Computerized Prediction of Heat Distribution in Welding Tooling
Arc generated heat entering the weld puddle may be
determined by computer assisted analysis and, combined
with arc efficiency and voltage, permits calculation
of welding current for the desired weld
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ABSTRACT. This paper defines the specific
program which leads toward the accurate definition and prediction of the
thermal response typical of welding tooling chill bars and holding fixtures at
various heat inputs for gas tungsten-arc
fusion welding of aluminum and titanium.
A three-dimensional heat transfer computer program was used to simulate a
moving heat source and contact conductance. Instrumented temperature response
measurement experiments were performed
during welding of 0.063 in. 6A1-4V titanium alloy and 0.187 in. 2014-T aluminum
alloy sheet on copper and stainless steel
backing bars at three levels of heat input. A comparison was made of empirically determined temperature response data with those determined analytically, with an encouraging degree of
match.
Theoretical work reported in 1941 bv
Dr. Daniel Rosenthal, as revealed by an
extensive state-of-the-art survey, was extended by P. J. Schneider in 1955 and
Dr. C. M. Adams, Jr., in 1958. This
work is further extended in this paper.
The computer program deals with the
heat transfer aspects of the problem
more realistically than the exact differential equations ever could. Future programs will extend the empirical vs. analytical correlation so as to permit prediction of the effects of varying weld
tooling geometries and materials upon
the welding process in order to select a
system best suited for a specific application.

Introduction
Anyone associated with welding has
at one time or another been confronted
with a process anomaly. Resolution of
such a condition may be by one of
several means depending upon prior
experience and knowledge. One of the
G. R. S T O E C K I N G E R and R. A. CALAB R E S E a r e w i t h McDonnel D o u g l a s Astron a u t i c s Co.—Western Div.. S a n t a Monica.
Calif.: R. F . M E N A U L w a s formerly w i t h
t h e same c o m p a n y .
Based on a p a p e r presented a t t h e A W S
48th Annual Meeting held in Detroit, Mich.,
d u r i n g April 24-28, 1967.
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culprits may be the tooling concept.
Variations of opinion often exist as to
whether "hard tooling" is superior to
"soft tooling", if copper is the best
metal to use for chill purposes, what
size groove is required for root bead
formation, shall purge holes be
provided, is water cooling necessary,
etc. These decisions are usually made
in a pragmatic manner with lack of
controlling criteria; trial and error
methods prevail.
Research in welding has time and
time again pinpointed various heat
transfer phenomena as primary factors in weld quality. Control of distortion, shrinkage, mechanical and
metallurgical properties can be frustrated by unintended variations in
heat generation and dissipation.
Without doubt, total accountability
of the heat released into a fusion weld
and dissipated through the part and
tool can produce the knowledge required to permit the pre-determination
of weld parameters (heat required,
and tooling criteria (heat sink required) .
Techniques for acquiring this necessary heat transfer data are limited and
difficult to apply. For instance, heat
transfer information can be acquired
with temperature indicating lacquers,
but only maximum temperature versus
distance data can result. Further,
these lacquers cannot be used close to
a weld or between mating heat transfer surfaces. Temper colors yield gross
indications of exposure to the atmosphere. Temperature vs. time information cannot result. The data are
possible to obtain, however, with thermocouples and recorders. Using thermocouples, one can determine the
effect of heat released from the welding
arc, isotherms
and
timetemperature data for selected points
in either the tool or base metal.
The measurement of the thermal
energy actually entering the weld pud-

dle is necessary for the complete solution of this heat transfer problem, but
it is a quantity that escapes quantitative measurement. Arc heat transfer
efficiency is known to vary over a
wide range, 20% to 80%.!
Solution of all variations of the 2nd
order partial differential equation for
heat transfer from a moving heat
source as enumerated by Rosenthal,
Adams and Schneider- 4 are tedious
and limited in usefulness. Use of these
equations requires too many simplifying assumptions for application, and
further, cannot account for tooling
chill—a requirement of most production situations. These equations do
contain the actual heat input to the
weld puddle as an independent variable; however, the greatest discrepancy
in the exact solutions occurs at precisely the point of interest—namely,
the weld puddle.
In an effort to overcome many of
these limitations and establish the basis for a more organized approach to
the design of weld tooling, the determination of the effect of tooling on
weldment properties and process
parameters is feasible with the approach that follows.

Analytical Approach with
Computer
Attempts at determining temperature histories in weldments during the
welding process were made by Rosenthal and later by Schneider using exact solutions to the second order partial differential equation which describes the transient mode of heat
conduction in solids. These exact solutions were useful in that they provided
some profound insights into the
mechanism of heat conduction resulting from a moving heat source. The
results lacked accuracy where it is
most important—namely, the weld
puddle and the base metal immediately adjacent to it. In addition, the exact

solutions did not and, practically
speaking, could not account for:
1. The chill effect of fixturing and
clamps.
2. Thermal properties of the parent
material and adjacent tooling varying
as a function of temperature.
3. Contact resistance between the
faying surfaces of the tooling and base
metal.
Because of the availability of high
speed digital computers, it is now
possible to solve the differential equation accounting for the three items
above by employing a computer program which solves the problem by the
finite-difference method. The McDonnell Douglas Astronautics Company
has such a program and it is called
the JA56.
The JA56 Heat Transfer Computer
Program

This program is capable of solving
three dimensional heat transfer problems in the transient mode. The method of finite differences is the principle
by which problems are solved. The
finite differences are relatively small
elements of mass called nodes.
The node shape used in the problems pertinent to this paper was that
of a rectangular parallel-piped. The
system (i.e., material to be welded
and the adjacent fixturing) is divided
into nodes—these are the elements operated on by the initial boundary con-

ditions (input) and whose temperature response (output) is sought. The
change in temperature of a given node
is the ratio of the net heat gained or
lost to its thermal capacitance over a
short interval of time. Stated mathematically,
At =

QneAQ

(1)

where, At denotes the change in temperature of the node; qnet denotes the
net rate of heat transfer through the
six faces of the node. A positive value
indicated heating, a negative value
indicated cooling; AG denotes a short
interval of time; m denotes the mass of
the node; c denotes the specific heat
of the node. The mass and temperature
of each node are considered to be
located at the node's centroid.
The program computes the change
in temperature of each node by eq
(1), adds the Af to the temperature of
the node just before At9 occurred, then
stores this new temperature until the
next Ad occurs. At selected times the
program prints out all node temperatures for the time point selected.
The user must describe the following initial boundary conditions before
a problem can be solved:
1. The size of each node.
2. The thermal properties of the
material represented by the node—
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namely,
a. Thermal conductivity.
b. Specific heat.
c. Density.
3. The geometrical position of each
node with respect to the nodes it
contacts.
4. The initial temperature of each
node.
5. The driving potential which
causes heat to be transferred in the
system. Examples of these are:
a. One or more nodes being assigned an initial temperature
which is higher or lower than
the initial temperatures of the
node(s) it contacts.
b. A heat source input, qa, in
watts to one or more nodes.
In addition to the list of essential
inputs above, the program has the
following tabular input capability.
1. Thermal properties of node materials as a function of temperature.
2. Heat transfer coefficients as a
function of time or temperature for
ten nodes.
3. Heat source input (watts) as a
function of time for ten nodes.
4. Temperature as a function of
time for ten nodes.
Simulation of a Moving Heat Source

The JA56 program was never intended to solve problems involving a
moving heat source, but such a heat
source may be simulated through the
use of the ten heat source tables. This
is done as follows:
First, let the weld bead nugget be
represented by a row of ten nodes.
Second, let each of the ten nodes be
driven by a heat source table i.e., q0 vs
time. The q0 (in watts) is the product of
efficiency x volts x amperes in a d-c arc.
The q0 is allowed to dwell at a node for
a time interval, AG equal to the time it
would take to travel the length of the
node at the speed of the electrode.
Stated mathematically,
AG

.v
V

where,
x denotes the weld bead node-length;
v denotes the electrode travel speed.
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The electrode motion is simulated by
having the "square wave", q0 x AG,
jump from weld bead node-to-weld
bead node. This jumping is accomplished by writing a heat source table
for each weld bead node such that q„
is set equal to zero for all time points
except during the AG when the electrode is dwelling at the subject node.
The value of q0 during AG would be
determined by iteration such that q0
causes the subject weld bead node to
reach a maximum temperature greater
than the liquidus temperature, but less

r-
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Fig. 1—Simulation of moving heat source
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than the boiling temperature of the
alloy being welded. This process is
illustrated in Figure 1.
Determining a Satisfactory Node
Model of the System

The results, or solution to a heat
transfer problem using the JA56, are
dependent upon:
1. The relative size and number of
nodes used to describe the system.
2. The accuracy of the thermal
properties assumed for each node.
3. The accuracy of the heat transfer
coefficients used to indicate the thermal resistances between nodes.
Some heat transfer problems are
sensitive to inaccuracies in the items
above whereas others are insensitive.
The only way to determine whether a
particular node model is satisfactory is
to compare its results with that of
empirically determined temperature
responses for a few cases in a system
which is representative of the model
used or at least similar to the model in
question.
If fairly good agreement is achieved
between measured temperature histories and analytically determined temperature histories at corresponding locations in the system, then the model
is deemed satisfactory and may therefore be used to predict temperature

histories for boundary conditions not
yet experienced empirically. This was
the approach used to design the control experiments described in the following section. The thermocouple locations in the weld specimens and
tooling correspond to nodal points in
the analytical model which attempts
to describe the system. A subsequent
section discusses the temperature response match which was achieved.
Empirical Calibration
Materials

An aluminum alloy, 2014-T6, and a
titanium alpha-beta alloy, 6A1-4V,
were chosen for this project, because
they represent the two most widely
used materials in aerospace launch
vehicles and support systems. The
0.187 in. thick 2014-T6 aluminum
sheet, and the 0.063 in. 6A1-4V titanium were sheared to 4 by 16 in.,
with the grain of the material parallel
to the long dimension. The faying
surfaces were stack-milled to a square
edge configuration.
Four control tensile specimens were
prepared from each stock sheet. The
results of these tests were satisfactory
in that they complied with the material specification. The filler metals selected were 0.063 in. diameter 4043
-WELDING WIRE
REEL HOLDER

Fig. 2—Five axis numerically controlled gas tungsten-arc fusion welding machine
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aluminum and pure titanium.
Equipment

The equipment selected for welding
was a five-axis numerically controlled
gas tungsten-arc welding machine—
Fig. 2. This three-phase rectifier power source is of magnetic amplifier
design with constant current output. It
is rated at 400 amp, 40 arc volts, and
60% duty cycle.
All five axes and eight welding
parameters are controlled by a Bendix
Dynapath 20 machine control unit.
This continous path unit receives its
commands from a pre-punched tape
in binary coded decimal format. Such
devices as rotary resolvers and highperformance electrical servos provide
incremental changes of path as small
as 0.0002 in. and welding current
values of 0.4 amp.
The use of such sophisticated equipment is by no means imperative for
the purposes of this effort, but it
assures constant arc power throughout
the length of the weld. It also provides
repeatability of welding and travel
parameters from those developed to
those utilized in the test.
Weld Fixture. An existing staketype weld fixture, employing one-piece
holddown fingers and grooved backup

bars, was slightly modified. This was
done to allow better contact of the
fingers, clearance for thermocouples

and controlled groove geometry for
the OFHC copper and Type 304
stainless steel backing bars—Fig. 3.

The groove dimensions serve to
limit weld drop-through and width,
Slotted holes were provided to allow

Fig. 3—Weld fixture
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Fig. 4—Weld nugget dimensional requirements for 0.187 in. 2014 T6 aluminum. A (left)—copper backing bar; B (right)— stainless steel backing bar. W/D £= 2.0
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Fig. 5—Weld nugget dimensional requirements for 0.063 in.
66 AI-4V titanium. A (left—copper backing bar; B (right)—
stainless steel backing bar. W/D ^ 3.0
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accurate transverse placement of the
holddown fingers. Small, ^ in. diameter purge holes (not shown) were
drilled on 2 in. centers through the
bar to provide root bead gas protection for the titanium welds.
Instrumentation.
Chromel-alumel
thermocouples were employed for all
temperature recordings. The 10 thermocouples for each test were swaged
into the specimens and weld fixture at
locations corresponding to nodal
points in the analytical model of the
system. They were in turn connected
to a digital recording system. The
voltages from the 10 thermocouples
were fed into a pre-calibrated channel
then amplified for transmission and
recording on a magnetic tape. Concurrently, electrode position vs. time
data were recorded.

J
16 (REF)

SPECIMEN
PLATE(REF)
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JUNCTION
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Fig. 6—Thermocoup.e locations in specimen plates
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Fig. 7—Thermocouple locations in weld fixture
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These two events were subsequently
synchronized in a digital computer
and printed out in a matter of seconds. Another feature of this system
was that thermocouples could be
scanned in different increments of
time. The sampling time increment for
this experiment was 0.2 sec during
some runs and 0.6 sec in others. A
visual representation of the magnitude
of temperature in each channel was
displayed on an oscillograph monitor.
It is also possible to see the heat wave
move longitudinally in the weld specimen by observing the change in amplitude occurring for each of the respective channels on the monitor.
Parameter Establishment

Prior to development of individual
welding parameters, weld geometry
relationships were established as
shown in Fig. 4 and 5 to provide
target weld nugget depth-to-width ratios, bead crown reinforcement and
bead drop through dimensions. Since
it is possible to make essentially the
same weld nugget with a variety of
parameter combinations, three different welding speeds were chosen. In
this manner, three separate heat inputs could be developed for each condition of heat sink or, conversely, it is
as if the heat sink response would be
changed three times to make the same
weld nugget.
In order to establish the limits of
chill, or heat extraction from the
weld, the weld fixture previously described in Fig. 3 was used for maximum heat transfer. For minimum
heat transfer on the other hand, a
free-fall weld on a thermally insulated
specimen was used.
It was desired that the heat transfer
in the specimens be essentially twodimensional for the sake of simplicity,
accordingly, a single-pass square edge
butt weld was used on relatively thin
material. For this reason, dcsp was
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THERMOCOUPLE NO. ( T Y P )

Fig. 8—Assembly configurations for 2014-T6 aluminum. A (left)—chilled configuration; B (right)—insulated configuration

employed with helium shielding gas on
both alloys to achieve as nearly parallel-sided a weld nugget as possible.
Furthermore, with the addition of
filler metal, a constant-volume-nugget
relationship was maintained for all
heat input conditions for each alloy
and fixturing configuration.

theless one successful weld was
achieved using a glass rock backup
bar, thus simulating the "no chill"
condition.
Since the backing bar of material
that would be more durable for production-type applications is necessary,
a Type 304 stainless steel bar was
fabricated. This alloy possesses the
poorest thermal conductivity of those
metals considered economical and
having ease of fabricability. Further,
it was felt that its use along with
copper would establish the wide range
of chill capability that was originally
sought.

The effort to develop welding
parameters for the condition of a
single-pass, free-fall weld insulated
from the weld fixture proved to be
heat input sensitive. Obtaining penetration in accordance with established
dimensional requirements was possible; however it proved to be quite
erratic and inconsistent, i.e., dropthrough bead was not parallel-sided
and was of uneven reinforcement. The
condition that existed once penetration was achieved was that the face of
the weld was concave. Conversely,
when the bead face was convex, the
drop-through was inadequate. Never-

Table 1—Summary of Primary Welding Parameters

Test
run

Fig. 9—Welding torch in position for arc
initiation

REFERENCE:

TEST RUN 2-1 (5X)

Fig. 10—Typical photomacrographs in
T/'C plane (reduced 46% on reproduction)

a

Alloy

Heat sink
condition"

Travel
speed,
ipm

Arc
volts, v

Welding
current,
amps

Filler
metal
Arc
feed
power,
speed,
kiloipm
joules/in.

1

2014 T6
aluminum

Chilled

10

14

237

30

19.9

2

2014 T6
aluminum

Chilled

15

14

277

46

15.5

3

2014 T6
aluminum

Chilled

20

14

324

61

13.6

4

2014 T6
aluminum

Insulated

20

12.9

218

51

8.4

5

2014 T6
aluminum

Insulated

25

13

250

64

7.8

6

2014 T6
aluminum

Insulated

30

13.5

280

75

7.6

7

6AI-4V
titanium

Chill

10

10.4

145

8

9.0

8A

6AI-4V
titanium

Chilled

14

10.5

155

11

7.0

9

6AI-4V
titanium

Chilled

18

10.4

175

15

6.1

10

6AI-4V
titanium

Insulated

20

10

165

9'/4

5.0

11A

6AI-4V
titanium

Insulated

25

9.9

190

12

4.5

12

6AI-4V
titanium

Insulated

30

9.8

213

143/s

4.2

Relative descriptions; for exact sink condition see Fig. 8.
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Fig. 11—Relationship of energy delivered vs. travel speed

To provide as much thermal insulation as practicable with the stainless
steel backing bar, it was further decided to use two thicknesses of fiber
glass tape, a total of 0.020, on the
underside of the holddown fingers.
The holddown fingers were pulled
away from the immediate proximity
of the weld and served merely to

HOLD DOWN FINGER NODES
PARENT MATERIAL NODES
BACK-UP BAR NODES
FIXTURE BASE PLATE NODES

HEATINPUT(qo)

grammed on numerically controlled
tape. These tapes provide the commands in this test for moving the
torch along the 15 in. length of weld,
plus commends for eight of the welding parameters, e.g., arc voltage, weld
current, wire feed speed, etc.
Thermocouple Placement. As previously mentioned, a total of 10 chromel-alumel thermocouples were employed per weld run. Five of these
were located in the test specimen as
shown in Fig. 6. The other five were
located in the weld fixture: three in
the backing bar, one in the holddown
finger, and one in the massive aluminum base plate—Fig. 7.
Although assembly configurations
shown in Fig. 8 are specifically dimensioned for the aluminum runs, they
are also typical of those used for the
titanium runs. It should be pointed out
that, since weld bead symmetry is to
be assumed, only one half of the weld
panel was so instrumented.
Weld Runs

CONTACT
CONDUCTANCE

Fig. 12—Computer node model
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prevent the weld specimens from distorting before each weld was completed. This configuration just described is subsequently referred to as
the "insulated" condition.
The welding parameters were subsequently developed for the two alloys
and two conditions of heat sink. The
twelve sequences were then pro-

1970

With the tooling and weld specimens fully instrumented, the numerically controlled tape was placed in the
Bendix machine control unit, each
channel was calibrated at the recording station and the welding torch
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was positioned as shown in Fig. 9 in
readiness for arc initiation. All 12
weld runs were performed successfully, using the welding parameters previously developed on the numerically
controlled welding machine in the
manual mode. The primary welding
parameters for all twelve runs are
summarized in Table 1 with corresponding values of arc power.
Time-Temperature
Responses. To
provide better resolution, two graphs
were plotted for each weld run—one
exemplifying thermal history for the
base metal and the other for the weld
fixture. These graphs are discussed in
greater detail later.

c

-J

LO

TURE
f6 AL

1

s
3
^z
s

:AL AL H

_ <
u

JJ

><

ill

Z

3 m

S

0. <
L/l UJ

he B Z - * Si1 -•
_

2

OL

u_ .— >

w
?."J>w

UJ

co ? £ z

NG (
A WE

TH .1
20 IF
AINL

n H

LO

5 J>

5

r—

t-

/V( J\

Weld Quality

• • • •

i—

,_ <
s
(
i-OI x j S33!IG3a NI 3UniViJ3dW31

o

1

CD

20 IPM TR AVEL SPEED
• ST AINLESS SIFEEL HEAT SINK
• TE

ING DF EMPIRK:AL - ANALYTIC
TA W ELD THERW AL HISTORIES
) F . 1 J 7" 2014 T 6 ALUMINUM

<

hs

1S
1

-o

h-

i ft

z

o
i/1

V

tt

^

K

ff~U

__^^ « s s *

§

-«~

g

\-

t^Sft^

C w

o

j—

<
£
o

5
u
<p

,-0l x j S33!IS3a NI 38niVli3dW31

c
a>
LO

oo
c
3

<
u

o

u<x

,
£ _, z

9Ea£ _

"* >

H .187" 2C
20 IPM TR/

q

NG OF EM
A WELD TH
IN WEL

a

ANAI
5TOR

•

>-uj

a.

LU

O

o

/////

m

•= -Z .

o
(J

r

—^'
CS

o

f/«

JJ M

n

ffy

OB
o

= •• (
S

@J

• •

<

«
•

•

o

2
1
=

3

D

o

3

3

3

3

| JANUARY

<3

<

>

O

5?
I-01 x i S33!103a NI 3HrUV!(3dW31

22-s

3

1970

LL.

All twelve specimens were inspected for flaws by X-ray and by dyepenetrant. Only two specimens revealed any porosity and it was well
within acceptable quality limits. The
resultant ultimate tensile strengths
were consistent and produced good
joint efficiencies. The specimens were
sectioned in the plane of the thermocouples with TC6 left intact and
mounted—Fig. 10. The lack of symmetry in the weld nugget in this plane
is attributable to the material removed
(counterbored) for thermocouple placement.
The weld nugget cross-sectional
area was required in order to determine the minimum rate of heat input
required to melt the nugget eq ( 2 ) . In
addition, these areas provide an indication of the relative consistency in
producing the same size weld for all
conditions on the same alloy. Since
the cross-section area of the nugget
was distorted locally owing to the
presence of thermocouple 6, a truer
indication of cross-section area was
obtained by measuring the half that
was undistorted, then doubling it. This
value was compared to the theroretical area determined by the target
nugget proportions sought. The ratio
of actual to theoretical area was calculated for the first six weld runs and
was found to average 0.964—a measure of the success in achieving the
target proportion as well as producing
the intended weld size from one condition to the next.
The W/D ratio (weld width/weld
depth) was also determined from
these photomacrographs. In all cases
the initial requirement that W / D be
no greater than 3.0 for the titanium
weldments was satisfactorily met
when copper heat sink was used. The
condition for welding titanium on
stainless steel with insulated holddown
fingers reached 4.0. This may be attributable to the poor thermal conductivity of titanium and the fact that the
weld drop-through did not contact the
backing groove.

The effect of arc power (kilojoules/in.) vs. welding speed has
been graphically summarized in Fig.
11. This relationship was established
while maintaining a constant weld
size. Figure 11 also depicts the relative proximity of the "no-chill" condition using glass rock to that of stainless steel, serving to substantiate that a
stainless steel chill bar simulates the
"no-chill" condition very well.
Heat Transfer Analysis

The essential considerations involved in the building of a satisfactory
node model of the system were outlined above. This section shall be devoted to reporting how these considerations influenced the final configuration of the model.
Effect of Node Size and Number

Computer runs were made using
relatively few, large size nodes. Then
the resulting temperature histories
were compared with the measured
temperature histories to observe the
degree of match. It was discovered,
after several runs involving ever finer
node grids, that the results were very
sensitive to node size near the weld
where the temperature gradients were
greatest—this is not surprising. The
most important discovery was that the
length of each weld bead node, x
(Fig. 1), should be no longer than the
diameter of the weld puddle under the
electrode. This meant that the length
of each weld bead node in the direction of electrode travel should be approximately 0.25 in.
Since the JA56 program is limited
to only 10 heat source tables, the 15
in. length of weld bead of the instrumented specimens had to be represented by only 10 weld bead nodes
whose combined length would be only
2.5 in. Fortunately the temperature
responses of any significance (from a
metallurgical viewpoint) occurred within a radius of about 1.25 in. of the
electrode for all 12 runs—especially
for those at the higher electrode travel
speeds.
A perspective drawing of the finally
developed node model is depicted in
Fig. 12. It was discovered that additional nodes ahead of the tenth weld
bead node were necessary to simulate
the heat sink of the base metal
which is always ahead of the traveling
electrode.
Heat Transfer Coefficients

The heat transfer coefficients for
node-to-node conduction are computed automatically by the JA56 program. The exception occurs when
heat transfer coefficients between certain nodes are made boundary conditions (inputs) by the program user; in

this case, the heat transfer coefficients
would necessarily have to be specified.
Estimates of the heat transfer
coefficients for convective and radiative cooling of the molten weld bead
were calculated and discovered to be
negligible compared to the conductive
cooling of the weld bead by heat
transfer into adjacent base material
and fixturing. The conductive heat
transfer coefficients between nodes
representing the conduction of heat
across faying surfaces of clamped
members is called "contact conductance" and is not computed automatically, but must be accounted for as a
boundary condition. Contact conductance is a function of:
1. The clamping pressure at the
faying surface.
2. The surface finish (smoothness)
of the faying surfaces.
3. The compressive yield strengths
of the two materials in contact.
4. The thermal conductivities of the
two materials in contact.
The contact conductances for the
subject analyses were computed using
the method of Dutkiewicz 10 .
For the six runs on 2014-T6 aluminum, it was necessary to simulate the
casting of the weld nugget against the
copper or stainless steel backing bar.
Just before the "square wave" heat
input to a weld bead node occurs, the
contact conductance between weld
bead node and backing bar node is
low owing to the helium gas gap or
cavity created as the joint (in its solid
state) spans the backing bar groove.
When the joint becomes molten,
immediately after the "square wave"
has passed, the contact conductance
increases by two orders-of-magnitude
as intimate contact is achieved owing
to the casting of the nugget against
the backing bar. This effect was simulated in the node model through the
use of the 10 heat transfer coefficients
vs. time tables. They were applied to
the weld bead nodes in a fashion
similar to that used to simulate the
moving heat source through the use of
the 10 heat source tables. In this way,
traveling contact conductance followed the traveling heat source.
The use of these graphs is illustrated in Fig. 12. Traveling contact conductance was not used for the six
6A1-4V titanium runs because these
were free-fall welds, i.e., no casting of
the nugget against the backing bar
occurred.

of information is sadly lacking for
even the most commonly used alloys.
In the case of titanium 6A1-4V, the
thermal properties are known only up
to 1600° F, whereas its liquidus temperature is 2900° F. Until such data
become available, it is necessary to
extrapolate what is known about a
given material's thermal properties.
Matching of Analytically and
Empirically Determined Temperature
Histories

Because of the computer program
limitations described above, the 2.5
in. length of active weld bead simulation has to represent the 15 in. length
of weld bead of the actual specimens.
This limitation is not so serious when
consideration of Rosenthal's "quasi
steady state" concept is introduced. If
the observer traveled with the electrode he would observe a stationary
temperature distribution all around
the electrode. Ahead of him he would
see that the weld joint temperature is
at its initial temperature except for
the immediate 1 to 2 in. in front of
the electrode; and that this "preheat
distance" would become smaller the
faster the electrode moved. Behind
him the observer would note that the
weld joint is at a much higher temperature but that the cooling gradient is
rather flat except for a distance of
about an inch or two from the traveling electrode for the speeds used in
the welding of thin sheets and plates.

Material Thermal Properties

Figure 13 illustrates this: the timecoordinate for the maximum temperature of TC 6 corresponds to the value
8.6 on the "inches of travel" scale and
represents the position of the electrode at that time. Note that the
steepest gradients (hence, most significant metallurgically) occur within
about 2 in. of the 8.6 location.
The concept of a "test plane" (Fig.
12) stations the observer at some
point along the weld bead, and he
observes the temperature vs. time gradients at various points in this plane.
This observer would note that the
temperature gradients he observes are
significant only when the electrode
passes within 1 or 2 in. of his station;
moreover, the maximum temperature
of the base metal next to the weld
bead occurs when the electrode position is coincident with his observation
station, or "test plane." The foregoing
development is presented so that the
superposition of the analytical temperature vs. time graphs may be better
understood.

For the type of analysis described
here, it is necessary to know the thermal conductivity and specific heat of
the materials to be welded over the
entire range from room temperature
to the liquidus temperature. This type

The analytical graphs were overlaid
onto the empirical graphs such that
the time coordinates of the peak temperatures of thermocouple 6 (node 6)
were made coincident—Fig. 13. This
time-coordinate indicates the instant
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that the electrode was in the test
plane.
Figure 13 depicts the degree of
match achieved for the runs noted,
but they are also typical of the
matches achieved for the remainder
of the runs. The degree of match for
thermocouples 6-10 is remarkably
24-s | J A N U A R Y
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close, whereas the superpositions for
thermocouples 1-5 were not nearly as
close as was desired.
The lack of coincidence for thermocouples 1-5 is indicative of the
sensitivity to the inaccuracy of the
contact conductance values used. The
successful matching of the thermocou-

6v
ple data for those in the part (thermocouples 6-10) has value from a metallurgical point of view. If a finer
node grid adjacent to the weld bead
were to be employed, the size of the
heat-affected zone, the maximum temperatures and cooling rates therein
could be predicted with sufficient ac-

curacy for a metallurgist to predict
the microstructure for alloys that are
cooling-rate sensitive.
The lack of match of the maximum
temperatures for thermocouples 6 and
7 has two possible explanations—
namely,
1. It was necessary to counterbore
into the panel of the aluminum specimens in order to provide clearance for
the swaging tool used to fasten the
thermocouple junction to the specimen. This locally reduced crosssectional area would have a dampening effect on the thermocouple's response to steep temperature gradients.
2. The sampling rate of the instrumentation was too low to capture that
instant when temperature peaked.
In summary, it is concluded that a
satisfactory node model has been developed which is capable of predicting
heat inputs to the weld bead, size of
heat-affected zone, maximum temperature and cooling rate in heat-affected
zone for single pass butt welds in thin
sheet and plate.

Format for Reporting the Results
If the node model developed above
were used to predict heat inputs for
many different alloys and electrode
travel speeds, one would be faced with
the problem of how to organize this
information so that it would be meaningful to the welding engineer. This
problem was given some thought and,
in the process, three parameters were
defined in order that better organization of the heat transfer information
may be achieved. The definitions are
stated below.
Minimum Heat Flow Rate Required
to Melt the Nugget

If there was no heat leakage into
the base metal and the weld fixture,
the only heat required to melt the
nugget would be that which is necessary to raise the nugget to its melting
temperature plus that accountable to
the latent heat of fusion of the nugget
material. This rate of heat transfer is
predictable and is defined by the following equation:
qm = avp[c(Tm - T0) + H,\

(2)

values of the actual heat inputs required
to make the same weld upon which qm
is based. For example, it will subsequently be shown (Figures 14 and 15)
that for run 1, about 3 times the value
of qm must be absorbed by the nugget
to overcome leakage of heat into the
parent material and tooling; and about
7 times the value of qm must be generated
in the arc in order to produce the same
weld upon which qm is based.
Net Heat Received by Nugget from
Arc

The heat input used in the computer
runs, q„, must be understood as being
the net heat received from the arc. This
paper does not consider the problem of
heat transfer between the arc and the
weld puddle, but rather, determines the
heat flow rate necessary to produce the
intended weld by considering the temperature response of the parent metal.
It is rightly assumed that the arc is
always capable of delivering q0 to the
nugget (arc temperatures are reported
to be of the order of 30,000° K..11)
Arc Efficiency

Arc efficiency, -q, shall be defined as
the ratio of the actual heat flow rate to
the puddle, q0, to the total heat flow
rate in the arc. Expressed in percent and
stated mathematically:

n=-xioo

(3)

Hi

where q, = total heat input, and for a
d-c arc:
q, = amps x arc volts

(4)

Until more knowledge pertaining to
arc physics becomes available, ?? will
have to be determined empirically. It is
hoped that ultimately such an accumulation of data will suggest a law whereby j; may be predicted. If 17 were known
or could be estimated rather accurately

for a given weldment/tooling configuration, q„ could be determined by the
computer; then by applying equation
(3), 1? 1 could be determined. Knowing
q, and using experience or some other
criterion to determine the proper arc
voltage, equation (4) could be applied
to obtain the proper welding current.
Data Presentation Format

The method of Dimensional Analysis
was used to relate all the variables upon
which q0 depends. The method is decribed in detail by Langhoar. 5 Only the
results are presented here to conserve
space. The first step is to list the pertinent variables in the form of a functional
equation:
<?„ = /fam, Tm, T„, a, d, v)

where a = thermal diffusivity of the
parent material, a = — where, k is the
Pc

average thermal conductivity of the
parent material over the range (Tm
— T„); S = thickness of the sheet or
plate being welded. Tm and T0 are the
absolute melting and initial temperatures, respectively; qm, q0 and v are the
same as defined previously.
The seven variables of equation (5)
are expressible in terms of three dimensionless products as a result of the Dimensional Analysis. These dimensionless products and their assigned names
are:
— = "heat input coefficient"
qm
T0

"heat intensity coefficient"
'heat transfer speed coefficient"

The Dimensional Analysis provides
the means whereby the seven variables
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where qm = the minimum heat flow
rate required to melt the nugget at
electrode speed, v; a = cross-section
area of the nugget; v = speed of the
electrode; p = density of the nugget
material; Tm = melting temperature of
the nugget, i.e., the liquidus temperature; T0 = initial temperature of the
nugget; average specific heat of the
nugget material over the temperature
range (Tm - T„); H; = latent heat of
fusion of the nugget material.
The parameter qm, is useful as a unit
of heat flow rate. It aids in judging the

(5)
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may be expressed on a single graph.
The results of all twelve runs are
expressed this way in Fig. 14. Use of
this format makes it possible to express qn for a given weldment-tooling
configuration, which may involve different alloys as well as different travel
speeds. This format not only provides
an economy of space, but also facilitates interpolation and extrapolation
of known data to provide estimates of
heat inputs for different materials and
electrode speeds where actual data are
lacking.
The "heat intensity coefficient"
provides a method of specifying the
base material because each alloy has
a unique melting temperature. The
"heat transfer speed coefficient" accounts for the electrode travel speed
as well as the speed with which heat
tends to transfer into the parent material. The "heat input coefficient" is the
purpose of the entire graphical plot
because it is necessary for the determination of the proper current and
arc voltage settings.
Efficiency, n, may also be plotted in
terms of the "heat intensity coefficient" and "heat transfer speed coefficient". This would be a very compact
format for accumulating empirically
determined efficiency data. The efficiencies were determined for the twelve
runs and plotted this way in Fig. 15. A
study of this plot in conjunction with
other observations suggests the following generalizations:
1. Welding at very low speeds results in low efficiencies because of the
inordinate preheating of the parent
material ahead of the electrode.
2. Welding at very high speeds results in lower efficiencies because of
the inordinate superheating of the
puddle which is necessary to drive the
heat in fast enough to compensate for
the lack of preheating ahead of the

electrode and the short incremental
time at any point along the bead. This
is illustrated in Fig. 16.
3. The terms "high speed" and "low
speed" used in items 1 and 2 above
must be related to the thermal diffusivity of the parent materials involved. The efficiency curves for the
titanium alloy, a low diffusivity material, indicate that very high speeds
could be used before efficiency would
begin to decrease. For the aluminum
alloy, a high diffusivity material, a
slightly diminishing efficiency within
the range of the moderate speeds used
was indicated.

Conclusions
The proportion of heat generated in
the arc that actually enters the weld
puddle (q0) may be determined by
computer assisted analysis. This has
been demonstrated by the successful
matching of temperature histories determined both analytically and empirically. This parameter in combination
with arc efficiency (n) and arc voltage would permit calculation of the
welding current for the desired weld.
The limited experience gained from
this effort suggests the following generalizations:
1. Slow travel speeds result in lower
arc efficiency because of inordinate
preheating ahead of the arc.
2. High travel speeds likewise result
in low arc efficiencies because of inordinate superheating of the weld puddle.
3. Between these travel speed limits
lies a point that renders the highest
arc efficiency.
4. The optimum speed for peak arc
efficiency is higher in alloys possessing
low thermal diffusivity (a) than those
with high thermal diffusivity.
The weld bead node in a computer
node model should be no longer (in

the direction of electrode travel), dimensionally, than the diameter of the
molten weld puddle.
The presence of the holddown
finger and its location relative to the
weld joint is significant as a path of
heat extraction. The width to depth
ratio of the weld increases as the
spacing of the holddown fingers increase, especially so in the case of the
low thermal diffusivity titanium alloy.
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til
CcorreclLon
See "Influence of Metallurgical Characteristics on Resistance Welding of
Galvanized Steel" by L. M. Friedman and R. B. McCauley which appeared
in the October 1969 Welding Research Supplement, pages 454-s to 462-s.
The middle column on page 457-s refers to "weld deterioration after 38,000
welds"—this should read, 3800 welds. The left column on page 458-s states
"no wonder that underside wells were produced"—this should read, undersize welds.
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