPT hasagreatimpact onwelding residual stress. Thereby,
the total strain increment can be described by Equation 32.

derorq = dee +de, + dep + deyy + degy 32)

where de, _ is total strain increment, de_is elastic strain
increment, de  is plastic strain increment, de, is temperature
strain increment, de ,is transformation-induced volume
increment, and de, is transformation-induced plasticity
increment. Computations of them were all related to material
properties under different temperatures, as shown in Fig. 5.
The transformation-induced increment (de , and dstp) was
the basis of the welding mechanics calculation considering
the effect of SSPT. The calculation equations of de , and de,,
are as follows:

3 V
deyoy =B \/1_fnew +fnewl;l_el:_1
o
(33)
du—a(l—fy) dT - de,om
deg, = 3K(1 = fy) - dfy - 55 (34)

where Bis the displacement-strain matrixand duis the incre-
ment of each element displacement, f,_ is the sum of the
fraction of the production microstructures, vV, and V_ are
the atom volumes of the production phase and parent phase,
respectively, f, and df,, are the fractions of martensite and
itsincrement, respectively, dTis the temperature difference,
de, ., is the volume strain with the full martensite transfor-
mation, s, is the stress deviator, and K is the coefficient of
the transformation plasticity. In addition, points A, B, and
C were constrained to prevent the rigid body motion of the
sample, as shown in Fig. 4.

Meanwhile, Table 3 provides a summary and list of the
symbols and values in the proposed FEM integrated with
thermodynamics-based solid phase transformation.
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Fig. 6 — Comparison of the experimentally measured and numerically predicted weld beac cross sections of: A
— M1; B — M3. C-F is the magnification of the weld bead cross section top and bottom of M1 and M3.

Results and Discussion

Validation of Thermal Model

In the thermal analysis, only the weld defects (collapse,
hump, and unfitness) were considered, thus M1and M2 had
the same temperature distributions and so did the distribu-
tions of M3 and M4. In Fig. 6, the temperature distributions
of M1/M2 and M3/M4 were overlaid onto the corresponding
weld cross section. The FZ, featured by the grey area, had a
peak temperature higher than or equal to the melting tem-
perature of the BM (1500°C [2732°F]). These two thermal
models both achieved excellent predictionin the temperature
distribution. The simulation errors of the thermal simulation
were calculated by the average error between the simulated
and the actual weld width in the direction of plate thickness.
The simulation errors of M1/M2 and M3/M4 through the
thickness were 9.2 and 3.5%, respectively.

However, there were obvious differences in the tempera-
ture distribution between M1/M2 and M3/M4 despite the
same heat source model, especially in the zones near the
weld defects. The upperwidth of the FZ of M1/M2 was larger
than that of M3/M4, while the bottom width was smaller,
as shown in Figs. 6E and F. The transient temperature pro-
cesses of nine points (P1-P9 were marked in Figs. 6A and
B) were obtained to further investigate the effect of weld
defects on the thermal cycles in the joint, as shown in Fig.
7. The weld defects on the thermal cycles of P3, P9, P1, and
P7 were largest (the variations of their peak temperatures
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Table 4 — The Maximum Value of Each Phase

G Ferrite Bainite Martensite
Metal
M2 1 1 0.000823 0.99961M
M4 1 1 0.000818 0.999687

were 1541.1°C [2806°F], 1221.4°C [2230.5°F], 1050.6°C
[1923.1°F], and 562.4°C [1044.3°F]) followed by that of P8,
P4, P2, and P6 (the variations of their peak temperatures were
338.9°C [642°F], 304.2°C [579.6°F], 193°C [379.4°F], and
164°C [327.2°F]), whereas that of P5 was hardly affected. It
indicated that the weld defects mainly affected the thermal
cycles in the vicinity, and the influence decreased with the
distance from the weld defects. The loss of metal material
caused by collapse blocked the energy conduction to the
surrounding area, contributing to a lower weld width at the
top of the weld and a higher local peak temperature. On the
contrary, the hump conducted energy easily to the surround-
ing area, resulting in a bigger weld width at the bottom of the
weld and a lower local peak temperature. Thereby, the peak
temperatures of P1-P4 with collapse were higher, while the
peak temperatures of P1-P4 with hump were lower as was
the temperature change rate.
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Fig. 7 — Transient temperature analysis at: A — P1; B— P2; C — P3; D — P4; E — P5; F — P6; G — P7; H — P8; | — P9.

Validation of SSPT Model

Based onthe SSPT model, the fractions of the BM, ferrite,
bainite, and martensite were calculated. The final distribu-
tions of phase fractions in M2 and M4 are shown in Fig. 8,
while the maximum value of each phase is given in Table 4.
The results show that SSPT is concentrated near the FZ and
inhomogeneous in the welding direction. The peak fraction
of martensite was located at the start-welding zone, while
that of ferrite appeared at the end-welding zone. And there
was almost no bainite in the weld. These were attributed
to differences in the cooling rate: The cooling rate at the
start-welding zone was higher, and martensite was more
easily formed at a high cooling rate.

Furthermore, the fractions of each phase in M2 and M4
were different, especially near the weld defects. At the
end-welding zone, M2 had more ferrite at the top and more
martensite at the bottom. As mentioned above, this was
attributed to the thermal cycle; thermodynamics served as
the foundation for the SSPT model. The collapse decreased
the peak temperature and cooling rate in its vicinity, and the

hump had the opposite effect. So, more martensite formed
at the bottom of M2 and the top of M4 because of the high
cooling rate.

To verify the validity of the SSPT model, the simulation
and actual distributions of phases were compared. Figure
9 shows the simulated phase distributions of the metallo-
graphic detection location. Martensite transformation was
the main phase transformation in the weld joint. The micro-
structure of the FZ was martensite, and as the distance from
the weld center increased, martensite reduced while ferrite
(the BM’s microstructure) increased, which showed good
agreement with the experimental distributions shown in Fig.
3. Moreover, due to the strong correlation between hardness
and microstructure, hardness is widely used in SSPT model
verification. So, the hardness distributions along Lines A, B,
and C of simulation and test were compared in Fig. 10. The
hardness of different positionsin the thickness direction had
similar distribution law: The hardness near the weld center
was obviously higher than that far away from the weld center.
This was consistent with microstructure distribution; mar-
tensite with high hardness was the main phase in the FZ. In
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Fig. 8 — The final fraction: A — Base metal; B — ferrite; C — bainite; D — martensite in M2. The fraction of: E —
base metal; F — ferrite; G — bainite; H — martensite in M4.

addition, when weld defects were considered, the hardness
prediction matched better with the experimental results
due to the better accuracy of the temperature distribution.
The errors between M4 and the test of hardness along Lines
A, B, and C were within 100 HV, proving the validity of the
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SSPT model. The error may have been caused by the release
of residual stress from cutting and polishing because the
residual stress has an influence on the hardness (Ref. 32).
In addition, the Maynier model was built based on multiple
regression analyses of the cooling transition curve, and the
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D — martensite distributions of the metallographic
cetection location in M2. E — Base metal; F — ferrite;
G — bainite; H — martensite distributions of the
metallographic detection location in M4.
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Fig. 11 — Comparison of experimental and numerical
longitudinal residual stress along Line 1 (marked in
Fig. 2).

influences of grain size (Refs. 33, 34), dislocation density
(Refs. 35, 36), and plastic strain (Refs. 14, 37-39) on hard-
ness were not fully considered, which limits the scope of
application.

Residual Stress Distribution

The LRSalong Line1is shown in Fig.11and Table 5, includ-
ing the results of simulation and test results. The reliability
and accuracy of the models were further illustrated by the
good agreement between the simulation results and the
experimental results. A better prediction was obtained when
the SSPT was considered (M3 and M4). Meanwhile, compres-
sive stress appeared and high tensile stress disappeared in
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Fig. 10 — A — The schematic diagram of hardness
test position. The hardness distribution of
simulation and test: B — Along Line A; C — along Line
B; D — along Line C.

the weld center zone. For the upper surface of the welded
joint, the influence of weld defects mainly showed in the weld
center zone, which was the high-stress zone (=100 MPa) and
where the weld defects were located. The maximum varia-
tion of LRS between M1 and M3 was 208.27 MPa, and that
between M2 and M4 was 445.13 MPa. It can be concluded
that the weld defects have an important influence on the
value of LRS, and this influence is magnified by SSPT. In addi-
tion, the widths of the high-stress zones of M1-M4 were 14.4
(0.57), 9.05 (0.35), 131 (0.52), and 9 mm (0.35 in.). When
weld defects were considered, the high-stress zone had a
smaller width. This means that the weld defects affected the
distribution of LRS. Thus, when simulating thick-plate laser
welding, weld defects and SSPT should both be considered.

To study the inhomogeneous stress distribution of thick-
plate EH4O0 joints in single-pass complete joint penetration
laser welding, four data curves (Line A, Line B, and Line C) of
the welded joint were extracted in Fig.12. The variations of
LRS inthe upper, mid, and lower parts of the welded joint are
shownin Figs.12A-C. Firstly, it is obvious that the distribution
of LRS in both the thickness direction and the width direc-
tion was inhomogeneous. Take M4 as an example. The stress
fluctuations along Line A, Line B, and Line C were 533.89,
620.88, and 493.92 MPa. Moreover, the distribution rules
of LRS along Lines A—C were similar: The stress near the FZ
was high, and the stress far away from the FZ was low, which
is deeply related to the inhomogeneous heat input during
the high-power laser welding. Further, comparing the LRS of
models with and without SSPT, it was found that the effect of
SSPT was obvious and made LRS along these three lines all
compressive near the FZ. From the above, the microstructure
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lower part.

of the FZwas almost all martensite. This means that marten-
site transformation played the main role in the distribution of
LRS. Inother words, the shear volumetric strain and induced
plasticity strain caused by martensite transformation were
the main reasons for the formation of compressive stressin
the FZ. In addition, it was found that the weld defects had
an influence on the value of residual stress, and this effect
was greater when SSPT was considered. For LRS along Line
A, the maximum variations of the model without and with
SSPT were 153.29 and 434.53 MPa, and that along Lines B
and C were 45.27,159.32, 92.3, and 350.63 MPa, respec-
tively. Meanwhile, LRS in zones with metal loss/increase or
sharp geometry changes caused by weld defects were more
susceptible. The effect of weld defects on LRS along Lines A
and C was larger than that along Line B.

Different from LRS, the effect of SSPT on TRS was more
complicated. For the upper part of the welded joint, one more
compression-tension stress transition occured near the FZ
(in M2 and M4) due to SSPT, as shown in Fig. 12D. The peak
and the fluctuation range of TRS increased by approximately
two times: The TRS peaks of M1-M4 were 99.84, 273.34,
-107.65, and 215.74 MPa, while the TRS fluctuation ranges
of M1-M4 were 103.38, 457.48, 209.54, and 373.98 MPa.
For the mid part of the welded joint, the effect of SSPT on
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Fig. 13 — A — The longitudinal residual stress; B —
the transverse residual stress variations through
thickness of welded joint. C — The LRS contour; D
— the transverse residual stress contour in M1, M2,
M3, and M4.

TRS was similar to that on LRS; TRS was compressive near
the FZ. SSPT resulted in more-frequent stress fluctuation, a
larger stress peak, and a bigger stress fluctuation range in the
lower part of the welded joint. Similar to the LRS, the TRS in
the upper and lower parts of the welded joint was more easily
affected by weld defects. The collapse reduced the value of
TRS along Line A significantly, and the hump increased that
along Line C, as shown in Figs. 12D and F. Weld defects had
little influence onthe TRS in the mid part of the welded joint.

To further investigate the effect of weld defects and SSPT
on the residual stress distribution, LRS and TRS data cavers
along path Line 2 and the stress nephogram on the mid-plane
section of the welded joint were extracted in Fig. 13. When
only weld defects were considered, these mainly affected
LRS in their vicinity: the upper and lower parts of the welded
joint, while the mid part of that is almost unaffected. However,
when SSPT was considered, the weld defects affected the
LRS of the entire welded joint. The maximum variation of LRS
between the model with and without the weld defects (M4
and M2) exceeded 150 MPa. When SSPT was not considered,
the variations of LRS between the model with and without the
weld defects (M3 and M1) were within 100 MPa. This means
that the effect of the weld defects on LRS was amplified by
SSPT. It can be found that weld defects have similar effects



Table 5 — The Residual Stress Error between the Simulation Results and the Experimental Results

Distance from .
Experimental

C::fe‘:v(?;dm) Results (MPa) M1
-12 39.48 £ 5.77 -105.74
-10 28.89 £ 9.1 -47.60
= 62.06 + 7.33 128.71
-6 210.60 + 7.00 220.92
-4 -31.45 1+ 6.76 461.82
=2 -204.28 £10.62 48415

2 -81.85 £ 40.79 380.65
4 288.83 + 2813 141.46
6 220.01 1+ 32.48 17912
8 215.59 + 30.06 -48.47
10 27.02 £ 27.88 -53.74
12 31.95 £ 6.35 -98.59
Average error (MPa) 136.89
Maximum error (MPa) 48415

on LRS and TRS, and the latter is greater, as shown in Figs.
13Aand B. The weld defects resulted in a maximum variation
of TRS above 150 MPa. Take the thickness of 0 mm as an
example. The variations of LRS and TRS between M3 and M1
were 105.63 and 159.80 MPa, while those between M4 and
M2 were 71.91 and 153.50 MPa. Under the action of SSPT,
the properties of each zone of the welded joint varied signifi-
cantly, and the inhomogeneity of expansion and contraction
behaviorinthe welded joint intensified. The influence of the
loss and increase of metal on the LRS and TRS became greater.
Moreover, the affected zone extended from the vicinity of
weld defects to the whole. In addition, the weld defects were
simplified in the welding direction (i.e., the direction of LRS),
and the geometry size of the weld defects did not change.
Therefore, stress concentration had little influence on LRS.
However, for TRS, the weld defects caused sharp geometry
changes, and the stress concentration became obvious. So,
weld defects had a greater influence on the TRS.

M2 M3 M4
Absolute Error (MPa)
-22.72 -82.45 -23.42
-26.04 -52.75 -48.21
121.80 26.22 2.95
73.27 165.20 30.38
155.09 494.26 36.81
42.85 656.53 97.43
-5.77 533.72 5.88
-188.95 183.83 21.49
-93.61 81.84 -37.93
-28.11 -129.32 -140.92
-24.60 -51.72 -25.67
-6.99 -73.32 -5.61
-0.32 146.00 -7.24
-188.95 656.53 -140.92

Residual Stress Evolution Analysis

The evolution processes of residual stress in different points
of the welded joint were extracted to investigate the effect
mechanism of weld defects on the thermal-metallurgical-
mechanical behavior in laser keyhole welding of EH40 steel,
as shown in Figs. 14-16. For the upper part of the welded
joint (P1-P3), the weld defects affected the final value of
LRS,and TRS had a greater effect on TRS. The fluctuation of
P3TRSreached 225.77 MPa after considering weld defects.
The fluctuation trends of the LRS of different nodes were
not affected by the weld defects. However, the TRS of P1
and P3 were changed, obviously: The fluctuation range of
the TRS of P1 was smaller, and the tension of the TRS of P3
was suppressed and finally formed compressive stress. For
the lower part of the welded joint, weld defects had a simi-
lar effect on residual stress of the upper part of the welded
joint, but the fluctuation range of TRS with weld defects was
bigger. Compared to the residual stress evolution process
of P4, P5, and P6 along the thickness direction, it can be
found that weld defects have little influence on LRSand TRS
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ics of SSPT. The errors between M4 (with weld defects and
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SSPT) and the test of hardness with different thicknesses
were all within 100 HV, proving the validity of the SSPT model.

2) Under the effect of SSPT, residual stress changed from
compressive stress to tensile stress with the increase of the
distance from the weld center. This is closely related to the
expansion and extrusion caused by martensite transfor-
mation in the FZ, which cancels the tensile stress near the
martensite.

3) The weld defects affected the value of residual stress,
and thisinfluence was greater under the effect of SSPT. When
SSPT was not considered, the weld defects mainly affected
the residual stress in their vicinity. When SSPT was consid-
ered, the residual stress of the whole weld was affected by
weld defects, and the variation of both LRS and TRS along
the plate thickness exceeded 150 MPa.

4) Compared to the residual stress distribution of welded
joints and the evolution process of nodes, it was found that
the loss and increase of metal caused by weld defects and
the stress concentration caused by shape geometry changes
were the main influencing mechanisms of weld defects on
residual stress. In addition, the influence of weld defects on
TRS was greater than that on LRS because the stress con-
centration caused by shape geometry changes has little
influence on LRS.
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