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ABSTRACT
i A THERMO-METALLURGICAL MODEL
{0 PREDICTING THE STRENGTH OF

Y WELDED JOINTS USING THE
vt FINITE ELEMENT METHOD

By
Gary W. Krutz

The object of this work was to use finite element
analysis in predicting the thermo-history of a welded
joint and provide design engineers with a reliable method
of optimizing the metallurgical properties of a welded
joint.

A finite element computer model was developed and
used to determine the time temperature history of a butt
weld as related to the heat input. Variables affecting
this cooling time include metallurgical constituents,
radius of the heat flux, velocity of the arc, and thermal
conductivity of molten steel. Thermal conductivity and
specific heat were considered as a function of tempera-
ture. The latent heat of fusion, and radiation and convec-
tion heat transfer were included in the model. A Gaussian
distributed heat flux was assumed.

Time-temperature computer results were verified using
experimental thermalcouple data available in the liter-

\

ature. Computer determined weld pool size correlated

with experimental values.



Joint metallurgy was optimized using a critical
cooling time. Fast cooling in the heat affected zone
creates hard but brittle metallurgical properties
lacking in bend angle strength. Longer cooling times
reduce the hardness and increase the bend angle of a
weld joint. For this low carbon steel model a definite
cooling time, called critical, exists between fast and
slow cooling.
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I. Introduction

Welding is probably the most popular manufacturing
process used for joining metals in structural applica-
tions. It is a common method used in fabricating farm
equipment and many times the size of the weld area will
govern the size of the components. Because of its wide
and flexible use, weld strength has been the concern
of designers and researchers who have studied it both
analytically and empirically in an effort to maximize
the joint strength. This maximization when achieved would
reduce the weight of machines, structures, components
and save material cost and processing energy.

The goal of this work was to develop a general
numerical model of the welding process which is capable
of predicting the strength of a weld joint via the metal-
lurgical viewpoint. Since many variables enter the pro-
cess and this is the first attempt at a particular
metallurgical model the study will be limited to low
carbon steel. The properties of low carbon steel are
not constant but vary from piece to piece as a result of
process variations (15).

The problems of distortion, residual stresses, and
reduced strength of the material in the joint area are

1
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results of the large amount of heat energy applied at
the weld site over a short period of time. This heat
gradient at elevated temperatures causes dynamic changes
in the weld metallurgy and affects the joint toughness.
The finite element method was used to predict the
transient thermo-history of a welded composite. The
joint strength was predicted from the temperature
history.

It is hoped that this method will provide prac-
ticing engineers with a technique that will be widely

used in weld-joint design.



II. Literature Review

2.1 Past History

The problem of fast cooling rates and high tempera-
tures that change the metallurgy and distort the joint
have been concerns of the engineers for years. D. Rosen-
thal (1,2,3) developed the mathematical theory of heat
distribution in welding during the late 1930's. By
using the conventional heat transfer differential equa-
tion for a Quasi-Stationary State Rosenthal developed
equations for point, linear and plane sources of heat.
These equations closely approximated actual tests and
presented a method of predicting time and rate of cool-
ing with some accuracy for a wide variety of steel

thicknesses, ranges of temperature and welding conditions.

32T . 3%T , 9%T _ dT Quasi-Stationary

Further work on time-temperature relationships was
needed because Rosenthal's work was primarily applicable
to butt joints and assumed many constant inputs and

boundaries.
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2.2 Time-Temperature Relationships

Adams (16) took the basic equations of Rosenthal
and derived relationships to provide cooling rates and
peak-temperatures as a function of geometry, thermal
and welding variables. This thermal history is needed
to make the metallurgical interpretations in the weld
heat affected zone. Using a point heat source Adams

developed a three-dimensional conduction model.

Tt - 7 = 8V EXP[m -Vm? + n2]
o 4nKa \/nZ + nZ

T' = steady state temperature at point (X, R)
T, = initial temperature of the plate

X = distance behind source parallel to movement on axis
centerline

a = thermal diffusivity (Bg—)
P

= rate of heat flow from source

thermal conductivity of plate

< = 0
]

= velocity of source

P = density of plate

Cp = specific heat of plate
m = VX/2a

n = VR/2a

R = radial distance (cylindrical coordinates)
For thin plates he predicts heat flow with a two-
dimensional steady state temperature distribution given

as:



t = thickness of plate

KO(P) = modified Bessel function of the second kind
and zero order

From these equations he expressed peak-temperature as a
function of distance from the fusion zone.

Paley (17) et al. expanded on Adams' work and devel-
oped a numerical relationship to provide peak-temperature
distributions for submerged-arc welding. They deter-
mined that peak temperature, not heating or cooling
rates, was the important variable in determining the
metallurgy of the heat affected zone (HAZ).

| Paley (18) recently used a numerical method (finite
differences) to determine the thermal history of welds.
This computer program solved the heat flow equation and
showed good correlation with experiments in determining
the macrostructure of welds. Graphic displays of both
the maximum temperature and the moving temperature field
in horizontal and vertical planes were some of the out-
put. Computerized plotting of thermal cycles allowed
comparison of metallurgy with this numerical technique.
He also did an experiment to show that the surface
condition (emissivity) of the steel plate had no effect
on the shape of isotherms.

Hess (19) did an extensive experimental procedure

in determining cooling rates and provides an enormous
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amount of data. From his studies he concluded that arc
travel speed, arc voltage, and arc current can be con-
veniently grouped into a single factor called energy in-
put per unit of weld (joules per inch). Then for low
carbon steels the only factors affecting weld cooling
rates are energy input, plate thickness, plate temper-
ature, and joint geometry.

A study of cooling curves was done by Paschkis (20)
by means of electrical analogy. He concluded that the
physical properties of steel varied with temperature
and more information in this area is needed. Since his
study Goldsmith (11) has provided this information
needed by Paschkis.

Christensen (49) developed charts to determine
weld and HAZ width using basic theory. Roberts (50)
studied the relationship between plate size and temper-
ature distribution.

Most of these analytical theories were summa-
rized by Meyers et al.(53) where he states the
assumptions which make their usefulness limited. The
assumptions are:

1. .The material is solid at all times and at all
temperatures, no phase changes occur, and is
isotropic and homogenous.

2. The thermal conductivity, density, and specific

heat are constant with temperature.
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3. There are no heat losses at the boundaries,
i.e., the piece is insulated.

4. The piece is infinite except in the directions
specifically noted.

5. Conditions are steady with time, i.e., in the
middle of a long weld, heat input, travel speeds,
etc. are steady.

6. The source of heat is concentrated in a zero-
volume point, line or area.

7. There is no Joule (I%R electric) heating.

Because of these limitations researchers of the
1970's have gone to numerical methods which can handle

the above seven items.

2.3 Metallurgical aspects

Mahla (4) et al. noted cracking in the base metal
was caused by metallurgical changes introduced during
the welding process. This cracking results when austen-
ite steel is cooled too rapidly forming brittle martens-
ite. Rates of transformation of austenite can be pre-
dicted from Continuous Cooling Transformation Curves
(CCT) and the resultant metallurgical properties deter-
mined. Therefore the range of properties for a given
weld can be predicted if four influencing factors are
known:

(1) Rate of heating
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(2) Maximum temperature and time at that
temperature
(3) Rate of cooling

(4) Composition of the base metal

Mahla's experiments with SAE 1020 steel plates of 1.9
cm thickness or less were entirely free of martensite.
He also determined that as the plate size increased
from .6 cm to 1.9 cm the cooling rate increased from
10°K per second to 29°K per second respectively. These
rates were measured in a range of temperature of 767-870°K.
Dolby and Sanders (5) investigated the metallurgi-
cal factors controlling the toughness of the heat
affected zone for a range of steels. Dolby's results
were similar to Mahla et al; A specimen with the ab-
sence of martensite showed the embrittlement to be in
the HAZ region where peak temperatures were close to
the Ac; temperature. With martensite present the regions
adjacent to the fusion boundary were the weakest. Strain
concentrators existing in the parent metal and HAZ were
the only significant variable on toughness for sub-
critical temperature regions of the HAZ. In their tests
refining the HAZ after welding did increase the joint
toughness.
Lancaster (6) generalized that the larger the weld
pool the coarser the grain where larger grains are
associated with poor impact properties. With special

additives suitable grain refinement can be achieved.
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Stout and Doty (7) define the HAZ in steels as
occurring in four distinct areas as shown in Figure 1.
Area A is heated slightly above the transformation range
causing some of the pearlite to go to austenite. Upon
cooling austenite transforms to fine pearlite. The
ferrite is not disturbed in this area. In area B during
the welding process pearlite goes to austenite and some
ferrite is dissolved. Upon cooling pearlite forms in a
scattered grain sense. Area C which is closer to the
weld pool has complete transformation to austenite.

This area is moderately fast cooled limiting ferrite and
forming fine pearlite. The area next to the fusion line
(area D) has coarser grains than area C being at a
higher temperature. Stout and Doty include micrographs
that depict the HAZ area and its metallurgical structure
in their book.

Henry (8) gives a very good overview of what
happens metallurgically during the heating and cooling
of the areas around the weld metal. The 1175°K temper-
ature is the beginning point of grain growth. Henry
points out that these grown grain structures will not
break up into smaller grains unless work is applied or
unless the grains undergo a transition. This transition
is the cooling below 1175°K where gamma grains form
alpha iron resulting in larger alpha grains transform-
ing from larger gamma iron.

The structure of the weld metal is discussed by



10

Figure 1. Weld Heat Affected Zones.
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Linnert (9). The four common features observed are:

1. Macrostructure columnar growth which follows
direction of thermal flow from the weld area.

2. Fine grain size.

3. Substructure contains a large number of
dislocations.

4. A Widmanstdtten pattern develops.

The properties of the weld metal are dependent on their
metallurgical composition which varies greatly with
different processes, base metals, and etc. The orienta-
tion of grains tends to lower the ductility and tough-
ness.

Inagaki (10) et al. developed monographs to deter-
mine cooling time given heat input and plate thickness.
Then from CCT curves they concluded existence of a
minimum critical cooling time (Cg¢) which the weld HAZ
should cool over to provide the best ferrite-pearlite
composition in alloy steels. Using the CCT diagrams
they approximated the microstructure hardness at any
point in the HAZ.

In researching metallurgy of welding steels ma-
terial properties are needed to be known and are avail-

able in various sources (11, 12, 23, 14, 15).

2.4 Residual Stresses and Deformation

Faukel's book (26) exemplified the nature and
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significance of residual stresses and thermal deforma-
tion.

Residual stresses are induced whenever a material
is non-uniformly plastically deformed. In such an
operation the permanent strain produced prevents the
elastic component from completely recovering. These
deformations may be induced by plastic bending, shot
peening, grinding, welding, and other operations.

Distortion is a problem in welding and Iwamura (21)
studied the thermal stresses of flame forming. A two-
dimensional model was used to determine the stresses via
a finite element program. The authors concluded that
the model could be expanded to the three-dimensional
case (moving point source).

Rybicki et al. (22) developed a method of non-
linear stress analysis when the physical properties of
a material vary with such items as temperature. He (23)
later used the finite element method to evaluate de-
formation due to welding.

The Welding Institute has conducted some research
relative to residual stresses and Dawes (24) explains
how and what kind of residual stresses result from
welding.

In arc welding, a pool of molten metal is surrounded
by a relatively cold solid metal. The peak temperature
at the fusion zone is approximately 1775°K. Three

mm away this temperature will have dropped to 1175°K
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and approximately 100 mm away it will be down to around
575°K. Because the surrounding colder material will
restrain local expansion and contraction and the heated
portion will go into compression elastically then
plastically. Cooling will accompany elastic recovery
leaving yield magnitude residual tension stresses in the
weld metal. The surrounding material will be balanced
by compressive stresses. Dawes states that these resid-
ual stresses and strains will not have a significant
effect on the ultimate tensile strength of a low carbon
steel welded joint because they are highly localized.

Schofield (25) reviewed the many techniques to
measure residual stresses.

Masubuchi et al. (28, 29, 48) have a two-dimensional
finite element program that calculates thermal stress
and distortion of bead-on-plate and butt welds. 1In
their program they include material property temperature
dependence and yield criterion and have the ultimate
goal of minimizing joint distortion.

The control of residual stresses can be accomplished
by many means. Metallurgical annealing or deformation
of the metal are a couple of examples. Recently many
researchers (21, 22, 23, 24, 25, 28, 57, and 61) have
become interested in this problem and are making worth-
while contributions. Comparison of numerical results
with actual tests in their research usually fails be-

cause of the extreme difficulty in measuring subsurface
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residual stresses. Also, restraining weldments, ambient
temperature variations, and subsequent loading of the
structure can increase or comple£e1y decrease these
stresses. In the future such problems will be resolved
and a more representative residual stress weld model
developed. The optimal model will come from the
joining of the elastic-plastic (residual stress) models

and the thermo-metallurgical model.

2.5 Finite Element Applications

The finite-element method is a mathematical modeling
technique from which the solution is obtained numerically
(computer applications). The superiority of this method
is that it can increase the quality and quantity of
results, is fast, accurate and economical as compared
to other techniques. It resulted from the need to
analyze complicated structures and has spread to other
areas of engineering and the sciences. Other advantages

that may be incorporated in its application are:

(1) the handling of complicated geometries, loading
and support characteristics before and during
numerical solving.

(2) the combining of various structures and shapes.

(3) the changing of material characteristics, cross
section characteristics and wall thickness

from element to element.
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Whiteman (30) has compiled a book of Finite Element
publications. References (31-47) show that an extensive
amount of research has beenm done in the area of thermal
stresses. My goal is to apply this method and deter-
mine weld strength. Major hurdles include the varying
of material properties with temperature and the deter-
mination of temperature as a function of time. The basis
of time-dependent finite-element analysis has been pro-
posed by Kohler (58), Zienkiewicz (44, 51) and Singh
(52). The thermo-mechanical model has been worked on
by researchers such as Friedman (55), Hibbit (56) and
Westby (57). Westby gives an excellent detailed matrix
analysis of a residual stress model varying yield stress,
Young's Modulus and other parameters with temperature.

Lubkin (27, 54) developed a finite-element shell
model of a welded joint in his study of car frame

vibrations.



III. Theoretical Background

3.1 Introduction

In this section, the finite element model used for
the joint strength analysis is developed from the
fundamental quasi-stationary state heat transfer equa-
tion. The approach adopted is of a more detailed type,
so the assumptions being made may be critically examined
during the development. The model of the welding
process was done in a two part analysis: first, the
temperature was determined as a function of location
and time; subsequently, all points in the heat-affected
zone are checked against the critical cooling time
from which revisions to the process are recommended or
final data acquired.

There are several boundary conditions and physical
phenomena which complicate this non-linear problem.
These are discussed here pointing out which ones are
essential to the model.

1. The materials are subjected to a wide range of

temperatures. All properties were considered as

functions of temperature with the exception

of density. Figure 2 depicts these

16
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properties for Low-Carbon Steel over the temper-
ature range in question. The important properties
affected are thermal conductivity and specific
heat. It was assumed that the thermal history
(i.e. thermal expansion) has little or no effect
on the shape of the elements. In actuality the
molten and plastic zones deform due to shrinkage
and restraints.
2. The phase changes are another important phenom-
enon affecting this work. The heat of transforma-
tion and latent heat of fusion represent a storage
of heat during the welding process and subsequently
greatly affect the cooling time and microstructure
metallurgy. Thic heat is large enough that it
may create favorable recrystallized fine-grained
ferrite/pearlite or unfavorable brittle structures.
An implicit heat absorption feature to simulate the
phase change over a temperature range was included.
Most models assumed that the phase change takes
place at a specific temperature which is not the case
for alloys.
3. Shrinkage distortion and residual stresses are
existent and noticeable in the work-piece, but con-
siderable analytical progress must be achieved to pro-
vide accurate and meaningful results. All current
methods are unable to predict cracking, a common

occurrence in many types of welds, and therefore
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this model has taken another approach.

4. Input heat flux has been passed over lightly

by some researchers who have used voltage times
current multiplied by an efficiency factor. A more
complete description of the heat flux as a function
of position and time will be presented. The addition
of filler metals does affect heat input, but will

not be added to the finite-element grid because of

the difficulty in element modeling.

S. Boundary conditions must account for both
radiation (quartic Stefan-Boltzman) and linear
Newton convective cooling. No forced convection
was assumed and the effects of gas diffusion in
the weld pool were not considered. Also, slag
formation and its effects were assumed small and
negligible because the width of slag is dependent
on the process or rod coating and its formation

at lower temperatures should have a reduced effect

on convection and element conductivity.

6. Weld pool size was determined by the location
of the solidus line. The model was assumed two-
dimensional and because of symmetry only one half

was constructed and analy:zed.

The second part is the determination of the

critical cooling time factor. Inagaki (10) did a
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large amount of experimental work determining a relation-
ship between energy absorbed during a weld joint bend
test and the cooling time of the weld joint. It was
concluded that the energy absorbed decreased as the cool-
ing time decreased beyond a certain value. Therefore, it
was recommended that a minimum critical cooling time (C%)
should be preserved to give maximum joint strength.
This C% was related empirically to the equivalent carbon
content of alloy steels thus providing a guideline for
a wide range of materials. Since hardnei§ and tensile
strength are related, the critical cooling time becomes
an optimum for joint strength seeing multiple loading
conditions. The finite element model will be geared to

maximize joint strength using the critical cooling time

as the optimization criteria.

3.2 Finite Element Formulation of the Welding Process

The predominant mechanism controlling temperature
distribution in the welded joint is thermal conduction.
Heat conduction in a solid body is expressed three-
dimensionally in the following general form:

8T _ 8 3T, ., 3 3T, , 3 T
o3t Tax Uax ) * 5;'(¥5ﬂ + a7 (K57) +Q

where T = temperature (K°)

K = thermal conductivity (cal/cm sec °K)
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cp = volumetric specific heat (cal/cm?®°K)

Q = exchange of heat [convection, radiation,
latent heats, and heat flux] (cal/cm3sec)

When analyzirg a two-dimensional body this three-
dimensional ~quation can be modified by deleting the
unwanted coordinate direction.

In the finite element method for field problems
(heat conduction) a Ritz approximation in variational
form replaces the differential equation. The exact
solution is then obtained by minimizing this Ritz
variational form which also satisfies the boundary con-
ditions. This minimization is obtained by differentiat-
ing the variational function and setting it equal to
zero. To check that the derivative of the functional
equal to zero is a minimum the second derivative is
taken and its value must be positive for all ranges of
the functions to rule out maximums and points of
inflections.

This variational process is covered in various
publications (62, 63) which provide greater detailed
background.

The heat conduction functional for an individual
finite element has been determined by mathematicians

and is expressed as:
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1° = f
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where a cp (c specific heat, p = density)(C

T = ambient temperature (°K)

= convection coefficient (%%;3%)

surface area (cm?)

< n =
]

= volume (cm?)
e = notation for an element

[N] = shape function of a finite element
B oNj
(8] = [5x;]

[p] = [Kgxxgyl (Hatts,

Since quantities such as Q, q, T_, and h may vary
over an element, they are left within the integral.

Again, the solution is obtained by the Ritz Method

of minimizing the functional (I) and is expressed as:
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When this functional is set equal to zero, the

following system of equations results
[CI{T} + [KI{T} + {F} = O

Contributions from each finite element to this system

of equations is:

[c°] = \f,ea[Ne]T[Ne]dV - Capacitance Matrix
[K°] = ée[Be]T[De][Be]dV + éeh[Ne]T[Ne]dS
= Stiffness Matrix
{F®} = - éeQ[Ne]TdV + éeq[Ne]TdS - éehTm[Ne]TdS

= Force Vector
This system of equations includes the element of

time. A solution can be achieved by using an implicit

Crank-Nicolson Method which yields:

(IKI+Z&[CDAT } = (&lcl- KD (To}- 2 (1L IE,

where subscripted 1's are values at time t + At and

subscripted 0's are values at the initial time t
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The values of {T} and {F} are being evaluated at the
mid-point of the time interval.

This Crank-Nicolson Method can have solutions that
either decay steadily or oscillate in a stable state.
When this method is implemented using Finite Differences
a required maximum time interval will give stability to
the numerical solution. An attempt will be made to
use Westby's (69) Finite Difference guidelines regulating
the time interval to assure stability. This time in-
terval regulates the number of iterations (calculations)
necessary to solve the system of equations and there-
fore its size must be small enough to minimize instability
and large enough to save on computer time. Westby's

equation:

At <

1
K, 1 1
_(.A_x_z. + Wz-)

hel IS

Ax and Ay are lengths in the finite difference method,
and this equation will be considered as a guide in this
finite element solution.

Also, the finite element used to model the body
must be of an order one less than the governing differ-
ential equation. In this two-dimensional transient
heat transfer quasi-stationary state equation the order
needed is one. Therefore, linear elements may be used

to model the weld joint and for the two-dimensional case
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triangular elements are the basic requirement. Higher
order elements can be used to increase accuracy but
they also increase roundoff error and computational
time.
The finite element method is a numerical approxi-
mation of the true solution. Therefore some error can

exist. This error has been expressed as (63):

where A is an arbitrary constant dependent on the
element used

b is the order of the element

h is an element length

From this expression some relative generalization can

be discussed on reducing the error. Error reduction

céan be accomplished by either decreasing the element
size or increasing the element order. Both are expensive
because they inérease computational time. Therefore,
some happy medium has to be obtained to assure

accuracy. The rule is to refine the mesh in high
gradient regions. This grid then relies heavily on

engineering judgment.

3.3 Triangular Elements

The two-dimensional simplex element (triangle)

meets the requirements for modeling this heat conduction
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problem and keeps computation time to a minimum. The
shape functions for this element are presented in this
section along with other matrix properties that contribute
to the system of equations being solved. Figure 3 is
a graphical representation of this triangular element
X

where coordinates at the nodes are Xi, Y Y

j’ j? xk’
Yk and the values of the temperatures at the nodes

i’

designated as Ti’ T. and Tk' Segerlind (62) develops

j
these and other elements in considerable detail.
The temperature of an element (Te) can be related

to node temperature and the element shape.

e =
T NiTi + NjTj + Nka

In this relationship there are three shape functions

(N., N., Nk), one for each node.

i’ 7
N; (shape function at node i) =

7x [a3 *+ byx + c;y]

where: A = area of the triangle
a. = X. Y, - X, Y. (a function of the coord-
1 j 'k k 7j inates)
Ci = Xk - Xj
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Figure 3. The Two-Dimensional Simplex Element
(Triangular Element)
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this reduces to

(5] = L bj by by
ZA c; cj Cx

and is called the gradient matrix.
These terms can be determined from actual
coordinate values resulting in a numerical [Be]. The

matrix [N] as it is used in the element equation is:
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[Ne] - [Nie Nje Nke]

Expanding the element equation in terms of shape

functions and node temperatures

T.
1

€, _ e 5] e
[T ] = [Ni Nj Nk ] ;J

[N®1{T}

The first term of the [Ke] can be determined by
substituting triangular element gradient matrix values

in to the volume integral which gives:

b: c.

1 1
[ BT = [ L b Kee Of[P1 %5 %% | av
v V 4A

bk Cx 0 Kyy 4 cj Cx

Assuming a unit thickness the coefficients of [Ke] after

integration become:

K K
ngj}j\_x [byn] * & [cp,] where L = 1,2,3; m = 1,2,3

The other terms of the [Ke],[Ce] and {F%} can be

determined using various methods and are given as:

hL. [210
[ h[N}T[N]ds = —L 120
Ly. 000

J
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Lij = designates a specific side of the triangle
T iy |00
/] h[N][N]dS = g 021
ij
and
. h Ly, 201
[ h[N]'[N]dS = 0
102

Lyi

Some integrals are evaluated using area coordinates

and the results are:

1
Q J NTav = ¥4
v 1
1 0
L.. q L.
T o 35 jk
qé[N]dS —z—l 1f or —2=941
0 1
qu' 1
1
OT —5—— 0
1

h Te [ [N]TdS yields similar values as q [N]TdS
S S

by replacing q by h Ty.

211
[c®] = [ o[NIT[N]AV = € 121
v 112
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In summary the shape of the triangle and its
coordinates give numerical values for the general
matrices of the Crank-Nicolson approximation. If q,
Q, At, K

K h, and T_ are known the only unknown

xx?’ Tyy’

for an element is the temperature at the nodes. For a
complex system modeled by triangular elements the
minimized variational function is the sum of the con-
tributions from each element. This results in the large
system of equations which are solved for the tempera-
ture at each node. Many numerical solution techniques

are available and some are presented by Segerlind (62).

3.4 Temperature Dependent Properties

The model of a typical butt weld joint is shown
in Figure 4. Symmetry of this joint allows the dis-
cretization of the body to include only 1/2 of the
geometry. In this model smaller triangular elements
are used in the high temperature gradient areas where
accuracy is important.

Certain variables in the system of equations are
temperature dependent or vary with position. These are
thermal conductivity, radiation, heat flux, specific
heat, and latent heats. The implementation of these
temperature and position dependent variables is a sig-

nificant contribution to the model but each does increase
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Figure 4. Triangular Element Weld Joint Model



33
the solution computational time.
For many materials such as low carbon steels vary-
ing thermal conductivity linearly with temperature pro-
vides a good approximation. This variation can be

written as:

where K? and K? are constants for an element. If the
material was homogenous K, and K, would be constant for
the entire body. Values for K, and K; are determined
from Figure 2. The temperature variation is linear
within a triangular element, therefore, a convenient
representation of T is to use the arithmetic average

of the node temperatures. The following equation re-’

sults:

Now, using thermal conductivity as a function of
temperature the process of minimizing the variational
form will yield another term in the global stiffness
matrix [K]. The variational term that includes thermal

conductivity is:
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I = Ie%{T}T[Be]T[D][Be]{T}dV + . others not necessary

v for evaluation at
this time

Minimizing for temperature dependent thermal conductivity
results in:

dI 1 d T,pe,T e
=0 = {T}"[B D][BT]{T}dV +
T 3 IC0T {/e [8°17[D] [B®]

dk, ©
1 A Tirne,Trne€
P Vﬁ{r} (81T [B¢]{T}av

Differentiation of matrix equations yields a standard

form

d  (UTYT[AJ(TY) = 2 [A]{(T}

Using this the first term becomes
7 er[Be]T[D][Be]{T}dV
\')

The derivative KAe with respect to {T} is:

ax® x§J!
;£ S
1

Substituting it into the second term of the minimized

variational form that term becomes:
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K}

—— [mg1T BT B®1 (T} av
v

where [TB]T is the 3x3 matrix

Ti Tj Tk
T
[TB] T, Tj Tk
Tty T

expressing these two terms in matrix form

[KS1{T} + %[TB]T[KBe]{T}

or

([X:°1 + §Tp) T K1) (T}
The stiffness matrix [K(e)] is:
[K®] = [K.°1 + £[T51T[K®]

when thermal conductivity is a function of temperature,
The matrix [KC] is

[ T.+T.+T T
(K1 = 817 kv , (2B g 2

0 K.+ K (Ti*T5* Ty

—
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While [KB] is:

[Ky] = (8] l_Kx o | (8]
0 K,

The second term in [K®] is not a symmetric matrix and;
therefore, cannot be combined with [Kce]. This ex-
pression for [Ke] must then be substituted back into

the matrix form
[C1{T} + [KI{T} + {F} =0

when thermal conductivity varies with temperature.

3.5 Radiation Boundary Condition

In the weld pool vicinity heat is radiated to the
surrounding environment because of the high difference
in surface and ambient temperatures. This radiation must
be accounted for. The variational function contributing
only to radiation is (53):

= 1 os _ 4
Ir oe ('5' T1 T1°° Tl)

Taking the derivative of this function results in

dIr . .
Qadiation” dT; = °F (Tl ) Tl” )
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When setting this equal to zero we see that one term
can be added on to the global stiffness matrix [K] and
the other term is added to the force vector {F}. Factor-
ing out a{T3'from the first term gives the following

form

dI
T

T{TT = [GET:]{Tx} - 0'€T1oo“= 0

or sometimes this is shown in the matrix form

[RI{T }- {r} =0

where:

12
o = Steftan Boltzmann constant = 5.672 x 10 watt
cm

€ = emissivity

T, = absolute temperature (°K)

[R] = is the addition to the stiffness matrix [K]
{r}

is the addition to the force vector {F}

Again using area coordinates, radiation from one side

of a triangular finite element may be expressed as:

210
oeT 3L.. T.+T.
1 71 3 1 3
———-g—al 1 0 where T1 is (——741)
[ 000
or
000)
oeT *L.. T.+T
———lg—il 021 where T,.® is (—1-7—-15)3
01 2]
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or
oeT * Ly, 201 T, *T
___%———— 000 where T,® = (-—----2-—-)3
102

Similarly the values affecting the force matrix when

used with triangular elements may be expressed as:

oeT 1
1
0
OETlm“L.k 0
—"°_7""l“' 1
1
—_— 0
1

where T 2 1is the ambient temperature assumed to be
constant over the side. Comini (44) et al. have pre-
sented an alternative approach where ceT:® is replaced
by oe(T2+ Tarz)(T + T_,,) and another algorithm is used

to incorporate the time step.

3.6 Specific heat as a function of temperature

As a body changes temperature the quantity of heat

required to change the internal energy can be a



39
function of temperature. This quantity is commonly
referred to as specific heat.
The variational form which includes only specific
heat terms is:

. d{T} _

If {¢} = [N]{T} then the a%%r = [N]7T

defining o = pc where density is constant, then the
variation of a4 with temperature can be expressed as

two governing equations when using low carbon steel

°K

Q
>
|
Q
%)
+
QR
N
~
lp.
ot
—’
Hh
o
-
-3
A
N
\,
w

constant for T > 775°K

Again by taking the derivative and setting it equal to
zero a minimum for this governing portion of the
variational form is arrived at.

] NOURULY dr

T =0 - - é[N] QdV * o) ITTT

da d{T}
A [[N]J{T}[N] dv
ITT 6 dt
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The derivative of

daA a,

ar T I

Going back to the minimized variation form the first
term (including only Q) remains the same as derived

earlier. The other two terms then become

d{T}

f a, IN1T(Njav & v T ORI 4 41}

dv

Using area coordinates for triangular elements and
noting that:

[N] = [L., Lz, Ls]
the evaluation of the a; integral portion of the final

two terms is

Q
-32-1{[1.1, La, Lol Ty b [Li, Lz, La] dA d{z} =

Ty

T1 211
Tj 121
T 112

az A

k

where [L,, L,, L3]J{T}[L,, L2, L3] equalled

A for temperatures less than 775°K is:
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[L:2T; + L1L2Tj + L1LsTy, LiL.T, + L2? T; + LoLaTy,

L1L.T, + LngTJ. + L Ty ]

The a, term was presented earlier and when combined with
the @, term, specific heat adds only to the conductance

matrix [C]

aAA 211 asA T 211 )
17 121 + —3-6—{T} 121 it
112 112

and for T < 775°K

(=W
-~
-3

7]
T3
= A
T
3
- -
or for T > 775°K
211
aBA
(€l = 4 121
112

Note that the additional term containing {T}T

in the temperature range<{ 775°K becomes unsymmetric.
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3.7 Latent heats

Heat conduction in welding must include the change
of phase. The dominant latent heat is that of fusion.
The latent heat transformation has a value for steel of
approximately 1/10 that of fusion and is considered
minor in importance. Fusion usually occurs in temper-
ature range for alloy steels from about 1700°K to 1755°K
and therefore must be considered as a factor of heat in-
put or withdrawal over that range.

During the welding process,as heat is input from
the arc, there exists a liquid front surface, a solid
front surface, and the in-between transition zone where
latent heat is being absorbed (see Figure 5).

The opposite phenomenon takes place during the
solidification process. Heat is given off in the trans-
ition zone as the metal is cooled which will increase
the cooling time. The solid surface is represented by
a 1700°K isotherm for steels while the liquid surface
consists of the 1755°K isotherm. A method to incorporate
latent heat was developed for the triangular ele-
ment. The possibility of both the liquid and solid
front intersecting a triangular element exists. This
would create a complicated internal boundary problem to
be solved for latent heat effects. By decreasing ele-
ment sizes in this latent affected zone the number of
elements affected by this internal boundary problem can

be minimized. Then only a solid front or liquid front
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Figure 5. Triangular Element and
associated latent heat
surfaces.
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would be intersecting a single element. This also
creates a complex computational problem along with all
the increased computer calculations used with temper-
ature dependent properties. Therefore, a compromising
assumption was made to approximate the true latent heat
effects. The latent heat generated or given off within
an element will be allotted equally to all three nodes
of the triangle. To determine if an element is
affected by latent heat an average temperature for the

element is calculated:

If T:ve falls within the latent heat range of 1700°K to
1755°K this particular element will then have a term
added or subtracted to the force matrix. The sign of
this term is either negative or positive corresponding
to heat absorption and heat generation, respectively and
the computer program was coded to a sign convention
whiéh is regulated by increasing or decreasing average

element temperatures.

The portion of the functional affected is:
I={{-(Q-%—§)Tdv

Taking the derivative with respect to {T} yields:
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S = - ‘II[N]TQ av

Since Q was assumed constant within the element this

term becomes:

T
Q [ [N]"av
\'
now Q(watts) can be replaced by %%
cm?
where: p = density (for steel = 7.87 g/cm )
L = latent heat (for steel = 65.5 cal/gram)
At = length of a time step (seconds)
. pL . watts
giving == units of —|———=
At cm?

The portion added to the force vector {f} is:

Lo

>

e [ Tav
\')
Which is:

oLV

At

After the integral is evaluated.
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Assuming a constant thickness this term is:

1
pLA 1
JAt

1

Friedman (60) has a direct iteration method for
phase change in finite element programs. He includes
the pL term as an addition to the pc term and controls
the implementation of the latent zone using a large

number of coefficients.

3.8 Heat Flux Model

Friedman (55) states more reliable input data is
needed in the finite element analysis to model the heat
flux portion. This would yield a more thorough under-
standing of the welding process. He asks for more in-
vestigation of the physics of the welding arc. Andrews
(48) and Muraki (28) express the intensity of the heat

source, Q (Joule/m-sec) as:

1

Q =EHVI
where V = arc voltage (volts)
I = welding current (amperes)
n = arc efficiency
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h = plate thickness (cm)

Again, the assumption of efficiency was made to the in-
put data which because of the unsurety of its value
can greatly vary results.

Friedman (55) assumed that heat of the welding arc
to be a radially symmetric normal distribution function:

- 2
q (r) = qee”CT

where qo and C are constants
determined by the magnitude and
distribution of the heat input

and r = distance from center of arc (m)

Westby (69) concurs with this distribution of specific
heat flux, q (cal/sec cm?), as being an approximation
expressed by Gauss's distribution law. But, he simpli-
fies it to a line or point source. He also gives
efficiency factors for various welding processes which
include heat losses due to radiation.

Verification of the heat flux distribution was done
by Wilkinson (59). He used photographic techniques and
pressure sensors to show this radial distribution (see
Fig. 6). Assuming this radial distribution and setting
the heat input equal to:

q

Qtotal = £Q(r)2nrdr = %" = Q
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Figure 6. Heat Flux Distribution
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where Q = Voltage x Amperage x Efficiency

The constant C can be solved for after assuming any-

thing outside 5% of qq¢ is negligible or for q(r)= 5% of

maximum value (qo)

Qrpy = qoe"T = .05 qo (HBELS)
(r) m

T
But at present r can only be determined by photo-
graphic techniques. Only after T is determined or
estimated can the distribution of heat flux be modeled.
Now r is the region in which 95% of the heat flux

is transferred to the body.

Assuming a constant q (23%§§) across a triangular

element boundary the portion added to the force matrix

{F} is:

q L.

1
ij 1) watts
m

and heat flux was modeled as shown in Figure 7.

An improvement approaching exact values of q at element
nodes can be achieved by using many small elements (see
Figure 8). This approximation approaches a Guass

distributed heat flux qj(r,t).
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Figure 8. Heat Flux Model
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q is given by:

q(r,t) = 2. exp[-3(r/F)?] EXP[-3(vt/T)?]
T
where 7T = distance from center for a particular qQ (m)
v = velocity of the arc (m/second)
Q = total heat input (watts)
t = time (seconds)

q; = watts/m at point i

T = maximum radius

At time equal to zero this equation has a heat flux
distribution at its maximum for the two-dimensional
plane being studied. Therefore, the above expression

was backed up in time to model a passing arc by intro-

ducing a lag factor t. The modified equation becomes:

qi(r’t) = _39h EXP[-Sr/?)Z] EXP[_S(V{t"T})Z]
“?2 bl

In this planar analysis it has been assumed the speed

of the arc is high compared to the diffusion rate of

the material so the amount of heat conducted ahead of
the arc is relatively small to the total heat input. 1In
order to make this a two-dimensional problem it has

been assumed that the heat flow across the plane in the
third dimension (direction of electrode travel) is again

very small and negligible. Therefore, the é%[K%%]
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term goes to zero in the heat conduction equation.

3.9 Optimizing Weld Joint Strength

The design of a weldment has many variables affect-
ing the outcome of how the joint can withstand various
loading and environmental conditions. The design should
consider that welding in some cases will result in
significantly poorer properties than found in the base
metal. The welded joint may be handicapped with lower
fatigue strength caused by weld bead geometry, decreased
toughness produced by microstructural changes in the
heat affected zone or lowered corrosion resistance in
certain environments caused by residual stresses. The
control of stress concentration can be accomplished by
varying the process, type of electrode, or doing post
welding operations such as grinding. These are more of
a state of the art fix to this problem. Residual
stresses have no effect on lower carbon steel structures,
so the problem of engineering a low carbon steel joint
for maximum strength resolves to manipulation of the
microstructure metallurgy in the heat affected zone.

By controlling the high heat gradients over time the
metallurgy of this area is controlled. Catastrophic
failure of weldments by brittle fracture have been

found in bridges, ships and other structures are usually
caused by a reduced fracture toughness of the steel

section. Again, the toughness of a weld joint is
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affected by the high weld heat input over a short
period of time. These heat gradients for any process
are now determined by the thermo-finite element model
previously developed.

Additional alloying elements added to steels help
to increase strength such as grain size inhibitors of
columbium or nitrogen. Deoxidation elements like
aluminum or titanium secure fine grain sizes which aid
in increasing steel toughness. Success in welding
carbon steels is chiefly the ability to avoid the
development of an unsuitable structure in or adjacent
to the weld joint. Microstructural changes involving
transformation of austenite, ferrite and martensite are
the most important part and the cooling rate on the
final structure being the most important parameter.
Since heat input and metal mass of the joint have a
wide range, the actual cooling rate may vary from fast
rates to low rates. Other factors like joint design,
electrode size, core wire composition, type of flux
covering, kind of current and polarity of direct
current have been found to have little influence on
cooling rates.

Because of these fast cooling times in a welded
joint, the iron-carbon diagram can no longer be used
to determine the metallurgical structure. Continuous
cooling transformation diagrams have been developed

which more closely predict the microstructure of the
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heat-affected zone. See Figure 9, Two researchers,
Inagaki and Sekiguchi (10), studied the hardness and
microstructure of the heat affected zone. They con-
firmed that the microstructure and hardness adjacent to
the fusion line may be predicted from CCT diagrams. An
example of how their prediction is approximated is
shown in Figure 10. If the heat input during welding
is small and cooling takes place at a rapid rate, the
Z-cooling curve will depict the heat-affected-zone
structure which will be entirely martensite and the
hardness will be about 415 DPH. If the cooling rate
should fall between the Z and F cooling curve some
intermediate structure will result. Slower cooling of
the structure resulting in values passing to the right
of the F-cooling curves sees formation of some
proeutectoid ferrite yielding a final structure of
ferrite, an intermediate structure, and martensite. If
cooling is carried out at a slower rate than the P-
curve some pearlite structure develops. A further in-
crease in cooling time beyond the E cooling curve en-
ables the heat affected zone to be entirely ferrite and
pearlite. Inagaki, et al. (10) found that the heat-
affected zones which cooled at a sufficiently slow rate
to produce some proeutectoid-ferrite did not crack
spontaneously and exhibited a good degree of ductility
and toughness. They concluded that this cooling rate

which marked the appearance of proeutectoid ferrite be
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marked by the symbol "C;" representing a limiting
welding parameter. In their study total bend angle
and Charpy Impact tests were done on samples to
verify that cooling time longer than C% created
larger bend angles and more absorbed energy (see Figure
11). These curves show that hardness decreases with
cooling times greater than C%. Therefore, to keep the
toughness at a maximum use a minimum C%. To keep the
strength of the steel up, attempt to keep Ciat a maxi-
mum. It then can be concluded that C% is a cooling time
to optimize weld joint strength for various loadings and
steels. From experimental results Inagaki (10) deter-
mined the minimum cooling time from the equivalent
carbon content Ceq'
log C; = 8.59 Ceq - 1.69

- 1 MN% 1Si%
where Ceq $ C + 17 * 57

It is known that the As transformation point is
affected by the metallurgy of the steel and the CCT
diagram affected by how long the structure is heated
above the A3 temperature. To determine C%, the time to
cool between 1075°K to 775°K was considered to be the
only general practical boundaries. The A3 trans-
formation temperature point is approximately 1075°K for

mild and high tensile steels. For various other
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alloys the cooling time will have to be determined over
a different range with 775°K still being the lower
bound by definition of C%. Different welding processes
didn't affect a typical hardness-cooling curve (see
Figure 11). The hardness at Ct has been found to be
equivalent to Hv = 350 which is a maximum guideline
set up by Welding Standards. At this hardness,no
underbead cracks result in the heat affected zone and
weld joint exhibits enough ductility.

A weld joint can be optimized by varying the
input parameters to achieve the critical cooling time

C% which will give maximum hardness at the fusion line

without sacrificing bend tests angle. This can be calcu-

lated in a finite element program. For metallurgy
determination away from the fusion line CCT diagrams

will have to be referred to.



IV. Finite Element Program

4.1 Iterative Procedure

A Crank-Nicolson iterative method is used in solv-
ing the system of equations generated in this model.

The implicit equation in matrix form is:

{F,} + fFo}

2 2
(IK] + F¢ [CD{T1} = (F (€] - [KD{To} - 2(———)

During each iteration the old temperature (prior iter-
ation) {T,} is a known value along with values for [K],
[C], and {F}. The solution gives the new temperatures
{T:}. Because some properties vary with temperature,
[K] and [C] are reconstructed for each iteration. This
process adds to computer execution time. A 539 element
(303 nodes) model with a time step of .3 seconds required
13 minutes of computer execution time to simulate 75
seconds of real time.

The time step variable (AT) is important because
its magnitude can affect the stability of the FEM
solution. Fujii (72), Yalamanchili (71) and Chu (71)

discuss stability in finite element schemes. Fujii re-

61
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lates stability for the consistent mass case as re-

stricted by the inequality:

< 2
2 D) w2

max (0, ap ({1-26}—51—
Knin

2 for simplex acute triangle

An

m

2 for 2-dimensional case

Kpin = minimum altitude of the triangle
element

AT = time step

K/pc

Qo
But when 6 > 1/2,the finite element scheme is un-
conditionally stable as is the case for this weld

model because 6 = 1/2 (Crank-Nicolson).

4.2 Input Requirements and Output

The largest amount of input data consists of

the element node  numbers and their respective

coordinates. To minimize punching over 500 cards (one
for each element) and creating possible data errors an
automatic grid generation program was used (62). This

program included a node renumbering and optimizing
subroutine which minimizes the bandwidth of the final sys-

tem of equations (Computér storage area needed for a matrix).

Besides element related information this weld program
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requires the node numbers affected by radiation and heat
flux. Their related element and coordinate values are
subsequently supplied. The number of nodes, number of
elements, and bandwidth are input and used to supply
subroutines with variables regulating calculations and
the building of [K], [C] and {F}.

Convection and radiation heat transfer are surfaces
keyed off element grid data. 1Initial values for physical
constants of thermal conductivity and specific heat are
provided for these variables in subroutines. Other
physical constants needed in calculations are ambient
temperature, initial temperature, and the heat transfer
convection coefficient. Iteration requirements include
time step, number of iterations, and iterations between
printed output. The arc velocity, maximum heat flux at
the centerline, and 95% radius are the only variables
needed to model the welding arc.

The output consists of the nodal temperatures at
specific times after the beginning of welding. Also,
during the arcing process heat flux is given at the
element mid-point. Element number and appropriate
surface of radiation or convection heat losses are
printed for each iteration. All important physical
quantities and element data are printed for convenience,

as an analysis aid, and checking.
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Figure 12 is a general flow diagram of this finite
element weld model program. Figure 13 shows how the
complete set of matrices are stored in the column {A}
vector constructed in subroutine SETFL. Appropriate
subroutines have been written to be compatible with
manipulations of this A vector. A brief description

of the subroutines is as follows.

SETFL - Sets the dimension of the column vector {A}
SETMAT - Constructs [C], [K] and {F}
in {A}.
DCMPBD - Decomposes {A} into an upper triangle
matrix.
TRANSNT - Heat flux calculated and output written
MULTBD - Combines right side terms of Crank-Nicol-
son equation

SLVBD - Solves for {Tnew} by backward substitution.

4.3 Thermal Conductivity and Specific Heat as Program
Variables

It is difficult to choose the values of thermal
conductivity, K, and specific heat, C, because they
vary with temperature and material. As carbon content
increases or alloying elements are changed the slope of
the thermal conductivity versus temperature curve can
change and even become positive (see Figure 2). The

material was therefore restricted to low carbon steel (11).
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INPUT DATA
CALL %ETFL
WRITé DATA
PICALL SETMAT = —

¥
ICALL DCMPBD

LyCALL TRANSNT le——
—>CALL MULTBD |—
FICALL SLVBD j—
—{WRITE OUTPUT]

Ls[CALL SETMAT —

Figure 12. Computer Program Flow Diagram
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Another variable, convection in the weld pool,
changes the thermal conductivity from 1/5 of the value
at room temperature to 3 or 4 times those values.
Mizikar (73) has provided an estimate value of K in
molten steel. Because of the need for further infor-
mation U.S. Steel Corporation was contacted. Mr. Moore,
U.S. Steel Corporation, (74) suggested using a value of
approximately 2 times that of room temperature; a value
commonly used in the industry.

The finite element model incorporated thermal con-

ductivity as a function of temperature by using three

relationships:
Kxx = ,795 - .0004 x TAVE for T < 1300 °K
= watts ° o
Kex .3 (Eﬁ_’K) for 1775 °K > T > 1300 °K
= o
Kex .6 for T > 1775 °K

where TAVE = average of element nodal temperatures
T, + Ti,+ Ty
3

These equations would have to be changed when a differ-
ent material is modeled or when welding under other
convective patterns in the molten pool. A single
constant value for thermal conductivity was calculated
for each element.

Chapter 3 states thermal conductivity creates a
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second term from the variational form when varied with

temperature.

[K] = (K] + 2[T51TIKg]

second term

An estimate of the second term's influence on

temperature results was performed. Analysis showed:

1. A minor (5%) importance when nodal tempera-

tures vary by more than 300°K per element.

2. Decreased importance for small differences in

nodal temperatures.

3. Further decreased importance for small ele-

ments.

4. Increased computer costs and execution time
because of [K] becoming unsymmetric (4 times

or more).

These results, especially the non-symmetry property,
increase the cost of obtaining a solution and the
additional second term was assumed negligible and not
included in constructing [K]. The previous three KXx
equations then become part of [KC].

A similar second term results when specific heat

is a function of temperature.
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second term

Again, because of non-symmetry and a similar importance

analysis yielding negligibility for the second term,

this term was not included in constructing [C]. Specific

heat was modeled as:

pC 1.3 + .0053 » TAVE for T < 775°K

pc = 5.0 for T > 775°K

©
]

density assumed constant
The average of nodal temperatures determines
specific heat which was assumed constant over an ele-

ment.

4.4 Additions to the Force Vector

Heat flux is added to the force vector by a distri-
bution presented in Chapter 3 for qi(r,t). Heat flux
was calculated for a radius equaling the midpoint of
an element and divided equally between the pair of
nodes and added to the force matrix. Using the heat
flux model in Chapter 3, t was determined by

T =71/V

r = radius including 95% of q
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V = arc velocity

This heat flux model provided a gauss distribution
approaching Figure 8 as the size of the elements gets
very small in the arc area.

When heat flux isn't an input to the force vector
either convection or radiation from the surface is
dominant. For steels 675°K is an approximate break-
even point between these two surface related prop-
erties.

Latent heat was added to the force matrix during
the solidification process if the average temperature
of the element was between 1700-1755°K (common for alloy
steels). The derivation of this addition is given in
Chapter Three. If melting occurred, latent heat was sub-
tracted from the force vector. The program limited the
occurrence of an addition or subtraction of latent heat
to a one time phenomenon.

The reinforcement of a weld pool (filler added)
was not modeled by additional elements, but temperatures
of melted nodes were allowed to go to 4000°K providing
accountability for this phenomenon. Other modeling
where reinforcement wasn't present the maximum allowable
nodal temperature was 3500°K. This is an important
limitation because the elements are finite in size and
radiation influence does cause instability with higher

than 4000°K surface temperatures.



V. Verification and Sensitivity Analysis

5.1 Verification with Christensen's and Hess' Work

In order to be confident that the finite element
model is approximating an actual weld, a comparison with
actual thermocouple experiments was made. Two groups
of researchers, Hess (19) and Christensen (49), have
done extensive recording of time-temperature relation-
ships for a range of welding applications. Their data
was used to verify the accuracy of this numerical model.
Three comparisons which show close agreement between
experimental and finite element approximation are given
in Figures 14, 16, 17.

Figure 14 is a comparison of thermocouple readings
and the finite element model (Figure 15) in the HAZ.
After a considerable time-lapse (50 seconds from arc
passing) the two begin to differ by as much as 10%
with the experimental readings being lower. This could
very well be the effect of the thermocouple's drilled
hole creating a heat loss boundary lowering local
temperatures. The key area of the curve, critical
cooling time, correlates well and the values of Cé are

almost equal. This alone shows that this finite element

71
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Figure 14. Verification with Hess's work (time-
temperature curve)
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model gives a close approximation to actual welding
conditions.

Figure 15 relates Christensen's work with the
modeling of a submerged-arc process. The FEM model
is in close agreement with experimental data in the
heat affected zone (1.5-2.0 cm) which is the most
important correlation area. Only in the weld pool does
the finite element result vary by more than 5% from
experimenfal. In this area of variation thermal con-
ductivity of molten steel being erratic might provide
reasoning for the difference. But, Christensen stated
that his thermocouple measurements were very inaccurate
in the pool. Values ranged from 2500°K to 3500°K and
depended how measurements were taken.

Adding another dimension to this finite element
model's versatility approximate solidus line and HAZ
can be determined. This is depicted in Figure 17.
Again, Christensen's data had scatter in it relating
the difficulty in measuring this process. The FEM
approximation of the heat affected zone and weld pool
correlate well with experimental results falling

within Christensen's established bounds.

5.2 Sensitivity of Some Variables

5.2.1 Radius of the Welding Arc

The area affected by the heat flux is regulated by

the 95% containment radius r. This radius is currently
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dgtermined by photographic estimation.

A sensitivity analysis was done on the influence
of r on the finite element solution because of the un-
surety of its value. This analysis was done by vary-
ing T from .5 cm to 1.5 cm using Christensen's welding
parameters. A node in the heat affected zone was chosen
to determine the effects of various welding arc radii.
Figure 18 shows a plot of time-temperature values and
how they are affected by varying r. From this graph it
can be depicted that T affects the size of the weld
pool, size of the heat affected zone and critical cool-
ing time. Therefore, the welding arc must be accurately
modeled for meaningful results to be obtained from
numerical methods.

Since little research has been done in arc model-
ing and its shape highly influences finite element
results, more work is needed. Possible use of inverse
conduction methods might provide accurate arc dimensions

and heat transfer efficiencies of welding processes.

5.2.2 Thermal Conductivity in the Weld Pool

A heat affected node was used as the basic location
for estimating the sensitivity of the FEM solution to
variations in weld pool thermal conductivity. Three
different values of thermal conductivity were used and

the effect on temperature relationships are shown in
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Figure 19. As K varied from .2 watts/cm°K to a value
of 1.2 watts/cm®°K, the temperature history experienced
by the surface locztion varied from one extreme of not
even getting hot enough to enter the HAZ to reaching
melting temperatures.
The relationship of higher thermal conductivity

values creating higher maximum temperatures makes FEM

solutions very sensitive to this variable.

5.2.3 Convection Coefficient and Emissivity Value

Boundary conditions can vary and their effect on
the finite element model was checked. Figures 20 and
21 are plots of various common values for the heat
transfer coefficient (free convection) and the emissivity
of steel in the molten area (T > 1700°K). Variations in
each of these variables changed the solution by minor
amounts. The heat transfer coefficient produced only a
6°K difference while the emissivity is a little greater
with a difference in nodal temperatures up to 19°K in
the HAZ. The solution results are considered insensitive

to these variables.

5.2.4 Grid Coarseness and Time Step

The element grid used to compare Christensen's
work is shown in Figure 22. This grid model has a fine

mesh in the area of high thermal gradients. A comparison
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Figure 22. Fine Grid Model
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of results with a coarser grid (Figure 4) is graphed
in Figure 23. The coarser grid does not adequately
transmit heat in the weid area and results in a lower
temperature curve.

The choice of grid size is an engineering judgment
when using finite element approximations. It plays an
important part in getting accurate results with small
elements a must criteria for high gradient areas.

Figure 24 depicts the sensitivity of two different
time steps on the finite element solution. AT of .3
and .1 seconds were compared. Little variation resulted
in the HAZ temperatures, but some instability at high
temperatures (1800°K on up) was seen when the smaller
time step was used. Increasing the time step to determine
its effects was ruled out by the need to plot results

using small steps.
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VI. Application to Welding Design

6.1 Joint Strength

The total joined area regulates the strength in
the static loading of welded joints. This area can
be determined from the finite element model. The only
variable needed in static load calculations not deter-
mined by the FEM model is the weld reinforcement stress
concentration which is a state of the art function
primarily related to the type of welding rod, the angle
of the arc, and the arc velocity.

For dynamic loading cases, such as fatigue, the
toughness of a joint regulates its strength over time.
Inagaki's (10) report lays the ground work for maximizing
the energy absorbed by a joint (toughness) with his
critical cooling time factor. This C% is the optimum
cooling time to obtain maximum strength at maximum tough-

ness. % is estimated by Inagaki's experimental equation:

log Cp = 8.59 C,. - 1.69

The finite element model results were used to calculate

the cooling time for a proposed set of welding parameters.

87
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If the cooling time varies from Inagaki's optimum,
the welding parameters can be varied to optimize
the joint strength by meeting the C% criteria. Some
parameters that affect C% are arc velocity, size
of the electrode, type of welding process, backup plates,
physical size of the base metal, and material constit-
uents. The advantage of using the finite element model
in optimizing C% is the ease of changing variables and
the ability to obtain results of the temperature history

in a matter of minutes.

6.2 Effect of Arc Velocity on Cooling Time

To depict how one of the aforementioned vari-
ables can be changed to optimize C)., the arc velocity
effect was looked at. Critical cooling time is de-
fined as the time to cool the HAZ from 1075° K to 775°K.
The examples of Ct location in Figure 25 are in agree-
ment with Inagaki's critical location (the fusion line).
As a HAZ node (or location) approaches the fusion
line the cooling rate becomes faster and more critical.
Little difference in C% is seen between internal and
surface nodes on the fusion line.

An example of arc velocities' effect of C% is shown
in Figure 26. The velocity was varied from .2 to 1.5
cm/sec causing the temperature history of one HAZ sur-
face node to change considerably.

To show the effect of different velocities on C%
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temperature histories for fusion line nodes were
plotted in Figure 27. It can be concluded from these
plots that increasing C% can be accomplished by slowing
the speed of travel. The speed of travel also inter-
acts with melt depth, where slower speeds result in
larger depths.

Before the use of these conclusions become a
recommendation, economic factors must be considered.
Items such as welding time costs may lead to a compromise

in final joint conditions.
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VII. Summary and Conclusions

The finite element method was used to obtain the
time-temperature relationship in a butt welded joint.
This transient thermal history influences the metallur-
gical properties in the heat affected zone. By varying
certain welding parameters, the weld joint strength
can be optimized when a certain metallurgical structure
is achieved.

The finite element computer program used simplex
triangular elements, included specific heat and thermal
conductivity as functions of temperature, incorporated
latent heat of fusion, and convection and radiation heat
losses from the surface.

The following conclusions were drawn from this study:

1. The non-linear finite element method model

closely approximates actual welding conditions
but must be used cautiously because the results
are sensitive to the arc radius and the thermal
conductivity of molten steel.

2. The fusion line-top surface intersection is

an acceptable location to use in estimating

critical cooling time.
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Slowing the arc velocity increases the cooling
time of the fusion line.
Heat affected zone and penetration can be
determined with this method. If joint strength
is insufficient in weld depth, the correct
value can be arrived at by varying heat input

or arc velocity.



VIII. Recommendations for Further Study

This study is the beginning of the application of

the finite element numerical technique in the area of

welding and casting. Only the surface of a large

volume of possible research paths has been scratched.

Results presented should help those continuing onward

in this area. By pursuing some of the recommendations,

future researchers assist in solving a vast number of

practical and theoretical engineering problems.

1.

Basic physical property research is needed on
thermal conductivity in weld pool temperature
ranges.

Weld arc distributions should be determined for
all processes. This might be done numerically
using an inverse heat conduction approach (65).
Material could be saved in the casting in-
dustry if a three-dimensional finite element
model could be developed.

Expand this model to include slag and weld re-
inforcement. The use of higher order elements
may improve results and reduce computer costs.

Their use should be investigated.

95



10.

96
Fatigue test various joints to assure the
critical cooling time is an optimizing parameter.
Incorporate the non-symmetric temperature
dependent terms of thermal conductivity and
specific heat into [K] and [C] and determine
if the results have been improved in the high
heat gradient areas.
Develop mathematical bounds for time steps of
various finite elements to assure stability
of the solution.
Model other weld configurations such as spot,
fillet, and pre-notched joints.
Develop a FEM model for the welding of other
materials including aluminum, plastics and
high strength steel.
Apply these thermal history results to the

elastic-plastic FEM models.
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