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An analytical method to predict the post-weld deformation at the heat-affected zone (HAZ) is presented in this
paper. The method was based on the assumption that the post-weld deformation is caused by external forces
resulting from the inherent strain, which is defined as the irrecoverable strain after removing structural restraints
and loadings. In general, the equivalent loading method can be used to analyze distortions in welding areas
because it is efficient and effective. However, if additional loads are applied after welding, it is difficult to
determine the final strain on a welded structure. To determine the final strain of a welded structure at the HAZ
more accurately, we developed a modified equivalent loading method based on the inherent strain that
incorporated hardening effects. The proposed method was applied to calculate the residual stress at the HAZ.
Experiments were also conducted on welded plates to evaluate the validity of the proposed method.
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NOMENCLATURE

B = breadth of the specimen

b = maximum breadth of the inherent strain region

d = maximum depth of the inherent strain region

D = deformation at the center

E = tangent modulus of the level lower than the yielding
point

Et = tangent modulus of the level higher than the yielding
point

E\, =Young’s modulus of the temperature change region
(Young’s modulus of the disk)

E, = Young’s modulus of the adjacent region (Young’s
modulus of the plate)

H = hardening coefficient (N/m?)

h = thickness of the plate

k; = thermal conductivity coefficient of the temperature
change region

k, = thermal conductivity coefficient of the adjacent region

m, = moment on the welded line (Equivalent load)

v = Poisson’s ratio

v; = Poisson ratio of the temperature change region

v, = Poisson ratio of the adjacent region

Z = section modulus

a = thermal coefficient (1/°C)

¢ = total strain

& = elastic strain

& = plastic strain

&™ = thermal strain

" = phase transformation strain

¢* = inherent strain

£*; = inherent strain generated by the loading condition
£*y; = inherent strain generated by the unloading condition
o, = stress incremental

op = residual stress

oy =yield stress

1. Introduction

Shipbuilding involves many welded structures. Welding is the
most important aspect of shipbuilding since it is used to permanently
join two metal parts. During the welding process, heat (and
sometimes pressure) is applied to two metal pieces to form a
permanent bond between them. Extending the life of a product
requires enhancing the quality and durability of its welded parts.

The welding process is subject to certain problems related to the
deformation of materials by heat, phase transformations, residual
stresses, and welding defects. In particular, the deformation that
occurs during the heating and cooling processes of welding
operations significantly affects the required precision and stability of
structural materials. Also, when a welded zone is subject to additional
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loads, the deformation generated by the residual stresses differs from
the deformation of a material in elastic conditions. Therefore,
accurate analyses require predictions of the deformation generated by
the additional loads in a welded zone.

Among the methods used to predict welding deformations, the
equivalent loading method based on the inherent strain (Jang ef al.!)
has been successfully used for the last ten years due to its effective
and reliable results. It is important to determine the inherent strain
regions. The inherent strain method does this by calculating the
temperature distribution during welding (Jang et al.%) and converting
it into equivalent loads, from which it is able to determine the
deformation. Because this method independently generates a term
related to the angular deformation, it can be applied very efficiently to
precision deformation processes, which are sensitive to phase
transformations such as line heating (Ha and Jang?).

The method developed in this study also incorporates the
hardening of metal. Conventional studies of heat-affected zone
(HAZ) deformation have assumed that the residual stress in plastic
regions is equal to the yield stress. It is therefore difficult to estimate
the deformation when additional loads are added to post-deformation
parts. However, a method that incorporates hardening can predict this
deformation because it can define the stress levels over the yield
stress. We developed such a model and compared our analysis results
with experimental data to validate its usefulness and effectiveness.

2. Inherent strain in the HAZ

The total strain can be divided into the elastic, thermal, plastic,
and phase transformation strains,

e=e"+e” +e" +¢&° (1)

The inherent strain is defined as the irrecoverable strain after
removing structural restraints and loads, or the sum of elastically
irrecoverable strains that induce permanent deformation of the
material,

e* =" P "= —¢° @)

Typical inherent strains include plastic, thermal, and phase
transformation strains, 7.e., the total strain with the exception of the
elastic strain (Ha and Jang®).

A one-dimensional (1D) bar-spring model (Fig. 1) can be used to
define the welded zone and the inherent strain caused by welding
(Jang et al.*). The bar in Fig. 1 represents the temperature change
region while the spring in represents the area of the welded zone with
the exception of the temperature change region. Using a similar
method, Fig. 2 uses a two-dimensional (2D) plate-spring model to
describe the welded zone conditions in more detail. The 2D plate-
spring model applies the coefficient and spring constant from the 1D
bar spring model. The spring model simulates the elastic restraint
from the surrounding area outside the disk against the disk expansion
and shrinkage caused by a temperature change. During temperature
changes, the spring’s restraining action induces an internal stress in
the bar. The inherent strain equation,

8*:—ﬂ(ﬁ+lj
El k2

where
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and the equilibrium force equation,

ky x =-0,-4 ®)

determine the final inherent strain in the disk spring.

P N LA (6)
E, 1-v,

Equation 5 indicates that the external force acting on a bar by a
spring equals a material’s internal force. Based on the definition of
the spring constants in Eq. 4, the 2D plate-spring model expresses the
inherent strain as given by Eq. 6.
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Fig. 1 Force equilibrium in bar-spring model

I\/

Fig. 2 Force equilibrium in disk-spring model

Figure 3 presents a normal stress — strain diagram. In this figure,
the residual stress acting on the material does not incorporate
hardening effects. Therefore, its stress level is always equal to the
yield stress, 6y = og. Point A in Fig. 3 indicates the initial location
of the yield stress. The conventional inherent strain method only
considers the normal stress. Therefore, if an inherent strain model
can incorporate hardening effects, it will produce more reliable
results.
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Fig. 3 Yield state material on elastic-perfect plastic stress-strain
relation curve

3. Inherent strain that incorporates hardening

The stress — strain diagram in Fig. 4 shows the additional stress
caused by the hardening effects. Point A in Fig. 4 indicates the
material status after the yield stress is reached. Due to the additional
hardening effects, the level of the residual stress shown in Fig. 4 is
always higher than that of the residual stress shown in Fig. 3.
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Fig. 4 Yield state material on elastic-plastic stress-strain relation
curve

If a strain-stress diagram incorporates the hardening effects, the
stress increment must be included after the yielding process. Thus, the
total residual stress can be defined as the sum of the yield stress (g,)
and stress increment (op). The stress increment is equal to the plastic
stress, predicted by the hardening coefficient (H) that is described in
greater detail in Section 4. When the plastic stress is added to Eq. 5, it
results in

kz-xz—(O'Y+0'P)'A )
x=_(0y+0',,)-A (8)
k2
The hardening coefficient can then be substituted,
w«_ Oyt 0p k. 1
S g
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If the phase transformation (") is neglected or included in the

thermal strain term (&) in Eq. 2, then
e* = &" + g = =% -g" 10

After substituting Eq. 10 into Eq. 9, the equation of the inherent strain
incorporating hardening is

_o-Y+H-(g*—e"')

k—‘+1
EI kz

The inherent strain including hardening (&*) appears on both sides of
Eq. 11. This can be rewritten as follows:

(11

g* =

_—U,+H~IadT [kl (12)

——— | L +1 ['.'e”’: adT]
E.+H-(£+l] ks ) j
kZ

4. Determining the hardening coefficient

Figure 5 shows the plastic modulus — temperature diagram
introduced by Patel’. It can be applied to determine the hardening
coefficient of mild steel (carbon < 0.3%). The plastic modulus E is
related to the hardening coefficient H by

by E-Ef

= (13)
E-Et

where Et is a temperature-dependent material variable that is used to
determine the inherent strain considering hardening (&*).
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Fig. 5 Et(tangential modulus) of low carbon steel (Patel"5)
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5. Determining the residual stress based on the inherent
strain

The residual stress is the sum of the yield and plastic stresses,

Op = Oy +0, (14)
Substituting Eq. 14 into Eq. 9 yields
g*z_ﬁ(ﬁﬂj (15)
E, \k,
Substituting Eq. 15 into Eq. 12 gives
Elo, - H - faar) (16)

o, =
k,
E +H —+1
k 2
which gives the residual stress under unusual circumstances, known
as the restricted HAZ.

6. Deformation experiment using a flat plate

A bead-on-plate welding specimen was prepared to verify the
expressions for the inherent strain including the hardening effects
(Eq. 12) and the residual stress under unusual circumstances (Eq. 15).
The experiment was conducted according to ship classification
standards. The dimensions of the specimen are given in Fig. 6.

0.5m
fe———>{
/ 2m
0.0t12m
& |
| '_
im

T T

Fig. 6 Dimensions of the experimental specimen

The following procedure was followed during the experiment.

(1). Bead-on-plate welding was performed in the middle of the
specimen in the length-wise direction.
The angle deformation from welding was measured in the
breadth-wise direction after the specimen was cooled.
The plate was turned over.
An additional load (140 kg) was added to the center of the
plate and then removed.

(5). The plate deformation was measured.
Care was taken to avoid generating additional residual stresses by
applying the heavy overload during Step 4.

Q).

3).
).
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The conventional inherent strain equation can only predict the
welding deformation. If an additional load is applied to the welded
joints, this method is unable to calculate the total deformation by
incorporating the hardening effects. When an additional load is added
or removed from a specimen, it is difficult for the conventional
inherent strain method to predict the variation of strain because it only
considers internal stresses, which always equal yield stress. Therefore,
the conventional equation of inherent strain cannot predict stress
deformations greater than the yield stress.

In contrast, an inherent strain equation that incorporates the
hardening effects can predict the deformation of the structure
receiving the additional load after welding. This is particularly
relevant to shipbuilding, because ship structures are subject to various
loads after welding, such as additional welding, lifting, transportation,
docking, etc.

7. Deformation analysis and introduction of the equivalent
loading method

7.1 Determining the Heat conduction

mherent strain region Ra— analysis, Figs. 8 and 9
(b, d, 1)
7.2 Determining the o | - Patel’s Plastic — Temperature

hardening coefficient Diagram (Fig. 5)
&) -Bq 13

7.3 Determining the
inherent strain | -Eg 12
(*)
T
7.4 Determining the
equivalent load - Eq. 17
()
: Hand calculation
. st | - Simple beam fornmla
7.5 Determining the - Equivalent load from (7.4)
welding deformation or
- @asﬁc analysis l
}
7.6 Determining the W
deformation from the T | giz };
additional loads -
i
7.7 Determining th.c moment | - Simple beam fornmla
due to loading - Deformation value (7.6)
]
7.8 Detenmining the
incremental stress +— |-Eq¢ 18
due to loading
4
. - Stress — strain diagram
7.9.Detcmunmgf +— | (Figs. 13 and 14)
the inherent stram - Stress value from (7.8)
due to unloading
(") Equivalent Toad
¥ quivalent loa
-Inherent strain (*u2)(7.9)
7.10 Detenmining the -Equivalent load (Eq.17)
deformation from the '
additional loads and the s | Hand calculation
total deformation or | - Simple beam formmla
[ — [ Elastic analysis ]

Fig. 7 Flowchart of developed post-weld distortion analysis

Figure 7 shows a flow diagram of the deformation analysis
process. Only the process from Sections 7.1 to 7.5 is related to the

welding deformation analysis that includes the hardening effects.

7.1 Determining the inherent strain region

First, a heat conduction analysis was performed to determine the
inherent strain region. The analysis was based on the assumption that
a metallurgical phase is transformed into an austenite state (AC1), and
applied a standard methodology to determine the inherent strain
region (Ha and Jang®).

Two-dimensional modeling was used for the computational heat
conduction analysis, as shown in Fig. 8. The bead was modeled bead
separately from the plate for the bead-on-plate welding analysis, and
an initial temperature of 2300°C was applied to the bead (Lee et al®).
Any area reaching temperatures above 700°C during the welding
process was defined as part of the inherent strain region (Ko et al.’).
Figure 9 shows the maximum breath (a) and maximum depth (b) of
the inherent strain region. The geometry of the inherent strain region
within the experimental welding plate is illustrated in Fig. 9(c).

Fig. 8 Heat transfer model of bead-on plate welding
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Fig. 9 Heat transfer analysis and geometry of the inherent strain
region

7.2 Determining the hardening coefficient
The hardening coefficient was determined as discussed in
Section 4.
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7.3 Determining the inherent strain
The inherent strain was determined using Eq. 12 based on the
value of AH.

7.4 Determining the equivalent load

The inherent strain was converted into an equivalent load by
substituting the values determined in Sections 7.1 and 7.3 into the
following equation (Ko et al.”):

m = L anr 29, a7
Y6 4 h
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Fig. 10 Distribution of the equivalent load along the welded line
equation (Ko ef al.’)

7.5 Determining the welding deformation

The welding deformation of the specimen can be calculated using
the elastic analysis method introduced by Jang ef al.' and Nomoto et
al® 1t can also be calculated using a simple beam deflection formula,
as described in Sections 7.5 and 7.10.

7.6 Determining the deformation from the additional loads

The gravity of steel (7.83 kg/mm’®) was converted to a uniform
load and applied to this specific example, as shown in Fig. 11. The
uniform distributed load along the welded line was defined as the
additional load generating the deformation (see Fig. 12). This load
was applied to the specific example and the resulting deformation was
measured.

w
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A |

Fig. 11 Free body diagram showing the weight of the plate after it is

turned over
1F

Fig. 12 Determining the effects of loading and unloading

7.7 Determining the moment due to loading
The moment acting on the welding point due to the additional
loading M was calculated using a simple beam deflection formula and

the value of the deformation (see Section 7.6).

7.8 Determining the incremental stress due to loading
The incremental stress was obtained from

oM (18)

and was used to determine the level of point B shown in the stress —
strain diagram given in Fig. 13.

&
a
&
B ) £
A s
P N (EAN .
4 H
& F
7 H
,j |
E '
£ H
AL
; B :
B '
. o e
g¥*u

Fig. 14 Unloading process

7.9 Determining the strain due to unloading

The strain generated from the additional loads can be defined
using the stress — strain diagram that includes the hardening effects.
Figures 13 and 14 show the relationship between the stress and
strain in the HAZ. Point ‘A’ represents the conditions after welding.
When incorporating the hardening effects, if an additional load is
applied to a specimen, point ‘A’ moves toward point ‘B’ to a degree
equal to the stress increment. After the load is removed, point ‘B’
moves toward point ‘C’. The inherent strain shown in Fig. 13 (&*;)
and Fig. 14 (&*y;) decreased during the loading and unloading
process. However, the residual stress did not increase from point
‘A’ to point ‘C’. Therefore, if Eq. 18 determines the incremental
stress at the welding point under an additional load, the stress —
strain diagram can predict the minimum value of the inherent strain
while considering the hardening effects.

7.10 Determining the deformation from the additional loads
and the total deformation

The inherent strain generated under loading and unloading
conditions can be determined by the stress — strain diagram (see
Fig. 14). The value of &*; enables us to calculate the total
deformation of the welded joint after an additional loading and
unloading. The equivalent load can be determined by substituting the
value of ¢*;; and the geometric value of the inherent strain regions
(see Section 7.1) into Eq. 17. The total deformation is calculated
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using the deformation analysis process (see Section 7.5). Finally, the
processes described in sections 7.4 and 7.5 (equivalent loading
method based on the inherent strain) can be repeated to determine the
total deformation during the process.

Table 1 Comparison of the experimental results with the maximum
distortion analysis

. Deformation after
Welding . .
deformation (mm) loading and removing the
additional load (mm)
Experimental results 2.69 792
M
Analysis results
using the proposed ¢ 8.51 7.67
@
Analysis results
using the conventional 8.29 -
£ Q)
Comparison of (1)/(2) 1.02 1.03
Comparison of (1)/(3) 1.05 -

Table 1 gives the maximum deformation calculated from the
experiment and the analyses measured at the central point of the
specimen in the direction of its breadth. The results of the proposed
method were closer to the experimental values than those of the
conventional method. While the conventional method (see Fig. 15)
was able to predict the welding deformation, it was limited because it
could not incorporate additional loads after welding.

_7'1 Detemm'.m' g t!le Heat conduction
mherent strain region -— analysis Fig. 8, Fig, 0
b,dh

7.3 Determining the
inherent strain
(£%)

4
7.4 Determining the
equivalent load —\ Eq. 17

(m)

¢ -Eq.6

1 Hand calculation
+— | - Simple beam fornmla
or |- Equivalent load (7.4)

-— |Elas|:ic analysis |

7.5 Determining the
welding deformation

Fig. 15 Conventional deformation analysis process

8. Conclusions

We developed a new method for calculating the inherent strain by
incorporating the hardening effects into the heat conduction analysis.
The following conclusions may be drawn.

1. An equivalent loading method was introduced based on
the inherent strain. The results indicated that the proposed
method was reliable and convenient for predicting the
welding deformation during shipbuilding. It can be used to
estimate the welding deformation and does not require an
elasto-plastic finite element analysis.

2. The inherent strain method that incorporated the hardening
effects produced more reliable results than the
conventional method. It is therefore essential to

incorporate hardening when conducting a welding
deformation analysis using the equivalent loading method
based on the inherent strain.

3. The proposed method based on the inherent strain could
predict the deformation caused when addition loads were
added and removed to a structure that had already
undergone a thermal history.

4. The conventional inherent strain method was only able to
calculate stress levels under the yield stress and could not
predict the total deformation in the HAZ after loading and
unloading. The proposed method was able to estimate the
residual stresses generated by an additional load, even for
stress levels over the yield stress, using the deformation
analysis process.

Therefore, we can use the proposed inherent strain method to plan

how to lift a structure with a HAZ because proposed method makes it
possible to predict the deformation generated by the weight of the
material and additional loads.
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