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ABSTARCT

TRANSIENT VARIATIONS OF THERMAL STRESSES AND THE
RESULTING RESIDUAL STRESSES WITHIN A THIN PLATE DURING

WELDING PROCESSES

By

Maher A. Da'as

Supervisor

Dr. Naser S. Al-Huniti

Co-Supervisor

Dr. Mohammed A. Al-Nimr

Variations of thermal and residual stresses are investigated inside thin mild
steel plate due to welding process. The temperature distribution due to heat
transfer by conduction inside the plate with certain boundary conditions is
found analytically. Then the transient thermal stresses developed are
computed. The resulting residual stresses, which remain after cooling of the
plate, are found using the method presented originally by Tall 1964 and the
results are presented in graphical forms. It was found that welding speed

and heat source intensity are the main factors affecting the residual stress

formation.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Weld is a localized coalescence of metals or non-metals produced either by
heating the materials to suitable temperature with or without the application
of pressure or by the application of the pressure alone and with or without
the use of filler material. More than fifty different welding processes are
now used commercially and can be classified into fusion welding (arc
welding), electrical-resistance welding (spot welding), solid phase welding
(pressure welding), liquid-solid phase joining (brazing and soldering) and
adhesive bonding (cements).

Because a weldment is locally heated, the temperature distribution in
the workpiece is not uniform and changes take place as welding progresses.
The temperature of the base metal and weld metal in the vicinity of weld
line (heat-affected zone or HAZ) is higher than that of the unaffected base
metal. As the molten pool solidifies and shrinks, it begins to exert
shrinkage stresses on the surrounding weld metal and heat affected zone
area. After it cools to the surrounding ambient temperature, shrinkage of
the metal causes stresses to form inside the plate. Part of these stresses will
be recovered due to elasticity while the other part will remain (residual

stresses). These residual stresses change the properties of the welded plate.
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This leads to metal distortion and may cause premature failure in

weldment.

1.2 Literature Review

Many researchers studied the temperature variation and the resulting
thermal and residual stresses in welded plates. Tall (1964) presented a
method for the calculation of thermal and residual stresses produced in
individual plates due to welding. Comparison between theoretical and
experimental residual stress distribution was also made. His method is a
step-by-step method for the computation of the residual stresses arising in
welded plates based on the knowledge of the temperature distribution
obtained from an equation in the literature. Calculations were presented for
both center-welded and edge welded structural steel plates and are
compared with experimental results for the same plates.

Ueda and Yuan (1993) studied the characteristics of inherent strain
distribution in butt welds by numerical experiments. Formulas were
derived for the distribution and magnitude of inherent strain in a butt weld.
A method for predicting the residual stress in a butt-welded plate using the
characteristics of inherent strain distributions was presented. The validity
of the method was demonstrated by thermal elasto-plastic analysis. It was

found that the patterns vary little with changes in the welding conditions

and sizes of the welded plates.
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AL-Nimr and Abou Arab (1994) studied the transient heat conduction
process with moving heat source/sink simulating the welding process. A
closed form solution for the heat conduction equation was obtained. The
temperature distribution was obtained and compared with numerical and
experimental data in the literature. Despite of the assumptions used in their
work, it was found that the obtained analytical solution has a satisfactory
agreement with those used for comparison in the literature.

Ueda and Xing (1994) proposed a very simple measuring method for 3-
dimensional residual stresses with the aid of distribution functions of
inherent strains. In the simple measuring methods, inherent strain zones
were prediéted by newly proposed formulas based on the results of thermal

elastic-plastic FEM analysis, and the coefficients involved in distribution

functions of inherent strains are estimated using measured elastic strains at

some points.

Yang and Xiao (1995) carried out an investigation to find an analytical
model to examine the residual stress distribution across the weld of the
panels welded with mechanical constraints. The panels to be welded were
considered to be cantilever bars and the stress caused by the heat source
during the welding process was assumed to have a parabolic distribution
along the plate thickness. An ideal elastic-plastic material curve was
assumed. As the depth of the yield zone increased, the position of the

maximum stress shifted towards the bottom of the panel.
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Antunes (1995) analyzed the basic aspects of the residual stresses in
welding. Concepts about macro and micro residual stresses in metals were
considered in welding. In a simple welding model, it was shown how
shrinkage macro stress results and how this can contribute to understand
the distribution of residual stresses in common types of welded joints.
Further comments were made concerning the effects of additional
mechanical and metallurgical phenomena, distortion in weldments and
dimensional discrepancies.
Olabi and Hashmi (1995) presented some results on the effect of post-weld
heat-treatment on the mechanical properties and residual stresses of 1-beam
welded box-section in structural steel material. In order to asses the effect
of post-weld heat-treatment on the mechanical properties, microhardness,
tensile strength and impact tests have been employed on the welded joint
under two conditions: first, the as-welded condition: second, the as heat-
treated condition. The hole-drilling method has been used to estimate the
magnitude and distribution of residual stress before and after the
application of post-weld heat treatment. The results showed that the post
welded heat treatment (i) improve the toughness by about 15% without
making any significant difference to the tensile strength and the hardness
(ii) has the significant effect of reducing the residual stress by about 70%.
Roelens and Maltrud (1996) conducted a numerical modeling of

submerged arc butt welding of 30 mm plates to determine residual stress
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distribution after multipass welding. Comparisons of thermal cycles, sizes
of heat affected zone and residual stresses were performed. Moreover X-
rays powder diffraction and incremental hole drilling measurement were
carried out to verify the numerical resuits. The transverse stress was
correctly simulated; the comparison of the calculated stresses with the
stresses obtained from the experiments yielded good qualitative and
quantitative results.

Yaun and Ueda (1996) introduced a concept of inherent strain, being
regarded as source of the residual stress in order to develop a predicting
method of residual stresses in fillet T-and I-joints. With the proposed

method the residual stress of an interested weldment may be predicted by

performing an elastic analysis, in which the inherent strain is replaced to

equivalent distributed loads. The inherent strain distributions in various T-
and I-joints were investigated using numerical simulations. The results
showed that the inherent strains distributing in flange side and in web side
of the several joints are almost the same. The inherent strains vary not only
with the average temperature rise due to welding, but with the geometric
ratio of the joints.

In the present work, an arc welding process that combines two thin metal
plates is simulated analytically. The temperature distribution inside the
plate is found using the procedure used by Al-Nimr and Abou Arab (1994)

but with different boundary conditions. The method presented by tall
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(1964) was utilized and programmed but taking less time increments in
order to increase accuracy. Tall studied the case of plate edge welding

while plate center welding case is considered here.

1.3 Objectives of the Present Work:

In summary, this work presents a theoretical investigation of the thermal

and stress behavior of a thin mild steel plate as a result of butt-welding. The

main objectives of the present work are:

1. To formulate the energy balance equation for thin plate under certain
boundary conditions and moving welding torch as a source of heat.

2.To solvé* the boundary value problem analytically to find a closed form
solution thét predicts the temperature distribution inside the plate at
different times. —

3.To calculate the transient thermal stresses developed due to welding
process and also compute the residual stresses that remain in the thin
plate after cooling.

4. To study the effect of welding speed, power input and other parameters

on the formation of residual stresses inside the plate.

1.4 Organization of the thesis:
The thesis consists of five chapters. Chapter one is the introduction, in

which the concepts of welding, thermal and transient stresses are
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CHAPTER TWO

MATHEMATICAL FORMULATION AND SOLUTION OF THE

HEAT CONDUCTION MODEL

2.1 Introduction

Figure (2.1.1) shows two identical rectangular thin metal plates to be joined
together in butt welding process. The welding process is modeled as a

moving heat source along the plates with constant velocity leaving a fusion

zone behind the torch.

2L

Figure (2.1.1) 3-D thin plate and heat source
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Where
H: Length of the plate
2L: Width of the plate

w: Thickness of the plate

V : Heat source velocity

2.2 Assumptions

The following assumptions are used in order to facilitate the derivation of
temperature distribution equation. |
1. The welding material fills between the two metal plates are thin (full
penetratién), this is the case for thin plates.
2. The heat source is a line heat source.
3. Welding material is deposited ata uniform rate in order to consider
the heat source speed fixed during welding process.
4. The radiation loss from the sheets and weld are neglected to avoid
sophisticated terms in heat conduction equation.
5. The material under consideration has constant thermal properties in

the heat equation to avoid non-liner terms in conduction equation.
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2.3 Derivation of the Governing Equation:

An analytical solution for the two-dimensional transient heat conduction
problem is to be determined. The solution enables the determination of the
effect of many welding parameters on the temperature distribution inside
the thin plates at different times. The procedure used by Al-Nimr and
Abou-Arab in 1994 is utilized to get the analytical solution, but the
boundary and welding parameters are different.

The energy equation, which describes the present work heat conduction

equation (see figure (2.3.1)), is:

b2

0
p.Cdxdyw 6—T—= q,dy +q,dx - (q,dy +§i‘-dxdy)-—(q dx + dy dxdy ) |.
ot Ix 4 ay

—h (T - T,)dxdy —h,(T =T, )dxdy +g,8(x)8(y ~ V t)dxdy .w
(231

@ +222
q, +—>dy
oy

T

o g

h (T =T, )dxdy

g, dy——P]

dy
// dx

— (g, + %q—'dr)dy
x

h (T —T_)dxdy

g, dx

¥

Figure (2.3.1) Finite element on the plate
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Where:
p  :Density [kg/m’]
w - Thickness of the plate. [m]

C : Specific heat[J/(kg.K)]

k : Thermal conductivity [W/mX]

h, - Lower convection heat transfer coefficient[W/m’ K]
h, : Upper convection heat transfer coefficient{ W/m? K]
T : Temperature at any location [K]

T : Ambient temperature {K]

g,  :Heat generation per unit length [W/m].

V  : Velocity of welding electrode [m/s].

The heat source is assumed to be moving along fixed x-point and

moving in the y-direction so its location can be defined at 8(x)5(y - V).
Dividing equation (32.32.1) by dx.dy.w gives:

or . [&T &T ,
p.CE—k[a-z—+g-—}——(T T)——(T T.)+ g, 8()8(y - Vt)

(2.3.2)

Initial and boundary conditions:

Initially, the plate temperature is assumed to be uniform and equal to the

ambient temperature, the heat flux from the plate to the ambient is assumed
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to be zero (insulated edges), so the initial and boundary conditions are as

follows:
Initial condition:

T(o,x,y)=T, (2.3.2a)

Boundary conditions:

At x=0 or =0 (2.3.2b)
ox

At x=L or _ 0 (2.3.2¢)
_ Ox

At y=0 g =0 (2.3.2d)
ay

At y=H or =0 (2.3.2¢)
ay

For the purpose of generalization, the governing equation (2.3.2) will be
transformed into dimensionless form. To do this the following

dimensionless parameters are introduced:

Where t, is the term at which t is divided by to have dimensionless time (1)

LpC

and it is equal to

Substituting these parameters in equation (2.3.2) gives:

0- h,L 0+ £ol

S(LO)S(Ln— V't
wk K K (Lg)d(Ln oT) (2.3.3)

80 [8% o8°0| h,L’
—_— = + > |
ot | d¢” On

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



13

P
Let Bi= —ii-, G, = o and V= MAT and substitute into equation (2.3.3)
wk T k L
gives:
A 0%6 + G —Bi 6 —PBi,0+Gd(c)d(n - V1)
6‘: agz aT]2 u i 0 (23.4)

The dimensionless initial and boundary conditions are:
Initial condition:

0(0,6,m)=0 (2.3.4a)

Boundary conditions:

Atc=0 P 0 (2.3.4b)
e

Atc=1 XD (2.3.4c)
a0

At n=0 —=0 (2.3.4d)
on

H a0
At n= T o 0 (2.3.4¢)

Let r be defined as a new term and equal to %and be called aspect ratio.

In order to transform (2.3.4) into easier form, the following transformation

can be utilized:
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Consider an equation of the following form that contains convective and

generation terms:

00 80° 88’ a0 o0
— =« + —-pl—- 2——+ Y0 +
ot {&;2 6n2:| bt oc P on & (2.3.5)

Define a new dependent variable W(t,¢,n) such as

6(1,¢,n) = W(T,G,1)-ex E'g (B v)r}exc{ﬁz %r} (2.3.6)

Under this transformation equation (2.3.4) becomes

oW _'W W

= +G.exp ™ 8(c)d(m -V © (237
oo o , exp " 3(g)d(n - V1) (2.3.7)

With the following initial and boundary conditions
Initial conditions:
6(0,g,m)=0=W(0,6,n) (2.3.7a)

Boundary conditions:

At ¢=0,1 —=0 (2.3.7b)
g
At ¢=0] W _g (2.3.7¢)
G
oW
At m=0r = =0 (2.3.7d)
on
At n=0r ow =0 (2.3.7¢)
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Equation (2.3.7) can be solved using Green’s function method after finding

the homogeneous solution of equation (2.3.7):

Consider the homogenous part of equation (2.3.7):

oy

;
ot dc*  on’

2 2
Ov O (23.8)

Along with initial condition:

w(0,¢,m)=0=F(c,n) (2.3.82)

And boundary conditions:

At ¢=0 @=0 (2.3.8b)
2

At ¢=1 : @izo (2.3.8¢c)
dg
oy

Atn=0 —=0 (2.3.8d)
on
oy

At n=r —= (2.3.8¢)
on

Using separation of variables technique to solve equation (2.3.8) yields

oo 0 7 2 }
s(t,c,m) = e Pm tee ) cOS .cos(€,M).
y(1,6,M) mZOZﬂ NGONE) (’ng) (£,m)

. (2.3.9)
[ feos(B g )-cos(e,n)F(cm)dgdn

¢'=0n'=0
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Where:
1 {2 for B,= 0}
NQ@B.) [I for P.=0
2 for g 20
] r
= (2.3.923)
N(g,) |[!
- for
r g, =0
To find the eigenvalues:
sinf_ (=0 =p,=mn m=0,1,2,........ (2.3.9b)
sing,(r)=0 =g, =— n=0,1,2,........ (2.3.9¢)
r

In order to find Green’s function (G), equation (2.3.9) is rewritten in the

following form
1

wrom= | J6GnTle.m,T )., FE,m)dgdn (23.10)

g’:O n =0

And so it becomes:

o o 2 3 1
y=3 3 e Batrn .cos B, G.cos €,1.
m=0nz N N
oot (Ba)-NCes) (2.3.11)

[ [F(g.m).cos B, g .cos £,n'dg'dn’

g'=(] n'=0

Finding Green’s function:

Ve . < & 12 . 1
G(gn,tlg,m,t )= g P e X)) o cosP, G.cOSE,T.
2.2 N(B,)-N(e,) (2.3.12)

m=0n=0

cosP,_g.cose n
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Now to solve (2.3.8), we substitute in the following equation:

W(g,n,1) = [G(r,Tir, )., F(c,m)dgdn + _[dr IG(r T|r,1)g(r,t)dA

=0

T

+ dr'i [ 6@, f'dl

o e
(2.3.13)

However,

eS| fe@r,ol,, idl (2.3.14)
=0 1=1 ggtuﬁdaryA 1

Which upon substituting in equation (2.3.13), yields:

1
W(c,mn,1) = g Palre .cos P, G.cosg .
';IOI]ID’“Z’O“Z‘; ' N(Bm )'N(Sn)
cosP,g.cose,n F(g,n)ydgdn
1
+ [dt g Balm X .cosP, ¢.cose M
I gjoniror"Z;g N(B,)-N(e,) .
.cosp_c.cosg N .G,e T8(c)8(n — V1 )dgdn
(2.3.15)

Also:

‘_[cos(ﬁmg')ﬁ(g')dg' =1 (2.3.16)
¢ =0
And

]cos(snn')S(n' ~Vt')dn = cos(g, V1) (2.3.17)
n'=0

The first term in equation (2.3.15) cancels since F(¢,n)=0

Substituting (2.3.16) and (2.3.17) into (2.3.15) gives:
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T o aa 2 2 . 1
W _ “PBate Nty .
ena= LB xe NG, e e (23.18)

.cos(e VT ). e dt

Combining similar-time-terms:

T w0 3 2 1
Went= [ 3 e e —————.cos(B,c).cose,n)
SR NG NeEy (2.3.19)
cos(e, VT ).Gye *= 1 gt

Rearranging:

B ee e cos(B, c)-cos(e,m) ]G cos(e Vr')e(”m:“‘":‘”"dr‘
. G, .

Wno=3 Se

o N, )N(E,) i
(2.3.20)
Integrating by parts:
! 3 (Bl -1 g0 GO (B’ +e4"=1)1
j' G,.cos(e, V1 Je dt =—— 3 . PR e, Ve ™
oo (B, +e&, —vy) +&, 'V
,sin(gnV‘t) + (BmZ + 8n2 _ 'Y)-ewm_:n"z-nt.COS(SHVT) _ (Bml’ + an _ 'Y)}
(2.3.21)
Substituting (2.3.21) into (2.3.20), results in:
W((;,T],T) — i ie‘(ﬁmz +8,.2)T COS@mG)'COS(gnTI). . S GO - —
m=0n=0 N(Bm)‘N(an) (Bm +8n '_.Y) +811 v
{an\/'e”}'“2 ' sine, V) + (B, +E. —Y) &Pt T cas(e Vi) (2.3.22)

~(B,’ +8, —1)}

From the transformation used previously, it was found that (6 = We™ ) and

accordingly equation (2.3.21) becomes:
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© @ o2, 2 COSP, G.COSE T G,
e( , ,‘E) — e (Bm +Ea” =Y) m n !t .
&N ,:,Zozo N, )NE,) (B, +e, —1) +&, V?

{EnVe“’mz"E"z")’.sin(sn\ft) + (Bm2 +g’— y).e“""zﬁ"2 M cos(e, V1)
2 2
- (Bm + €&, - Y)}

(2.3.23)

After extracting common term, the final solution is:

2, &, cosf3, G.cose M G,

CIERRIEDIY

S5 NP ONE,) B, e, 1) e,V '
{e,V.sine, V) +(B, +&, —7¥)-.cos(, V1) (2.3.24)

(B, +e] —ne Y

Equation (2.3.24) gives the dimensionless temperature distribution at any
location specified on the plate. Since equation (2.3.24) will be used in the

following chapters it was p;‘pgrammed using Fortran 77 and its codes are

shown in appendix A.
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CHAPTER THREE

DETERMINATION OF THERMAL AND RESIDUAL STRESSES

3.1 Introduction

In the previous chapter, the temperature distribution within the plate during
the welding process was determined. So now it is possible to find the
temperature at any certain location at any certain moment. Temperature
distribution determination is the most important step necessary for

computation of thermal and residual stresses.

3.2 Physical Properties

The Yield strength (o), Young’s Modulus of elasticity (E) and Coefficient
of -thermal expansion (a), are needed for the calculation of thermal stresses.
These properties are temperature dependent and vary considerably at
elevated temperatures. One of the important steps in the evaluation of
thermal and residual stresses is the determination of these quantities at each
temperature. Figures (3.2.1) through (3.2.3) show the approximate variation
of these three physical properties with temperature for mild steel (Tall,
1964). The word “approximate” is used here since the measurements of
these values at elevated temperature is very difficult and there is great

variation in the values of these properties obtained by different

investigators.
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Figure(3.2.1) Modulus of Elasticity for mild steel (Tall,1964)
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Yield Strength [MPa]
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Expansion Coefficient E+6[1/m]

Hsooe@ Syl Jo BIue) - ueplor Jo AlsiBAIUN Jo AkiqiT - PaARSaY SIYDIY |1V

25

th
!

»

0 200 400 - 600 800 1000

Temperature [C]

Figure (3.2.3) Coefficient of Liner Thermal Expnasion for mild steel (Tall,1964)

1200



24

Since Figures (3.2.1,2 and 3) are so important for computing thermal
stresses, they are fitted using certain computer software that gives best-fit
polynomials. The figures show both data points as discrete points and the
fitting polynomials. The obtained polynomials are programmed using

Fortran 77 and it is shown in appendix B.

3.3 Thermal Stresses

Stresses owing to the restriction of thermally induced expansion or
contraction of a body are termed thermal stresses (Ugural 1980). Produced
thermal stresses during welding can be well understood from the following
discussion:

Figure (3.3.1) shows the typical temperature variations and the
resulting thermal stresses inside a welded plate at different stages
(Masubuchi, 1980). The figure also shows the arc travelling with a speed of
(v). The line behind the arc represents a just-welded area.

Along section A-A, which represents area ahead of the arc, the
temperature variation due to welding is zero and the resulting produced
thermal stress is consequently zero.

Along section B-B, which crosses the currently welded point, the
temperature  variation due to welding is very sharp. High temperature
exceeds the melting temperature exists near the weld line and it decreases

as moving away along the section. Stresses close to welding arc are zero
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because molten metal does not support loads. Stresses far a little from the
weld line are compressive because the expansion of these areas is restricted
by lower temperature metal. Stresses in areas far away from the weld line
are tensile and balance with compressive stresses. One should note that due
to the temperature, the stresses close to weld line are as high as the yield
strength at that temperature.

Along section C-C, which represents a region behind the arc, temperature
variation due to welding is less sharp than section B-B because weld metal
and base metal have cooled down. Therefore this cog)ling makes both
metals try to shrink causing tensile stresses close to the weld. As the
distance is increasing along the same section, the stress becomes
compressive and then changes to tensile.

Very far from the arc torch and along section D-D, the temperature
variation is almost zero. However, high stresses close to the weld are
produced while compressive stresses are produced as a result of balance

condition.
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Computation of Thermal Stress

The total strains at each point of a heated body compose of two parts. The
first one is uniform expansion proportional to the temperature rise AT. The
second one is due to stress resulting from external forces.

In the present work, the material (mild steel) is assumed to be homogenous
and isotropic with no external forces acting on the plate. It is also assumed
that the stress variations in the y direction are much less than those in the x
direction. Based on this, the thermal stress due to temperature rise can be

calculated as in the following equation

Oy gl = EOAT (3.3.1)

The value of the thermal stress © is limited by the yield stress at
thermal

that temperature. The values of the physical properties E and a can be

determined from figure (3.2.1) and figure (3.2.3).

3.4 Residual Stfess

Residual stresses are those stresses that would exist in a body if all external
loads were removed (Masubuchi, 1980). Residual stresses exist on both
microscopic scale such as the stress which exist in areas near dislocation,
and on macroscopic scale, such as those occurring in plate after welding

process or that occurs in a bar during rolling process.
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Equilibrium condition of residual stresses
From the definition of residual stresses, the resultant force and the resultant

moment must equal zero. In equation form, the force equilibrium requires

that

fodA =0 (3.4.1)

and the moment equilibrium requires that:

[dM=0 (3.4.2)
where A is the area and M is moment.
The above conditions must apply in any calculation of residual stress.
As seen frqm figure (3.3.1), residual stresses are the stresses that remain
after the thermal cycle is completed and reaches the yield stress at room
temperature. Post-weld heat-treatment is often used to lower the magnitude
of residual stress (Olabi and Hashmi, 1996)‘.
3.5 Computation of Thermal and Residual Stresses
In the present work, a numerical procedure based on the method presented
originally by Tall (1964) is used to compute the thermal and residual
stresses. In this procedure the temperature distribution is calculated, then
the thermal stresses corresponding to temperature increments are computed
and added to the previous computed thermal stresses limited by the yield
stresses at that temperature. The summation of forces produced in the plate

due to these thermal stresses along a certain section must equal zero to
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fulfill the equilibrium condition. The stresses accumulated in the plate after
cooling are the residual stresses.

The following is a step by step procedure for computation of thermal and
residual stresses. Since the greatest changes in temperature occur
immediately after the onset of welding, the time increment to be used in the
calculations should be short at the beginning. Starting with zero time, the
thermal stress is calculated for the initial temperature using equation
(3.3.1). The temperature at the next time increment is also determined
using equation (2.3.23). The average temperature between the two
consequent time interval is calculated. The values of coefficient of linear
expansion, Modulus of elastiéity and the yield stress are taken from figure
(3.2.1) to figure (3.2.3). The thermal stress corresponding to this
temperature incrcinent is calculated using equation (3.3.1).' This value is
added to the thermal stress in the previous time and is being limited as a
maximum by the yield stress at that temperature. For the purpose of
applying the equilibrium condition the width ofthe plate is divided into
strips, narrower strips near the weld and wider as moving away from the
weld along that transverse section. To find the forces produced inside the
thin plate due to this thermal stress, the calculated thermal stress is
multiplied by the area of the strip. If the summation of forces along the
cross section is close or equal to zero, then the equilibrium condition

applies. Since the present case is center welding one, no moment
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equilibrium will be taken into account (since this is already satisfied). I f the
summation of these forces is not close or equal zero, a new term is

introduced to the thermal stress, which is the equilibrium stress Cequ. -

Since the actual thermal stress for the time increment is a summation of the

temperature stress o, and equilibrium stress Cequ. and since this

rmal

summation is actually simultaneous, a trial and error method must be used

in the computation process. The initial value of Sequ. is chosen arbitrary

and the summation is limited by the value of the

gnd added to Gthennal

yield stress at each corresponding temperature. The new produced forces
inside the thin plate are calculated by multiplying the stresses by the area of

the strips again. The value of Gequ.is changed (either increased or

decreased) until the summation of forces is close to or equai to zero. Now
the stress distribution inside the thin plate at that instant is determined. The
algebraic equation which describes the above procedure, is

(G thermal ): = (Ulhc‘r‘mal )t—l + EGAT + chu_ (3'5‘1)

where t is time instant.

The above procedure is repeated for each time interval until last, the
thermal stresses at the last step being that at the cooled temperature is that
the residual stress. The above procedure is programmed using Fortran

language (see appendix C+D).
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It should be noted that the major step in this computational method is
adding together the incremental thermal stresses; the pervious thermal
stress and equilibrium siress. In reality the stress formation is simultaneous
with that of equilibrium stress, but the addition is a computational approach

to find the formed stresses inside the plate.
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CHAPTER FOUR

RESULSTS AND DISCUSSION

4.1 Introduction

In chapter two, the boundary value problem was solved and a closed form
solution for the temperature distribution inside the plate at different times
was found. This closed form solution was programmed using Fortran 77
language (see appendices A). Chapter three presented an overview how the
thermal and residual stresses are formed and how they are calculated within
a thin plate. This procedure was also programmed using Fortran 77
language (see appendices C and D). Now the necessary information
determined in the previous chapters will be used to study the effects of
changing many welding parameters on the temperature distribution and

residual stresses produced in the thin plate during welding process.

4.2 Numerical Data

The residual stress is to be determined in a thin mild steel plate (see figure
(2.1.1)) with the following specifications:

Material: Mild steel with the following properties

Mass density (p): 7800 kg/m’

Specific heat (C): 450 J/kg. C°

Thermal conductivity (K) =65W/m.C°
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Plate width (H) = 1.5m

Plate length (L) =0.3m

Plate thickness (w)=0.005m

Velocity of welding electrode = 0. 603m/s

Plate initial temperature (T,)=300K’

Convective heat transfer coefficient (from steel to air) =15 W/m®. K

Heat source intensity (G,) =6.5

Heat source intensity is chosen large enough to ensure melting of parent
material and reaching reasonable temperature.

The current position of the welding heat source is at ¢=0.0, n=0.4

The above specified plate dimensions and parameters are used in most
cases, but some of them are changed once a time in thz following results to
investigate their effect on the thermal and residual stresses, each changing

is mentioned in its place as will be seen later.

Determination of the dimensionless parameters used in the derivation and

required for the computer programs:

. _LIpC_0.3**7800*450

. = 4860
K 65

V. .003* 4860
L 0.3

=48.6

\%
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h*1? 15%0.3’

= = =4,153846154
W*K  .005%65

Bi
v =—(Bi, +Bi,)=—(4.153846154 +4.153846154) = ~8.307692308

.t _15/0.003
t, 4860

¢}

=0.10288

The plate is assumed to be vertical oriented during welding process

(vertical welding)

4.3 RESULTS AND DISCUSSION

The calculations start on a strip some distance ahead of the arc where the
temperature change is negligible and the stresses are purely elastic. Time
zero is fixed on the strip, the heat source is assumed arbitrarily to be

located at about 12 c¢cm (n=0.4) ahead of the arc.

Figure (4.3.1) shows the dimensionless temperature changes along the weld
centerline ¢=0.0, c=0.167, g=0.333 and ¢=1. The abscissa is given in terms
of dimensionless time. Each curve shows the thermal cycle at a point some
distance away from the weld. It is clear from the figure that very high
temperature is reached at the centerline of the weld while a small increase

in temperature takes place very far from weld line. A sudden increase in
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temperature is noticed due to the assumption that the heat source location is

specified by unit step function.

Figure (4.3.2) shows stress changes along ¢=0.0, c=0.167, ¢=0.33 and ¢=1.
Along the weld centerline ¢=0.0, stresses are in compression in areas ahead
of the heat source. As the temperature increases, the absolute value of the
compressive stress first increases and then decreases. At the point, directly
below the heat source, the stresses are zero. This is due to the fact that the
material is molten and can resist no load. After the moving of the arc, the
area cools down, and the stresses become tensile and reach the yield level

at the corresponding temperature.

Figure (4.3.3) shows the residual stress distribution inside the plate. The
figure shows that the area close to the weld line carries a tensile residual
stress and its value reaches the yield level at room temperature. As moving
away from the weld line along the same transverse section, the stress

decreases and becomes compressive to account for equilibrium.

The temperature changes (thermal cycles) at different longitudinal lines
(c=0.0 and 1=0.0, 0.4, 0.8,1.2 and 1.6) are shown in figure (4.3.4). From
the figure the same thermal cycle is repeated but shifted except at =0

where different behavior was noticed, (the high temperature reached is
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comparatively low). This explains considering a section far a little from the

edge which is arbitrary taken n=0.4 and used in the most cases during

analysis.

The heat source intensity was varied to study its effect on thermal cycles
and residual stresses. Figure (4.3.5) shows the thermal cycles for different
values of heat input namely for G, =2, 4, 6.5 and 9. The same thermal
cycles in shape were obtained but different in the values of the cycle. It is
found that as the value of heat intensity increases, higher temperature
distribution is obtained due to the fact that this causes more heat to be
deposited to the plate. The effects of these changes on residual stress
distribution are shown in figure (4.3.6). From the figure, it is clear that the
width of the tensile residual zone increases as the value of input heat is
increased. The heat input is considered as the most significant factor
affecting the width of the tensile stress zone (Masubuchi 1980). From
practical viewpoint, the results clearly show the advantage of using a low

welding heat input to reduce residual stresses.

Figure (4.3.7) shows the effect of changing weld speed on thermal cycles.

Four welding speeds were taken into consideration, namely in dimensional

values ({f=1, 3, 5 and 9 mm/sec). From the figure, it is clear that as weld

speed decreases, higher temperature values are reached inside the plate.
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This is due to the fact that more power is being delivered to the plate per

unit time, also longer time to finish welding is needed because the welding

speed process is slow.

Figure (4.3.8) shows the effect of changing weld speeds on the residual
stress distribution inside the plate. It is depicted that as weld speed
decreases, the width of the tensile residual stress zone increases. This is
referred to the fact that slower weld speed leads to an increase in the input

heat deposited to the plate.

The thickness of the plate was considered, three thicknesses were taken
into consideration w=5,8 and 15 mm. It is worth mentioning here that the

plate is still considered thin. The effect of this change on the thermal cycle

is shown in figure (4.3.9).

Figure (4.3.9) shows that the thermal cycles almost coincide, which means
that, negligible effect on thermal cycles is noticed due to this change of the
thicknesses. Slight effect on the residual stress distribution is also noticed

in figure (4.3.10) due to the variation of the plate thickness.
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Dimensionless temperature
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Figure (4.3.1) Temperature changes at different longitudinatl lines
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Dimensionless temperature
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Dimensionless temperature
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This work presents a theoretical analysis of the thermal and residual
stresses inside thin plate with a moving heat source simulating arc welding.
The temperature distribution is obtained based on the energy conservation
equation. The resulting equation is transformed into dimensionless form.
This new form is solved using Green’s function method. A closed form
solution for the temperature variation with time and space is obtained. The
thermal and residual stresses are computed based on a procedure presented
originally by Tall (1964). This procedure is programmed using Fortran 77
codes. It is found that high residual tensile stresses reaching the yield limit
at room temperature are produced close to the weld line after cooling of the
plates. It is also found that the thermal cycles along any transverse section
are the same excepts at the edges. So the residual stress distribution at any
certain transverse section is the same.

For different heat inputs intensities, the same shape of thermal cycle is
obtained but with different values. As the intensity increases, the
temperature distribution also increases and wider areas along the weld line

carrying yield stresses are produced.
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The effect of changing the weld speed is studied, it is found that as the
weld speed decreases, the temperature inside the plate increases and the
residual stresses reaching the yield limit are produced in wider areas along

the welded area.

Three values of plate thickness are studied; slight effect on thermal cycles

and residual stress distributions is noticed.
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5.2 Recommendations

1. During the derivation of the temperature distribution equation, many
assumptions were used; one of them was that the thermal properties are
constant in the heat equation, considering the variation of these
properties is proposed for another investigation.

2. The present work is a modeling of one-dimensional analysis, A two
dimensional analysis study for the same plate is proposed for more
investigations.

3. To study the effect of more welding parameters such as plate length,
initial and boundary conditions, type of mounting during welding,...

etc.
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APPENDIX A

COMPUTER PROGRAM FOR CALCULATING THE TEMPERATURE
DISTRIBUTION AT DIFFERENT TIMES

PROGRAM THYSIS
INTEGER M.N,L.K,O
DOUBLEPRECISION R,ZETA,V.ETA,GO,GAMA, THETA,PHI1,PHLS,Q
REAL E,B.P,W,T,T1,T2,INT
c*********************************************************
C  V:NORMALIZED VELOCITY
V=48.6
C GAMA:(BIL+BIU)
GAMA=-8.307692308
C  GO=NORMALIZED HEAT GENEARTION
G0=6.5
C R:ASPECT RATIO=H/L
C**:i*f;**************************************************
C ZETA:X/L
ZETA=.00
C ETA:Y/L
ETA=1.0
C*************#****************#**************************
C T1 :NORMALIZED INITAL TIME
T1=0
C T2 :NORMALIZED FINAL TIME
T2=R/V -
C INT:INTERVAL OF TIME
INT=. 000578704
FINALTIME=(T2-T1YINT+INT
C*******************************************#*************
PHI=0
PHII=0
THETA=0

C***************************************#*****************

OPEN (2.FILE = 'OUTPUT.TXT" .STATUS='OLD’)
T L L R R kbbbt
WRITE(2,*)' T THETA'
DO 15 O=1.FINALTIME
M=0.0
THETA=0.0
PHI1=0.0
PHI=0.0
N=0.0000
CHFEHH R AR AR R R R R bR Rk
DO 10 L=1.300
DO 20 K=1.300

C*********************************************************
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S=(B(M)**2+E(N)**2-GAMA)
Q=E(N)*V
C*****#*************************************#****#********
PHI1=GO*(P(B(M)}* WEN)Y/(S**2+Q**2))
+ *DCOS(B(M)*ZETA)*DCOS(E(N)*ETA)
+ *(Q*DSIN(Q*T)+S*DCOS(Q*T)-S*DEXP(-S*T))

PHI=PHI+PHI1
C*********************************************************
N=N+1
PHI1=0
20 CONTINUE
C*********#***********************************************
M=M+1
N=0.00000000
THETA=THETA+PHI
PHI=0
10 CONTINUE
C*********************************************************
WRITE(2,7) T,THETA
7 FORMAT(F9.6,4X.F8.5)
T=T+INT
15 CONTINUE
END
C*************#*******#***********************************
REAL FUNCTION B(M)
B=M*(22/7.0)
RETURN
END
C*********************************************************
REAL FUNCTION E(N)
REAL R
R=5.0
E=N*(22/7.0¥R
RETURN
END
C*********************************************************
REAL FUNCTION P(X)
IF (X.EQ.0) THEN
P=1
ELSE
p=2
ENDIF
RETURN
END
C*********************************************************
REAL FUNCTION W(Y)
REAL R
" R=5.0
IF (Y.EQ.0) THEN
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APPENDIX B

COMPUTER PROGRAM FOR CALCULATING THE
PROPERTIES AT DIFFERENT TEMEPRAURE VALUES

PROGRAM COEFFICENTS

REAL ALPHA,YOUNG,SEGMA,TEMP
10 PRINT* 'ENTER THE VALUE OF TEMPERATURE'

READ*, TEMP

IF (TEMP .GT.888) THEN

SEGMA=0.0

YOUNG=0

ALPHA=0

GOTO 20

ENDIF
C********************************************************

A1=250.00

B1=0.068057552

C1=-0.0007946605

D1=+0.00000045579904
C*********************************************************

A2=199.99891

B2=-0.034206869

C2=-0.00001239125

D2=-0.00000020535626
C********************************************************

SEGMA=A1+B1*TEMP+C1*TEMP**2+ D1 *TEMP**3

YOUNG=A2+B2*TEMP+C2*TEMP**2+D2*TEMP**3

IF (TEMP.LT.732)THEN
C*********************************************************

A3=10.178461

B3=+0.019198913

C3=-0.000018752367

D3=+0.0000000078132847
C*********************************************************

ELSE

A3=931.82612

B3=-3.3304901

C3=+0.0038835515

D3=-0.0000014633018

ENDIF
ALPHA=A3+B3*TEMP+C3*TEMP**2+D3*TEMP**3

PHYSICAL

20 PRINT*.! SEGMA="SEGMA." YOUNG=,YOUNG,' ALPHA=,ALPHA

GOTO 10
END

aL502U
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APPENDIX C

COMPUTER PROGRAM FOR CALCULATING THE TEMPERATURE
DISTRIBUTION AT DIFFERENT TIMES ALONG CERTAIN SECTION ON THE

PLATE

PROGRAM THYSIS

INTEGER M.\N,L.K

Real R,ZETA,V,ETA,GO,GAMA,THETA,PHI1,PHLS.Q
REAL E,B,P,W.T,INT, disp!

C********************************************************

C  V:NORMALIZED VELOCITY

V=48.6
C GAMA:(BIL+BIU)

GAMA=-8.307692308
C GO=NORMALIZED HEAT GENEARTION

GO=6.5
C R:ASPECT RATIO=L/H
C**:i*f;**************************************************
C ZETA:X/L

ZETA=0.0
C ETAY/L

ETA=0.4 _
C********************************************************
C  T1:NORMALIZED INITAL TIME

T=0.04197530826

T1=0.00
C T2 :NORMALIZED FINAL TIME

T2=R/V
C INT:INTERVAL OF TIME

INT=0.00041152263

FINALTIME=(T2-T1)/INT+INT
C*********************************************************

PHI=0

PHI1=0

THETA=0

C*******************************************************

OPEN (2,FILE = 'MOUTPUT3.TXT'" ,STATUS='OLD’)

C*********************************************************

DO 15 O=1.FINALTIME
WRITE(2,*) 4860*T

DO 100 11=1.28

M=0.0

THETA=0.0

PHI1=0.0

PHI=0.0
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N=0.0000
C*********************************************************
DO 10 L=1,500
DO 20 K=1,500
C*********************************************************
S=(B(M)**2+E(N)**2-GAMA)
Q=E(N)*V
C*********************************************************
PHI1=GO*(P(B(M))* W(EN))/(S**2+Q**2))
+ *DCOS(B(M)*ZETA)*DCOS(E(N)*ETA)
+ *(Q*DSIN(Q*T)+S*DCOS(Q*T)-S*DEXP(-S*T))

PHI=PHI+PHI1

C*#*************************************#*****************

N=N+1
PHI1=0

20 CONTINUE

CHFFF AR AR SRR R E R R R R R R LR R R Rk Rk bk ak

M=M+1
N=0.0
THETA=THETA+PHI
PHI=0.0

10 CONTINUE

C*********************************************#***********

WRITE(2,*).3*2ZETA,300* THETA+300-273
IF (ZETA.LE..33333333) THEN
DISPI=0.01666666666667
ELSEIF ( ZETA.LE..6666666664) THEN
DISPL=0.06666666664
ELSE ,
DISPL=0.1666666666667
ENDIF
ZETA=ZETA+DISPL

100 CONTINUE
ZETA=0.0
T=T+INT

15 CONTINUE
END

C************************************************************

REAL FUNCTION B(M)

B=M#*(22/7.0)

RETURN

END
C***********************************#********************

REAL FUNCTION E(N)

REAL R

R=5.0

E=N*(22/7.0)/R
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RETURN

END
c*********************************************************

REAL FUNCTION P(X)

[F (X.EQ.0) THEN

P=1

ELSE

p=2

ENDIF

RETURN

END
C************************=I=********************************

REAL FUNCTION W(Y)

REAL R

R=5.0

IF (Y.EQ.0) THEN

W=1/R

ELSE

W=2/R

ENDIF

RETURN

END
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APPENDIX D

COMPUTER PROGRAM FOR CALCULATING THE RESIDUAL STRESSES
INSIDE THE THIN PLATE

PROGRAM RESIDUAL
REAL T(290),X(100),TEMP(100),TAVE(100),DT(IOO),N,TEMPPRV(]00),
+ DP(l00),SEGMACAL(lOO),SEGMAO(IOO),SEGMAEQU,DB(]00),SEGPRV(IOO)
+,SEGMASIGN
TINI=27
N=0
IMAX=28
SEGMAEQU=0.0
SEGMASIGN=0.0
OPEN(Z,FILE='MOUTPUT3.TXT',STATUS='OLD')
OPEN(3.FILE=MOUTPUT33.TXT,STATUS='OLD’)
DO 70 I=1,IMAX
TEMPPRV(I)=TINI
70 CONTINUE
DO 80 K=1,251
READ(2,*) T(K)
N=0.0
DO 100 I=1,IMAX
READ(2,*) X(1),TEMP(I)
100 CONTINUE
DB(1)=(X(2)-X(1))/2.
DB(IMAX)=(X(IMAX)-X(IMAX-1))/2.
DO 90 I=2 (IMAX-1)
DB(=(X(1+1)-X(I-1))/2.
90 CONTINUE
DO 1101=1.IMAX
TAVED=(TEMP(I)+TINI)/2.
DT0)=(TEMP(1)-TEMPPRV(1))
SEGMACAL(1)=-1/1000.* ALPHA(TAVE(I})* YOUNG(TAVE(1))*DT(I)
110 CONTINUE
140 DO 120 I=1,IMAX
IF (SEGMA(TEMP(I)) .GE. SEGMACAL(I)) THEN
SEGMAO(I)=SEGMA(TEMP(1))
ELSE
SEGMAO(I)=SEGMACAL(I)+SEGPRV(I)*SEGMAEQU
ENDIF
[F((SEGMAO(I) .LE. 0.0). AND.(SEGMAO(I).LE. SEGMA(TEMP(D)))) THEN
SEGMAO(1)=SEGMA(TEMP(I))
ELSEIF(SEGMAO(I).GT. 0.0).AND.(SEGMAO(I).GE. ABS(SEGMA(TEMP(I))))
+ )THEN
SEGMAO()=-1*SEGMA(TEMP(I))
ENDIF
120 CONTINUE
IF (N .EQ. 50 000) THEN
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PRINT*,"'
PRINT* ¥ #¥xkxtxikxkx4% NO OF ITERATIONS EXCEEDED***’

DO 125 I=1,IMAX
PRINT* 'RESIDUAL STRESSS AT T(,2*K-2,) = ,SEGMAO(})
PRINT* 'SUM OF FORCES AT T(,2*K-2,) =,SUM
PRINT* /N="N
125 CONTINUE
GOTO 150
ENDIF
SUM=0.0
DO 130 1=1,IMAX
DP(1)=SEGMAO(I)* DB(T)
SUM=SUM+DP(I)
130 CONTINUE
IF (SUM .GE. .3) THEN
SEGMASIGN=-.005
ELSEIF (SUM .LT.0.0) THEN
SEGMASIGN=+.005
ENDIF
IF(ABS(SUM) .LT. .005) THEN
DO 135 1=1,IMAX
PRINT*/RESIDUAL STRESSS AT T(,2*K-2.)="SEGMAO(I)
WRITE (3,*YRESIDUAL STRESSS AT T(,2*K-2,)~,SEGMA0()
135 CONTINUE
WRITE (3,*)'SUM OF FORCES AT T(,2*K-2,) =,SUM
PRINT*,N="N

PRINT*,'SUM OF FORCES AT T(',2*K-2,") =,SUM
PRINT*,

ELSE
N=N+1
PRINT* /NO OF ITERATIONS='N
SEGMAEQU=SEGMAEQU+SEGMASIGN
GOTO 140
ENDIF
SEGMAEQU=0.0
SUM=0.0
150 DO 170 I=1,IMAX
SEGPRV(I)=SEGMAO(I)
TEMPPRV(1)=TEMP(1)
170 CONTINUE
80 CONTINUE
STOP
END
C*********************************************************
REAL FUNCTION ALPHA(TAVE)
IF(TAVE.GT.888)THEN
A3=0
B3=0
C3=0
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D3=0
ELSEIF (TAVE .LT.732)THEN
A3=10.178461
B3=+0.019198913
C3=-0.000018752367
D3=+0.0000000078132847
ELSEIF(TAVE.LT.888) THEN
A3=931.82612
B3=-3.3304901
(C3=+0.0038835515
D3=-0.0000014633018
ENDIF
ALPHA=A3+B3*TAVE+C3*TAVE**2+D3*TAVE**3
RETURN
END
C*********************************************************
REAL FUNCTION YOUNG(TAVE)
IF(TAVE.GT.888)THEN
A2=0
- B2=0
C2=0
D2=0
ELSE
A2=199.99891
32=-0.034206869
C2=-0.00001239125
D2=-0.00000020535626
ENDIF
YOUNG=A2+B2*TAVE+C2*TAVE**2+D2*TAVE**3
RETURN
END
C********************************************************
REAL FUNCTION SEGMA(TEMP)
IF(TEMP.GT.888)THEN
Al=0
B1=0
C1=0
Di1=0
ELSE
A1=249.00
B1=0.068057552
C1=-0.0007946605
D 1=+0.00000045579904
ENDIF
SEGMA=-1%(A1+B1*TEMP+C1*TEMP**2+D1*TEMP**3)
RETURN
END
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