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1.0 INTRODUCTION

The original research contract on "Analysis of Thermal
Stresses and Metal Movement during Welding" was initiated
on May 15, 1969 with a appropriation of $35,390. The
study was completed on October 14, 1970, and the £f£inal
report of the study was published on December 15, 1970,
as the NASA Contractor Report CR-61351.

T A

The extension of the contract became effective on

October 14, 1970 with an appropriation of $19,735. In
June 1972, the contract was further extended with an
additional appropriation of $10,000. In June 1973, the
contract was again extended until June 30, 1274 with ho
additional funding. This report covers the work from

October 14, 1970 to date,



2.0 SCOPE OF THE EXTENDED RESEARCH CONTRACT

The scope of the extended research contract is described
in Modification No. 3 of Contract No. NAS8-24255, issued
in November 1970. The revised contract covered the
following phases and tasks:

Phase B, Task 4. To develop a system of mathematical

solutions and computer programs for one (1) dimensional

analysis and for two (2) dimensional analysis.

Phaée D. Adapt Phase B system of mathematical solution
of temperature change, stress and strain to refrac-

tory metal alloys Cb752 and Ta222 as have been developed
for aluminum. The emphasis of analyses should be

made for GTWA process, 20-6) inches per minute,
0.10-0.020 inches thick and heat input widely ranging
about 200,000 joules/inch/inch. Necessary metal
movement and stress measurements or materials will

be furnished by the government as determined by MSFC.

As decided in Modification No. 7, issued in June 1972,
the scope of research was expanded to cover the following

phases:

Phase E. Perform a mathematizal study of bending
stresses 2~ distortion of 2219~787 in the thickness

direction-aluminum only.

Phase F. Perform a mathematical study of thermal
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stresses and metal movement in joining thin cylindri-

cal shells-theoretical portion only.

In June 1973, the program has been further expanded

to include:

Phase G. Perform experiments on thermal stresses and

metal movement in joinine thin cylindrical shells.




3.0 PROGRESS OF RESEARCH

Phase B, Task 4 and Phase D

Appendix A of this report, which is the thesis
entitled "Investigation of Thermal Stress and Buckliny
During Welding of Tantalum and Columbium Sheet" prepared
by Mrs. K. Anne S. Hirsch describes the work on Phase B,
Task 4, and Phase D.
Chapter II of the thesis describes mathematical analyses
on thermél stresses.
Chapters III and IV describe experimental procedures
and results. Experimental results were compared with
analytical predictions. Important results obtained are

as follows:

(1) Temperature changes during welding of tantalum
and columbium sheets were comparable to those
predicted by the mathematical analysis.
(2) The one~dimensional program was found to be
very accurate in predicting thermal strains
parallel to the weld. Experimental results
and theoretical results were in excellent agreement.
(3) Since the one-dimensional program was capable
of analyzing only one strain (or stress) component,
a study was made to develop a two-dimensional

program capable of znalyzing all the three



components under the plane-stress condition.

To overcome mathematical difficulties involved

in the two~dimensional analysis, the finite-
element analysis was used. The problem, however,
is a compromise between the accuracy of calculation
and computation cost. The accuracy of calculation
can be improved by using a finer grid system, but
as the number of elements increases, computation
cost increases tremendously. The two-dimensional
program as developed by Janurty, 1972, was not

able to provide results with satisfactory accuracy.

Phase E

Appendix B of this report, which is the thesis
entitled "Analysis of Two-Dimensional’Thermal Strains and
Metal Movement During Welding" prepared by LCDR Jon J. Bryan,
USN, describes the work on Phase E.

Chapter II of the thesis describes mathematical
formulations of the two-dimensional finite~element analysis
of thermal stresses during welding. The significant contri-~
bution that LCDR Bryan has made is to develop a mathe-
matical system for expressing temperature dependencies
of various material properties, including yield stress,
coefficient of linear thermal expansion, thermal conductivi-

ty, etc.



Chapters III, IV, and V describe experimnental procedures,
data reproduction, and results, respectively. Experiments
were conducted on butt welds and bead-on-plate welds in
aluminum. Measurements were made of temperature changes,
thermal strains and relative movements between both sides
of the weld line. Computer programs were developed to
process a large number of data generated. An important
scope of the study by LCDR Bryan was to generate reliable
experimental data. Important results obtained are as

follows:

(1) Butt vs. Bead-on-plate Characteristics. Figures

41 through 44 of Bryan's thesis provide tempera-
ture distribution data for the tests with strain
gages installed and Figures-45 through 51 provide
data on transverse and longitudinal strain dis-
tribution resulting from these tests. 1ldeally,

a butt weld becomes more and more like a bead-on-
plate weld for multipass situations. One would
hope for a two-dimensional model which could cover
both cases. However, Figures 43 and 44 show a
different initial temperature distribution for
bead-on-plate and butt welds. This implies that
for the plate thickness utilized in this study,
which was 1/4 inch, the two types of weld will

behuve somewhat fifferently in the way of thermally-



(2)

induced strains, moments, and distortions., The
bead-on-plate weld is not a two-dimensiocnal
situation, but the butt weld clearly is.

This is because the arc force penetrates into

the joint gap and the plate edges in the joint
are evenly heated in the thickness direction,
Figures 45, 46, 48, and 49 seem to agree with
this observation for strains, since bead-on-plate

values do not match the top ones.

Use of Strain Invariant. When one deals with

transient thermal stresses during welding plates,
he faces a difficult task of analyzing three

«? cy and Txy, which change
with time. During the experiments at M.I.T.,

stress components, ¢

difficulties were experienced in analyzing data
and obtaining some trends.

In order to simplify the analysis, an attempt
was made to utilize strain invariant, I, as

follows {see Equation (64) in page 81):

_ 2 _ 2 2.1/2
I = (cx chy + oy + 3Txy )

On +*he basis of the theory of plasticity, the
material is in the plastic condition when I is
larger than the value of yield stress.

Figﬁres 56, 57, and 58 show changes of I/cys

Sy fepssian  arito
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during welding. Values of I/oys give rather
consistent, explainable results compared to other

values such as o , and the direction of pron-

X Uy
cipal stress (¢x), shown in Figures 45 through
55. Figures 56, 57, and 58 also show some regions
near the weld undergo plastic deformation when

the temperatures reach their maximum values.

The study by LCDR Bryan provided useful experimental data.
However, he did not have enough time to compare experimental
data with analytical predictions. This effort is being

carried out by Dr. T. Muraki.

Phase F.

Efforts have been made by Dr. T. Muraki to develop
mathematical analysis of thermal stresses and metal move-
ment in joining thin cylindrical shells, Basic equations
have been developed and numerical computations are being

made.,
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4.0 PLAN FOR THE FUTURE STUDY

A plan for the future study from July 1, 1973 through
June 30, 1974 is as follows:
(1) Phase G experiment

(2) Complete description of theoretical studies

4.1 Phase G

Although basic equations have been developed to analyze
thermal stresses and metal movement in joining thin cylin-
drical shells, it is important to compare analytical
- solutions with experimental results, Efforts will be
made to generate experimenﬁal data on cylindrical shells.
The extent of the efforts, however, depends upon the

avalilability of naval officer students.

4.2 Complete Description of Theoretical Studies

As described earlier in this report, a major problem
in the theoretical study is how to develop a computer
program with satisfactory accuracy and reasonable cost.
During the entire course ¢f this research, persistent
efforts have been made to achieve that goal and computer
progrmas have been modified for many times.

At the end of the current research program, a complete
description will be given of most progressed computer

programs.




APPENDIX A

Thesis by Mrs. K. A. S, Hirsch

PRFCENING PAGE BLANK NOR FILNFY



INVESTICATION OF THERMAL STRESS AND BUCKLING DURING

WELDING OF TANTALUM AND COLUMBIUM SYEET

BY

KATHRYN ANNE STREET HIRSCH
B.S., MATALLURGY AND MATERIAL SCIENCE
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

(1969)

SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR
THE DEGREE OF

MASTER OF SCIENCE

AT THE

MASSACHUSETTS INSTITUTE OF TECENOLOGY

JANUARY, 1972

SIGNATURE OF AUTHOR: ﬁy_/z 'i:t éém ,ﬁ' :m_-,,«-‘j,’;;wé
Department of Ocean Engineering

January, 1972

CERTIFIED BY: /4 e Polpen el

Thesis Supervisor

ACCEPTED BY:

Chairman, Departmental Committee cn
Graduate Students

e e T
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BY
KATHRYN ANNE STREET HIRSCH
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ABSTRACT

The heat flow and stress-strain analyses of bead-on-plate
welds is discussed and curren£ efforts to apply the theory are
outlined. Temperature and strain data from welding experi-
ments on tantalum and columbium {niobium) sheet are presented.

The experimental data are compafed to analytical
predictions obtained from both one-~ and two-dimensional com-
puter programs aeveloped for the National Aeronautics and
Space Administration. Results indicate that the one-
dimensional program can be used to predict and analyze bead-
on-plate weldments. The two-dimensional program, however,
needs more programmer work in order to become a viable tool.
Analytical and experimental evidence indicate that tantalum

and columbium may be welded in thin sheet form but with a

measure of local thermal buckling.
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I TINTRODUCTION

A, Background

Welding is one of the most widely used methods for the
fabrication of complex structures, because welding offers
various advantages over other fabrication processes such as
riveting and casting. There are, however, several undesired
effects inherent in this process. Among these are residual
Btresses, distortion, and buckling. The primary cause of
these phenomena is the presence of thermasly induced plastic
strain brought about during the welding process. It is the
object of this thesis to study the effects of elevated tempera-
ture on the amount of residual stress, distortion and buckling
in the material.

Residual stresses in a material may lead to low stress
brittle fracture. Below a certain transition temperature,
normally ductile materials may fracture catastrophically in
brittle mode in the presence of high tensile stresses and
notch defects. Such defects are common in welding and are
present'as cracks or lack~of-fusion spots. Since residual
stresses in the heat affected zone may be at or near the yield
strength of the material, very little applied stress may be
necessary to cause fracture.

Distortion and buckling reduce joint strength by causing
mismatching. They may also impart initial deflection in

structural members which can result in premature yielding.
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Woxrk has already been done at M.I.T. developing one-and
two~dimensional computer analyses of strains induced by non-
uniform heating. These programs have been compared with ex-~
perimental data obtained from aluminum and steel sheet. This
thesis was undertaken with the thought in mind of broadening
the previous scope by considering new materials and adding a
buckling analyeis to the wealth of strain information aiready
obtained.

Tantalum and columbium exhibit excellent high temperature
properties., Figure 1 compares the yield strength versus
temperature curves of tantalum and columbium to those several
of other structural materials. This is particularly important
for aerospace applications where reentry temperatures range
from 2000° to 4000° F depending on the trajectory. The melt-
ing point of tantalum is 5425° F--well within the safe range.
It exhibits a low ductile~to-brittle transition temperature
and excellent fabricability for a refractory metal. Columbium
(also called niobium) melts at 4474° F and is currently being
used in several experimental high-temperature structural
alloys. In comparison to the previously studied alloys of
aluminum and steel, these should give investigators an idea
of the promise of refractory metals as structural waterials.

As represented in Figure 1, the ultrahigh strength steel
has an excellent'yield stress capability but only over a
limited temperature range. Heat treated aluminum and low
carbon steel retain their respective strengths only as far

along the temperature scale as does high strength steel. Tor
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any application over 1500° F these materials will suffer
severe decreases in desirable material properties. Columbium
and, more specifically, tantalum fall into a different cate-
gory of materials. They demonstrate a reduction in strength
at approximately 1500° F, however, they retain at least a
moderate ylield stress beyond this point. This indicates that
these two materials show promise for use in applications
which call for service in a wide range of temperature, while
retaining structural stability. Thus, application to the

NASA gpace shuttle program gssems most appropriate.

B. Welding Stress-~Strain Development

Because a weldment is locally heated by the welding arc,
the temperature distribution in the weldment is not uniform
and changes as welding progresses. This nonuniform tempera-
ture distribution causes thermal stresses in the weldment
which also change during the process.

Figure 2 shows schematically how welding thermal
stresses are formed. Figure 2a indicates a bead-on-plate
weld in which a weld beacd is being deposited at a speed, v.
O-xy is the coordinate system; the origin, O, is on the sur-
face underneath the welding arc, and the x-direction lies in
the direction of arc travel.

Figure 2b shows the temperature distribution along
several c¢ross sections. Along Sectipn A-A, which is ahead of

the are, the temperature change due to welding, AT, is almost
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zero (Figure 2b~l). Along Section B-B, which crosses the
welding arc, the temperature distribution is very steep
(Figure 2b-2). Along Section C~C, some distance behind the
arc, the distributicn of temperature is as indicated in
Figure 2b-3. PFar behind the arc (Section D-D), the tempera-
ture change due to welding again diminishes (Figure 2b-4).

Figure 2c shows the distribution along these sections
of the x-direction stress, Gypo Stress in the y-direction, cy,
and shear stress, Txy, also exist in a two-dimensional stress
field but are secondary and are neglected in this discussion.
Along Section A~A, thermal stresses due to welding are essen-
tially zero (Figure 2c-l). The stress distribution along
Section B-B is shown in Figure 2c-2. In the area beneath the
welding arc stresses are near zero because molten metal cannot
support loads. Immediately outside the weld ruddle, stresses
are compressive because thermal expaneion of these areas is
restrained by surrounding areas that are heated to lower
temperatures. Since the temperatures of the areas immediately
adjacent to the puddle are quite high and the strength of the
material is correspondingly low, stresses in these areas are
as high as the yield strength and plastic straining occurs.
Stresses in areas away from the weld are tensile and balance
with the compressive stresses near the weld. In other words,
fux - dy = 0, across Section B-B.

The distribution along Section C-C is shown in Figure 2:-3.

Here the weld metal and base metal regions near the weld are
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cooling and tend to shrink. This causes tensile stresses in
these regions near the weld z2nd compressive stresses in areas
further away.

Figure 2c¢-4 shows the stress distribution along
Section D=-D. Continued cooling and shrinkage has left very
high tensile stresses in and near the weld, and offsetting
compressive stresses across the rest of the section. This
is the residual stress distribution after complete cool-down.
Note that the cross-hatched area, MM', in Figure 2a
indicates the region where plastic deformation occurs during
the welding thermal cycle. The region ocutside MM' remains

elastic during the entire cycle.

C. Previous Investigations

Under the sponsorship of NASA an ongoing series of
projects on welding parameters has been undertaken. These
projects comprise the first concise look at welding technology
in this country as seen by the engineer rather than the welder.

The first project in the series consisted of an
improvement of earlier attempts by Battelle Memorial Institute,
Columbus Laboratories to develop a computer'program for cal-
culating 1ongitudlpal stresses during bead-on-plate welds.

The results of the Battelle study are covered in a report
(RSIC-820) published by the Redstone Scientific Information
Center, U. 8. Army Misslle Command.[l] The M.I.T. work added

to the . cope of the previous program by considering, in
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addition, an investigation of the temperature changes caused
by the welding arc, including an analysis of temperature dis-
tribution due to the heat generated by the welding arc; A
system of mathematical statements was developed describing
the phenomenon of tharmal stresses and plastic strains during
welding. Computer programs for a one-dimensional analysis of
the problem and subsequently a finite element two-dimensional
analysis were written.[zl

The next phase off the program was to compare the
analytic results with experimental data. Bead-on-plate welds
were made on 2219 aluminum alloy plate, l/4-inch thick.
Various welding conditions were used during the experiments.
The correlation of data proved the computer program to be an
accurate and highly useful tool fér predicting the magnitudes

and directions of residual stresses.[3]

In general, longitu-
dinal strains (along the axis of the weld) were predominant.
Transverse and shear strains were of smaller magnitude, except
in the immediate area of the welding arc. For this reason,
the one-dimensional computer predictions were essentially
verified., Heat input significantly affected the extent of the
tensile residual stress zone. High compressive stresses
occurred in areas ahead of the moving arc. Figure 3 is a
schematic of the development of the current welding analysis.

The next step in the development of a suitable weld
analysis technique was to experiment on different materials
under different conditions. Transient strain and temperaztvre
data were obtained from welding experiments on low-carbon and

high-strength steels with different strength levels (up to
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180,000 psi yield strength). These experiments were designed
to approximate ship structural weldments including thiCk-
section, multi-pass butt welds. The experimental data were
compared to the computer programs and results indicated that
the programs could be used to analyze complex structural weld-
ments applicable to ship and submarine fabrication.

It was now apparent that the programs had merit for weld
analysis, therefore, another attempt at fundamental applica-

tion of the computer was proposed. Johnsonls]

performed experi-
ments on flame heating to remove the residual stresses induced
by weldments in steel. He again used thick plate sections.

The program was not as successful as previously, due to the

large area of the flame heat source.

D. Objective of Thig Study

This particular investigation is an attempt to broaden
the scope of previous investigations even further. Two new
materials are being used~-namely, tantalum and columbium.
These refractory metals have previously defied all attempts
at welding due to the ease at which they oxidixe in the pres-
ence of elevated temperatures. Thin sheets are being used on
the order of .012 to .015 inches thick instead of the 1/4-inch
plate sections used in the past. This means that the necessity
has arisen for which we must take heat loss by convection from
the sheet surface into consideration. BAll equations and the
subsequent computer program must be modified to include these

convection terms.
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T"his investigation is of particular interest lo HASA
becausa they are considering manufacturing the gpace shuttle
from tantalum or columbium. In sponsoring the contract, they
requested the experimental welds be made using a gas tungsten
arc apparatus in order that this report might simulate welds
which could be made on a production-line basis.

As a follow up to previous studies using the NASA
computer program, this investigation will use the one-~ and
two-dimensional weld analyses.

Some study of buckling of sheet after welding has
already’been donell] but little progress was made. This
paper devotes a section to an attempt to develop an extremely
simplifiedvbuckling analysis applicable to welded structures.

As far as we know, this is the first study ever published
covering transient local buckling near the arc. Studies on
transient thermal strains near the arc exist as do works on
buckling of the entire plate afterx welding,[sl however, none
has been published on local buckling which moves with the arc.
This is a significant problem in the fabrication of structures
using thin sheet. Without the use of a computer, such a study

is virtually impossible.
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II THEORY

A, Heat Flow Analysis

Derivationz ¢f the heat flow equations have been set
forth by several authorxrs. Chief among these are Myers, et al[7]
who give a derivation and a number of solutions which are
applicable to various welding processes. Unfortunately, it is
not yet possible to calculate with satisfactory accuracy, the
thermal cycles in the vicinity of the weld made under given
welding conditions.

Figure 4 shows schematically the temperature distribution
in a plate on whose surface a weld bead is being laid at a
speed, v. Curves 1 to 6 represent isotheimal curves on the
surface, while the dotted curves répresent isothermal curves
on the transverse sectior, ABCD. O-xy is the coordinate axis;
the origin, 0, is on the surface underneath the welding arc,
the x-axis lies in the direction of welding, and the z-axis is
placed in the thickness of the plate, downward.

The fundamental expression for heat conduction is given
by the Fourier heat flow equation, as follows:

2 2 2
aemK[ae+ae ae]

+
322
The mathematical analysis of heat flow in a weldment is
essentially a solution of this equation for a given initial
condition {initial temperature distribution) and a boundary
condition {shape and intensity of the heat source, geomctry

of the weldment, etc.).
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Two features of heat flow during metal-arc welding are:

1) 7The heat source moves, usually at a constant speed,
on or near the surface of the workpiece.

2) The size of the heat source (welding arc) is small

compared to the size of the workpiece.

Consider the case of a solid through which heat is flowing
but in which no heat is generated. The temperature 8 at the
point P{x,y,2z) will be a continuous function of x, y, z and t,
and the first differential coefficients of 0 will also be
continuous. If we define é = dQ/dt +to be the rate of heat
transfer across one face of a rectangular parallelepiped,
where p is the density and ¢ the specific heat of the solid,
we have the time rate of change of internal energy per unit

volume equal to:

. _ . .?._S.
Q, =P ' ¢ (5p) (1)

If we expand this expression:
38, _ 98 ,,98 3,498
P c ('“B—E) = -3_}?()\76.?{) + (7&. + 'éfz"(kaz (2)

This then becomes

2 2 2 2
o438y _ . 9% , 3%0 , 298, , 9A[,90 20

We assume that 9A/96 = 0, thus removing the last terms of the

equation.

Such a condition is realized in many cases of practical
importance.

The temperature distribution for welding is calculated

from the analytic solution of the linearized heat flow equation
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"or a moving line source. This equation is linear because
the material properties have been assumed to be constant with

temperature. The linear heat flow equation for a flat plate

98 o (28,28, 38, (4)
° 8x2 ayz az2 '

where
8 = temperature change

K = A/cp, thermal diffusivity
¢ = specific heat
p = density

A = thermal conductivity

Quasi-stationary. In the case of a moving heat source,

it is convenient to express this egquation in a coordinate

system moving with the heat source. The eguation then

becomes:
3%0 . 3% . 3%9 v 30
2y S B (3)
aw oy 0z

where
Ww =3 - vt
v = speed o1 moving source
If this equation is solved for a moving line source of
intensity, g, where
q = Q/h
H

il

plate thickness

Q net heat input



The following solution is obtained
- 5% W v
8 ~ 0, = max © ko (e T) (6)
in which
v = sz + y2
KO(z) is the modified Bessel function of the second kind

and zero order.

Nonstationary. For two-dimensional nonstationary heat

flow, consider an instantaneous line source, q; cal/cm occur-
ring at P'(x',y') in an infinite plate at a time, t', and
then extinguishing the =2quation for temperature change at
P{x,y) and at time, T, then becomes:
(x—x')2 + (y*—y')2
_° dic {(£~t") qy
4 (t-t') ce

(7)

Temperature change due to a moving point source can now
be obtained using equation (7) in the integrated form:

- (x - vt)2 +4x3
c e Qm(to + tl - t)

t
@ -8 = f
0 4Kﬂ(to + &

4 at (8)
o _ cp
1 t)

Equation (8} can also be expressed as follows:
v2 2
v IE(t0+tl) -7 - L
T 5

- = e
8 o, ey © fz z dac (9)

where W= X - v(to + tl)

[\

(v/4k) 2 (w? + y?)

=2
1t
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Equation (9) represents a general solution for
two~dimensional heat flow when laying a straight weld bead.
By assuming that welding continued from t, = 0 to t_ = 4= ,

(ol
the temperature in the nonstationary state is obtained as

follows:
2
v -7 - X v
- z=w @ 4 - =W
- 2K e . 2K v
° - & =y © I =g =mxe T Klx o

(10)
Consider a plate lying in the xy-plane and its thickness,
b in the direction of z to be sc small that the temperature
may be taken to be constent o#er it. This is a plausible as-
sumption using the generalized plane problem:
b/2

J 8lx,y,z)dz = 8(x,y) (11
-b/2

T

Let B be the outer conductivity of tl : material, A its thermal
conductivity, p its density, and ¢ its specific heat, then
the differential equation satisfied by the temperature in the

plate is found to be:

2 25

90 , 98 pe 98 2B ,z =
LA R A - (6 - 8.) =20 (12)
axz By‘ A o€ A (o)

where Bo is the temperature of the surrounding medium.

Defining az, the radiation constant, as:[B]

a® = == {13)
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The egquation becomes:

- 2=
0 3”0 2=

5%
For the sake of simplicity, we will use 9 instead of 6 in the
rest of this thesis.

If we solve this new radiation equation using the modified

Bessel function as we did before, the new solution becomes:

v

-
- = .9 _ 2K
8 Oq Tay © Ko(fa'7x r) (15)
where
1
v = 2w+ y?)
2
T .2 v
a’ = a +ﬁ
2

a“ is defined as the radiation constant with units of 1/sec
and is obtained from the formula:
a2 = 2E/cpb

where

[ 21
1

radiation heat from the unit surface by unit
temperature difference per unit time, cal/cmzsec °C

b = thickness of the plate, cm.

E can be determined experimentally from the formula[gl
-9 . __c_ .
E=5 9 - 0 v (16)

where

£
I

weight of specimen, gm
2

tn
i

surface area, cm

0 = temperature of plate
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%

A
c

1}

room temperature

1

cooling rate, °c/sec

By this method we can treat the heat flow in a thin sheet as

a two-dimensional heat f£low problem with a2 representing a heat
sink. In this case, a2 is not constant but varies with
temperature.

The problem is not purely heat loss due to radiation into
the atmosphere, because copper backing plates were used in the
experiment. These undoubtedly had an effect on heat dissipa-
tion. Since the problem is somewhat complicated for a precise

analysis, we simply use a2 to represent the heat sink.[l7]

B. ©Stress Analysis

The second major aspect of the analysis of welding
processes is the calculation of stresses and strains which
result from temperature distributions.

Although many problems may involve only elastic effects,
considerable work has been done on plastic deformation. In
general, metals behave elastically up to some limiting value
of stress or equivalently some limiting wvalue of strain. For
most, this behavior may be considered to be linear, that is,
the stress is proportional to the strain. The constant of
proportionality is the Young's modulus of the material. If
the material is sfrained beyond the yield point, the stress
increases, but at a lower rate than before. For some materials
very little strain occurs, and they may be considered perfi:ctly

plastic.
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If the stress is then removed, the material behaves
elastically and returns to the zero stress level with a finite
amount of strain. When the load is again applied, the mate-
rial behaves elastically up to the maxinmum previcus stress.

When a material has undergone plastic deformation, this
deformation remaing after the load has been removed. Although
the phenomenon is not time dependent, the material does remem-
ber its past history. It is posgsible to obtain different dis-
tributions of gtrain for the same stress distributions if
loading histories are different. As a result, stress and
strain must be calculated for small increments of loading not
merely for the final loading if plastic deformation occurs.

There are several different theories for predicting the
yield point of a material which has first undergone plastic
deformation in tension and is then loaded in compression or
vice versa. They are illustrated in Figure 5. For a purely
plastic material, all of these theories are equivalent. The
present analysis employs the second theory in which the
initial yield points are indeper.ient.

A normal stress-strain curv. is obtained from a uniaxial
tension test. If such tests are run at different temperatures,
different curves will result. In general, both the yield
strength and Young's modulus will decrease with temperature.
In this way a fémily of curves is obtained which may be
pictured as a three-dimensional surface with the third coor-
dinate representing temperature as shown in Figure 6. Uhis

surface, however, has been constructed by considering the
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material behavior at a fixed temperature only, and does not
really indicate how the material behaves under changing
temperatures.

As has been mentioned in the section on heat flow, the
two~dimensional approximation gives a fairly realistic model
of the welding of thin sheet since the temperature does not
vary with thickness. In this case the plane stress formula-
tion may be used with stress and strain being considered
uniform in the thickness direction, and 0,0 the stress in
this direction assumed to be zero.

The equilibrium equations involve the longitudinal and

transverse stresses “x and o, and the shear stress Txy, these

Y
equations are:

o0 aT

=+ B;Y = 0 (17)
:1¢] 9T
—gz‘y’—"" "—'55};2-"' 0 (18)

where there are no body forces acting on the material.
In order for the material to remain continuous, the
longitudinal and transverse strains € and ey, and the shear

stra. °, €__, must satisfy the relation:

Xy
Bzex 325 Bzex

5— + zy - 2 §—§~X-= 0 campatibility equation (19)
Y ox ®oy

The stresses and strains are related by the following:

ey = 1/Elo, - “Uy) + a1 + €p +_A€§ (20)
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p P
= 1/EBEl{¢_ - uo + af + 5 + Ac {21
€y /E( y H x) y v )
o= P P
exy 1/G Txy + Exy + Aexy (22)
where
E = Young's modulus
U = Poisson's ratio
G = shear modulus = E/2(1 + p)
o = coefficient of linear thermal expansion
T = temperature above referance temperature
Aeﬁ, Aeg, Aeiy are the plastic strains due to the last
increment of load.
Ei, 55, eiy are the plastic strains due to previous
increments of load.
The incremented plastic strains are found from the
stresses using the following relaticns:
P Ae
= P -
Ae,, 7, (20, o’y) (23)
p Ae
Aey = EEE (20y - cx) (24)
Ae
p _3 p
AEyy R Txey (25)
where
9 o 1/2
og = (o, + Gy" " Oy + 3Txy ) (26)
Ae = 2/V/3 [(AeP) p P ,.P P
P x)* o laeg)  + fey ey + (Beyy) ] (27)
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There are several types of strains involved in this
discussion. '"The first type ig the total strains, € v ey, ete.
These strains zre related to the actual displacements in the
material and are the strains that are actually measured.

The thermal strain, aT, is related to the expansion that
would take place if each part of the material were completely
free to expand, That is, the surfaces of the material are not
restrained, and the temperature distribution is such that the
thermal strains satisfy the compatibility eguations.

For most temperature distributions, however, the thermal
strains alone do not satisfy compatibility, and additional
gstrain is present. This is the mechanical strain or stress-
producing strain. This strain has, in general, both an elas-
tic and a plastic component and is related to stress by the
stress-strain diacram and the Prandtl-Reuss relation. These
stresses must satisfy the equilibrium equations and boundary
conditions involving surface forces.

The problem of an infinitely long plate with width, 2c,
has been solved in the following manner. Using the stress-
strain relation:

= ; p .
€y 1/E o, * af + €3 (28)

1f we introduce the nondimensional guantities:

= = = = P/
8 ox/co e ex/eo T aT/Eo e eX/e

n
il

n y/c H E/E {29)

o)

where I is the yield stress at some reference temperature,

£ and, Eo is the Young's modulus at that temperature, the

ol‘
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stress—-strain relation becomes:

exms/n+r+ep - (30)

The integrals for the net force and the moments become

1
S8 dy =0 (31)
-1

S8 -y +~dy =0 (32)

If we consider an infinitely long plate containing a
bead-on-plate weld, the magnitude of the stresses are as

follows:

ao g
3 x
i << 5y (33)
3
P

o0
_._X.<<

oxX

a

Y (34)

9T T

Y Xy
5% . Ty (35)

Therefore, we can assume
Oy = £(y) (36)
and from the equilibrium condition

9y
O'X

HH
=
th
i
o

(37)

Then

5 = 0 (38)

This is considered the one-dimensional analysis of welding,

The theory is not applicable in the region near the welding
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arc, however, it can be used as an approximation for a stress

field in which

9g 30
X e X

ax oy

(39)

This!analysis was developed by Tall and was the forerunner

of the original research program at Battelle Memorial

Institute.tlo]

As previously stated, the compatibility equation[3]

reduces to

2
3 e,

7z =0

3y

vhich implies that the strain distribution is linear. That

is: e, = a + by _ (40)

When the linear form of the strain is substituted into
the integral equations using the stiess-strain relation, the
resulting equations may be solved for the unknown coefficients

a and b,

In this way, the final expression for the total strain

is obtained as:

| 1
e, = (A - Azn)[_i H(T + e )dn]

1 .
‘ - (2, - Aan)[-{ B(T + e )ndn) . o .“(4;)_
whera | :
1 2
o { Hn%dn -
A. = - =1 (42)
+ 1 L ! 2 ‘ _
J/ Han { Hn“dn - ( { andn)
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1
J Hndn
a, = -1 (43)
1 1l 2 1 2
S Hdn J Hn"dn - ( f Hndn)
-1 -1 -1
1l
S Hdn
A, = -1 (44)
1l 1 5 1 5
S Hdn [ Hn“dn ~ ( J Hndn)
-1 -1 -1

The nondimensional thermal strain,

T, and the variation

of the nondimensional Young's modulus, H, are calculated from

the temperature distribution, T.

Ep’

Since the plastic strain,

is not known, the strain cannot be calculated directly;

however, an initial approximation to the total strain can be

obtained by assuming
mechanical strain is

e =e, - T

This mechanical

approximation to the

that the plastic strain is zero. The
then calculated from the expression

(45)

strain may be used to obtain a first

plastic strain using the stress-strain

curve as shown in Figure 7.

c.

Stress Calculation

At this point it would perhaps, be helpful to understand

exactly how the cumputer uses the stress-strain calculations

to produce results.

The time units and correspoinding temperature are

inputted into the program and may come from the analytic
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temperature program or experimental data. The time at which
the arc reaches the gages is also read in. The material
properties used include Young's modulis, E, the initial yield
stress, Uy, the coefficient of linear thermal expansion, o,
and a strain-hardening parameter, m.

The program performs calculations at several
nondimensional transverse positions. These positions range
from the weld center line to the edge of the plate with
finer divisions nearer the center line.

In the expression for total strain, € r the integrals
are taken across the entire plate, however, the program uses
values across only half the plate. The resulting expression

for total strain ahead of the weld is given by:

1 1
- - o n-1
€y = (Al A3r|) é H('I‘+e:p)dn + (A4.1 Az) .(J)’ H(T+ep) (-—-—2 Ydy (46)
where 1
é Hn({n - t)dn
Al = 5 (47)
1
{) Hndn
A, = —5—— (48)
1
6 H(in -~ 1/2)(3.1']
A3 = ) (49)
1
S Han
0
A, = (50)
4 D
where
1 1 1l 1l
D = f Hdn [ Hn{n=-1/2)dn - J Hndn J H(n-1/2)dn (51)
0 0 0 0
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Behind the weld the total strain is given by the simpler

expression:
1
€, = A é H{T + Ep)dn (52)
where
_ 1
A=y (53)
J Hdn
0

In the program these integrals are evaluated using Simpson's
Rule.

At the start of the calculation, the material is assumed
to be free of any plastic strain. The plastic strain is
accumulated during successive iterations until reverse yield-
ing occurs.

At each time step the plastic strain is calculated using
the mechanical strain component only of the total measured
amount. Figure 8 illustrates several possible situations of
elastic and plastic strains as well as reverse yielding. For
clarity the curves are shown as being independent of tempera-
ture but the actual calculation takes such changes into
account.

Each value of plastic strain calculated is compared with
the previous one until either subsegquent values agree within
one percent or the program has performed twenty iterations
and ceases.

If convergence is obtained, the stress for each point

is calculated and printed out along with total, mechanical,
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and plastic straings, When the last time step is completed,
the calculation is repeated at all points at the reference
temperature (0° F). This gives the residual stress

distribution.

Two-dimensional Program. The current two-dimensional

program considers the average stress over an entire block
in a preset grid. As the arc is moved closer to that par-
ticular grid block, the stress is calculated. The grid
shape has a finer spacing nearer the weld to give more pre-
cise values in the area of greatest interest. One major
disadvantage of a finite elerent program is the cost-
effective decision necessary for determining the fineness of
the grid. Obviously, for best results the grid should be
made as small as possible. This is, unfortunately, not
possible where money for running programs is limited; there-
. fore some compromise must be made.

First, the temperature distribution around the moving
arc ig calculated. Then the stress field is divided into
a set of similar blocks of width, ho' shown in Figure 9.
The time intervals represented by the block width must be
short enough so that the temperature and thermal stress for
each increment may be regarded as béing constant. Since the
greatest changes.in temperature occur ncar the arc, narrow
strips are used in areas near the arc.

The calculation starts on a block some distance ahead of

the welding arc where the temperature change is negligible,
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and the stresses are purely elastic. Time zero is fixed on

the block.

First stresses in the block crossing the origin, U, are
calculated based on elasticity theory. Then stresses in the
second block are calculated oy adding stresses, due to the
temperature increment. In this case, analysis is made whether
or not any plastic deformation takes place. It is assumed
that the amount of stresses at a given point does not exceed '
the yield stress of the material at the temperature of that
point. Similar analyses are conducted step by step on the
ftollowing blocks. Thus the stress distribution in the entire

field is determined. 1]

D. Thermal Buckling

s

Buckling type distortion of welded plate can be
classified into the.following two types. First is the buck-
ling of the whole plate after welding has been completed.

The second is local'Buck;ing-near the arc during welding.

In pracﬁice wg'ciampfthb plate to avoid buckling. There-
fore, in most applications t§e §irs£_£¥pe.is the problem.
The plate does not buckle whiié!iﬁais-claﬁped, but when it
is released, This phéhpménon'has been studied by both
Masubuchi and Watanabe and Satoh P'ﬁ ]No work has been done on
the second type,‘becaugé it-requireskcomplicated analysis.

In the exgerimenﬁé gongﬁcted_in this study, buckiing of
the entire plate was not observed, probably because.the small

weld produced by the gas tungsten érc process did not produce
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enough residuvual compressive stresses., Local buckling was
observed. Figure 10 illustrates its appearance.

The complete analysis of local buckling is very
complicated. The ideal solution would be to develop a simple
model to détermine the critical free distance, that isg, the
distance between the clamps. Only a simple introduction
is developed here. _

" In welding of a thin plate, buckling may occur due to
compressive thermal stresses during cooling. Compressive
thermal stress is considered to be caused by inherent shrink-
age‘due to welding. As a result, the critical inherent
shrinkage of buckling is obtained by assuming that compressive
thermal stress is equivalent to stress in the plate produced
by concentrated compressive forces, P = Eh(el), acting at
both ends of the weld line,

Where

E = Young's Modulus
h = plate thickness {cm)

€, = inherent shrinkage (cm)

When the value of Poy (critical) is reached, buckling occurs.
Stresses can be obtained using the theory of 2lasticity. For
an asPEét ratio (length/width)} less than or equal to 2, the
equation'isrgiveq by:
Oy (at the reference poinﬁs) =
Pii+a oz =12 (oo ~nmy
- nTy + l)e ] (54}
where ¥ = L/B.
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The formula for inherent shrinkage is:

- For 2y 2
(sl)cr TER 54 - 98 (33)
where
v é Poisson's ratio

k = numerical factor dependent upon the aspect ratio L/B.

k is approximately represented by:

k = 11 + 50 (B/L)2 (56)
and is independent of material. |

It.is considered that a plate will buckle in the
longitudinal direction when the magnitude of €, exceeds the
critical value determined by the previous equation. Watanabe
and Satoh analyzed the relationship between inherent shrinkage
and walding conditions in carbon steel. They found the

formula to be:

2
(e,) = 0.136 x 10'6[.-1—-] (57)
{h/¥

where

I = welding current (A)

v = arc travel speed (cm/sec)
Extensive experimental evidence is necessar§ to determine a
similar formula for other materials.

Consider a long strip of width 2a, length, L, and welded
along the center line., {(bee Figure 1ll) The following

assumptions are made regarding residual stress components:
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~a' lyl > ¢
longitudinal stress, O, = (58)
a" 0 < |y|] <e
tranaverse, Oy = 0 (59)
shear, 7. =0 {60)

Xy

Since the residual stress must be symmetric:

a | . .
. ‘g o-xdy = 0 . (61)

and
ot = a® | (62)

a - ¢

If we denote the deformation in the z~direct.on as w, the
equation of equilibrium is:

4 4 4 2

. 3w °w ‘
D=(—4-+2 )=T—-——-2- (63)
ox ax 3y2 ‘ ay4 X ax
where
. Eh3
D = rigidity of the plate = ————— (64)
, 12(1 - v°) :
also called bending stiffness.
Tx = oxh

For boundary.conditions, it was assumed that the plate is
simply supﬁorted at both ends, x = 0, L and that the plate
is free along y = A,

| If we consider a plate symmetrically heated and supported
on rigid edge members, the most important temperature para-
meteré are the ;verage temperature rise of the plate ovef that

of the edge member, and the nonuniformity parameter representing.
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the difference between the maximum and minimum temperature
rise, , \
' A temperature distribution of the form
T¢

y) = To " AT(%) {65)

is chosen to repfesent the tent-like distribution obtained
in welding.
. The boundary conditions for a clamped cdge determine both

deflection and slope normal to the boundary to be zero:

oW - Jw : o =
we=20 In ° 3x COS o + 3y sin « ‘0 (66)

where o is the angle between the normal, n, and the direction
of x. (See Figure 12.)

Thus, the bending moments m., and my, and the twisting
moment m__ are given by: |

Xy
m, = m, = (1 +v)DoM, {67)
mxy = 0 (68)
where +8
2
mg = l% J 6zdz temperature moment (69)

n
Oy = B2 + T2 (ng - 0) | - (70)
o, = T2 (ng - 0) | | (71)

vy
o+
o _w_Eﬁz _ ' | - {72)
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where +h/2

ng = %- J odz Mean temperature (73)
~h/2

0 = temperature distribution

ex:, ey;. ex; = gtrain components in the midplane
n, = bie® + ve ® = (1 + vian,] (74)
X XX Yy €

. o o
n, = D[eyy + ve . = (1 + v)an,] (75)
n,, =n, =%zYpe? | (76)
Xy YX XY

If the plate is held fixed along its entire edge

o o o ' ‘
== = = 7
Eyx eyy Exy 0 (77)

n, = ny = ~-(1 + v)akne (78)
=0 {79)
nxy .
where
k = —-Eh—f stretching stiffness (80)
l ~v

Since in thermal buckling problems in contrast to

%! ny, and

nxY are not constants, but functions of x, y--expecially in

ordinary buckling problems, the memhrane forces n

this case of the,éent-like temperature distribution--it is, in
general, not possible to find exact solutions. The added bur-
den of the clamped boundary conditions puts this problem well

into the realm of a doctorate thesis by itself and,
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subsequently will not be attempted here. There is,
unfortunately, no reference available today which even attempts
to solve this problem. Parts, however, can be found in

Parkus, Johns, Timoshenko, Nowacki, COx.[12'13'14'15'16}
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1II = PROCEDURES

A. Strain Measurement

Thermal strains in welding are measured frequently by the

use of electrical resistance strain gages. These operate on

the principle that certain conductoﬁs exhibit a change in

electrical resistance with a change in strain. Gages are

mounted on the test specimens and the resistance variation

across the gage is measured as welding progresses. In the

case of thermal strains in welding, the observed resistance

change, AR, consists of:

where

AR = ARl(e\a) + ARz (ep) + AR3 (aT) + AR4 {T)

ARz(aP)

AR3(aT)

AR4(T)

It is not

the resistance change corresponding to elastic
mechanical strain, €qe
the resistance change corresponding to plastic
mechanical strain, ep.
the resistance change corresponding to

temperature induced thermal strain, oT.

the resistance change caused by thermo-electric

effects in the gage itself.

possible to separate strain into its elastic

and plastic components, but AR (aT) and AR (T) can be subtrac-

ted by either calculation or experlment. This so~called “ap-

parent strain" may be measured by heatxng a mounted strain

gage in an oven and obtaining a plot of apparent straln versus

tempe

rature,
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A schemaﬁic diagram of the e#perimental get-up is shown
in Figure 13. One strain gage and thermocouple was cut out
from each of the original tantalum and niobium sheets to which
a weld bead had bheen applied. The pieces cut out were appro-
ximately two inches by three inches in size so that the strain
recorded by each of the gages wauld have a negligible mechani-
cal component. The pieces of tantalum and nicbium with their
respective gages, along with a third unmounted strain gage and
thermocouple were then placed inte a furnace. As the tempera-
ture in the furnace was raised from room temperature to 1000°F,
strain change (resistance change) of each of the electric-
resistance strain gages was measured via a wheatstone bridge
set up. The induced EMF created by the temperature gradient
between the thermocouples in the furnace and a 32° F reference
bath was also measured, from which temperature was determined.

The data plotted as temperature versus strain is shown

in Figure 14.

B. Apparatus and Procedure

1. Test specimens. Plate dimensions and gage locations
are shown in Figure 15. The arrangement of constraining
clamps is shown in Figure l6. The room temperature material -
properties of the test plates are found in Table 1.

2. Strain gagés and thermocouples. The gages used in

this investigation were type HT-1212-5B, manufactured by BLH
Electronics, Waltham, Massachusetts. These are high tempera-

ture, free-filament gages which include a thermocouple as an
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TABLE 1

Material | Tensile 0.2% Young's |Coefficient }Density Thermal Specific
Strength | Yield Modulus | of Linear /cm3 Conductjvity Heat .
psi Strength psi Thermal g cal/sec/cm“/oc/cm | cal/gm °C
psi Expansion
per °C
Tantalum | 55,000 - 27 x 10%| 6.5 x 107 | 16.6 0.13 0.034
Columbium 85,000 32,000 22.7 % 10E 7.06 x 10'-6 8.57 0.13 06.067

03
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integral part of the mechanism. Gage properties are:

Designation . HT-1212~5B
Gird Length 5/16 inch
Grid Width 3/32 inch
- Temperature Range -320° to +1200° F
Resistance 120 ohms
Gage Factor 4.11 1%
Cement Rokide~~BLH

3. Instrumentation. Strain gages were connected into a

potentiometric circuit (half-Wheatstone bridge) and calibrated
as indicated ianigure 17. Figure 18 shows the calibration
circuit of the thermocouples which were referenced to a 32° F
ice bath. Both circuits were fed into a Honeywell continuous
recording lZ-chaﬁnel Visicorder. Temperature and strain were
recorded simultaneously at the gage location. Weld passes were
timed by means of an electric stop watch as well as a timer

integral to the chart recorder.

C. Welding Eguipment and Conditions

The power source vsed was an ac-dc Heliwelder {(manual
GTA) manufactured by the Air Reduction Company. The toxch
from this machine was wired to an automatic beam and carriage
electronic governor manufactured by the Linde Division of
Union Carbide Corporation. This was done to insure constant
travél speed which could not be guaranteed using only the

manual apparatus. The travel speed, arc voltége, and amperage
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were preset before each pass., Arc length was adjustable

durxing the weld,

D. Experimental Procedures

The experimental operation is shown schematically in
Figure 19, 'The ﬁest plate, i; ‘rumented at BLH, was clamped
between copper plates to insure no buckling during the welding
process., Welding speed was preset at 8 ipm, arc voltage at 10,
and amperage at 40. The visicorder was actuated and the arc.
was struck. As the welding torch began to move down the
plate, the arc length was adjusted and the timer started. The
recorder output was marked when the arc passed the strain gage
location. When the welding head reached the end of the plate
the arc was extinguished and the plate allowed to cool. The
recorder continued to monitor the gages for approximately
threa minutes until conditions appeared stable. Periodical
readings were taken until the sheet cooled to room temperature.
The clamps were then released while the recorder was still

monitoring.
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IV EXPERIMENTAL RESULTS

The results of this investigation consist of merchanical
strain data recoxded during £he welding of test specimens.

The data is presented below in the form of plots of mechanical
strain versus time and temperature versus time. For compari-
son purposes, each experimental strain curve is preceded by
theoretical strain curves obtained from the NASA cne-
dimensional and two=-dimensional computer programs. Only longi-
tudinal strains are plotted from the two-dimensional program
due to the fact that the transverse strains are of a signifi.-
cantly smaller magnitude. A

The horizontal axis of all graphs is a scale of time
measured in seconds. Zero time is arbitrary, occurring some
time after the arc has stabilized and is moving down the plate
~toward the gage location. The point at which the arc passes
this location is indicated on the graph. The limiting time on
the scales merely represents a time by which the plates had
reached steady conditions.

The vertical scale of the first two graphs is temperature
in degrees Fahrenheit measured from the thermocouples on thé
samples. The subsequent graphs are calibrated in p in/in
strain on the vertical axis. Positive values indicate ten-

sile strain and negative values indicate compressive strain.

A. Discussion and Analysis--General

The weld appearance showed the presence of a white

powder which was thought .to be an oxide of the base plate.
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When the plafe was forcibly bowed after the clamps were
removed, the weld area demonstrated severe brittleness and
cracked in many places. The wald itself was not as continuous
as it might have been due to the difficulty in maintaining a
constant arc length. Several times during welding the arc
extinguished but this is thought to have only minor effect.

Local buckling was observed in the weld region but no
attempt was made to measure the amount. This would have been
impossible in this experiment due to the presence of longitu-
dinal oxide-induced cracks along the crown of the weld bead
which would prevent any precise measurement of deformation.

A major purpose of this thesis was to compare experimen-
tal results on thin sheet to the previously tested one-dimen-
sional computer analysis and the new two-dimensional model.

Tantalum strain gage number 3 which was located 4.5 inch
- from the weld showed a continuous tension response. The pro-
ngam predicted compression. Suéh disagreement did not occur
on the columbium Specimen} This can be attributed to the
fact that tantalum gage number 3 was not located far enough
from the weld to fall into the compression region. (See
Figure 2.) The program had been previously used on aluminum
and steel and used the same criterion to predict the location
of the compressive region in tantalum. This is evidently not
a correct assumption.due to the unique temperature propertiés
of this material discussedvin the -previous section. |

In both tantalum and columbium gage number 3 was located

so far from the weld center line than the. copper backing
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became a major factor and significantly lower readings were
recorded. These should generally be ignored when analyzing

the worth of the computer model compared with experimental

data,

B, Heat Flow

In order to begin a heat flow calculation, it is
necessary to determine a guantity known as arc efficiency, n.
This factor is related to heat in the following manner:

Q = nev.I
wheré

Q = thermal vower of heat source in watts

L}

v = welding speed in in/sec

I = currents in amperes
Figures 20 through 32 show calculated temperature changes
during welding. Measured temperature changes are shown in
Figures 33 and 34. |

In order to determine the correct value for arc
efficiency, n, calculations were made with three values of
n, 0.2, 0.3, 0.4. Figures 20 through 34 show the calculations
for each of these values. For n = 0.4 the theoretical values
ﬁeré significantly higher than the experimental ones. For
n-= 0.3 the values were closer but not quite low enough.
The n = 0.2 valué showed closest agreement. |

For most GTA welding processes the axc efficiency is
0.2 to 6.5. (See Figﬁre 35.) fThis discrepancy was due to

not including heat loss by radiation in the analysis.
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Next, the radiation term, E,.was added to the temperature
calculation program. The best curve fit obtained by varying E
and n is given in Figure 36.. This corresponded to an E value,
of approximately 40 times that obtained by NakaIBJ(ng watts/
in2 * °F), and an n of 0.3. This was thought to be the best
temperature correlation possible. The figures show that the
computed and measured temperature tends to peak slightly ear-
lier than the calculation and decreases more rapidly. This is
probably a further effect of heat loss from the surface.

When the arc efficiency calculation was done at a point
further away from the weld center line than the original cal-
culation, the efficiency tended to take on a slightly lower
value, This was due to the presence of the copper backing

plate acting as a heat sink.

'C. Strains--Stress Analysis

One-~Dimensional

Figures 37 and 38 show that longitudinal strains
calculated by the one-dimensional computer program coincide
extremely well with measured results (Figures 39 and 40).

Peaks occur approximately 5 seconds sconer after the arc passes
in the measured graphs than they do in the calculated graphs.
Peak heights agree within a maximum of 400 y in/in for the
tantalum specimeﬁs and 100 ﬁ in/ir for the columbium specimens.

The tantalum strain maximum was of a lower magnitude

than the columbium values. This was not the trend predicted
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in Figure 41. The error occurred due to the uncertain value
of yield stress of columbium. For annealed products the value
is 45,000 psi-but for wrought products a high of 55,000 psi is
reached. Figure 41 utilizes the lowexr value while the pro-
Qram uses the higher one.

The peak values obtained. for both specimens of
approximately 3,000 ﬁ in/in corresponds to the values achieved
for 1/4 inch thick 2219 aluminum alloy by Ariﬁa. This demon-
strates the cenjecture made earlier that columbium and tan-
talum will be competitive with aluminum for structural

purposes.

Two-Dimensional

In the two-dimensional calcuiation all strains followed
the'same pattern of peak shape and all showed a similar lag
time of 5 seconds behind measured values. The two-dimensional
‘calculation results appear in Figures 42 through 45.

There were two great disparities in the comparison of
two-dimensional theoretical and measured results. The first
was the actual numerical value the peak obtained. This was
significantly (1000 u in/in compared to 3000 p in/in) lower
than the measured value. Since the one-dimensional values
agree with the experimental results, and taking into consi-~
deration the fact that the two~dimensional program is still
in the developmental stage, these values can be discounted as
programmer error. This does not negate the worth of the two-
dimensional analysis, however,'because the'peak shapes and

locations were correct.
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Also, the ratio of tantalum ..  to columbium .. strain
valurs were computed. Although the numbers did not agree,
the peak height ratiocs fell in the 1,25-1.7 range the same
as the one=dimensional and experimental results.

The second discrepancy with experimental results occurred
as a dip in the theoretical peak at the point where the arc
passed the strain gages. This was due to the nature of the
finite element program. The time steps were unfortunately
arranged such that the computer passed from one grid block to
another.jusﬁ as the torch passed the gages. This is a cor-
rectable factor if the size and placement of grid blocks is
changed. By ignoring the dip, the correct peak shape is

obtained.

D. Residual Btress

| Graphs of residual stress versus distance from the weld
center line at successive times are shown in Figures 46
through 50. These values were taken from the one-dimensiocnal
program. The fact that the area near the weld becomes tensile
as time proyresses while the area away from the weld is com-
pressive demonstrates the validity of the discussion on resi-
dual stress in the introductory section. The narrow width of
the tensile zone indicates that there will be little post-weld
buckling by the Watanabe-Satoh analysis.[€1

Figure 51} ghowa how the stress f£ield changes with time

at three different distances from the weld. The closest

distance of .9 inches shows the greatest variation and
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stabilizes in the tensile region. The farthest distance from
the weld varies only slightly from tensile to compressive.
This is mexelylanother method of demonstrating the same infor-

mation that appears in Figures 46 through 50,



105

CONCLUSIONS

| The purpose of this investigation was to detexmine the
reactions produced by weldiﬁg Tantalum and Columbium sheet
and compare them with computer predictions.

1. The temperature distribution during welding of
Tantalum and Columbium is comparable to that expected in other
structural materials of similar thickness. This results in a
thermal stress of suitable proportion to allow the use of
Tantalum and Columbium as a structural material.

2. 'The weldability of Tantalum and Columbium was not
sufficiently studied to be able to recommend the "best" tech-
nigque, however, it appears that weldability is possible using
present, but carefully controlled, production techniques.

3. Local thermal buckling may well be a major considera-
- tion in any attempt at fabrication using large Tantalum ox
Columbium sheet. Theoxetical predictional ability is not
currently state~of-the=-art.

4. The previously developed one-~dimensional computer
program is an excellent tool for predicting expeCted stresses
and strains. Experimental results and theoretical results
wexe in complete agreement. |

_ 5. The two-dimensional program appears to be able to be
developed in the. future into a viable prediction tool. 'Cur-'
rently the program needs some adjustment to.give correct

strain magnitudes.



106

RECOMMENDATIONS

1. Future welding of tantalum and columbium should be
done in a more controlled atmosphere to prevent oxide
contamination.,

2. Asbestos lining should be used from the standpoint
of analysis between any necessary backing plates and the base
plate to prevent any unnecessary heat flow complications.

3. An extensive theoretical analysis of local buckling
should be undertaken in an attempt to supply a viable mathe~
maticai.modal which can then be experimentally tested.

4. Further research should be done on how small the
finite element grid size can be made and still remain cost
effective.

5. The premise of the two-dimensional program should
be changed in that the arc should never have to jmwmp from
one block to another, but the block should move along with

the arc.
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I: INTRODUCTION

A. Background:

- The phenomenon of thermal stresses and strains resulting
from welding processes lead to difficulties in the fabrication
of structures. Non~uniform temperature distribution leads
to residual stresses which in turn provide problems from
stress corrosion, buckling, brittle fracture, fatigue strength, '
and distortion. Dependirg upon the type of material being
welded, any or all of the above problems may be important
considerations in the structure;s design and its service per-
formance (1l). All contribute to the rcliability of the
basic structure (2, pp. 2). Masubuchi (2 - 5), Klein and
Masubuchi (6), and Klein (7) provide interpretive reports
which review the particulars of each of the above phenomena
‘for aluminum and steel as well as comprehensive reviews of
the literature. Almost all of the previous studies refer
to residual stresses and distortion and only recently has
much attention been givén to the actual thermal étresses
~during welding.‘ This is due to the complexity of the problem
| éharacterized by large temperature changes in small areas
near the welding arc with its resulting non-elastic deforma-
tion, temperature dependency of the mater;al properties and/or
phase transformations,_and-comp;ex boundgry cqnditiong
resulting from conditions of geometry and multi-pass welding

{3, PP- 2, 3).
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R Thermal Stresses During Welding, Residual Stresses and
Digstortion:

In order to‘study the effects of residual stresses
and distortion performance of welded structures, it is first
nécéssary to understand the relative magnitude and distribution
of residual stresses and distortion in weldments. The |
mechanism by which thermal stresses and strains are developed
in welded plates is best described by Masubuchi (8,3, pp. 4-6)
and is repeated here:

Figure 1 shows schematically changes of temperature
and stresses during welding. A bead-on-plate weld is being
made along the x-axis. The welding arc, which is moving at
a speed, v, is presently located at the origin, 0, as shown
in Figure la.

Figure lb shows temperature distribution along several
cross section. Along Section A-A, which is ahead of the
ﬁelding arc, the temperature change due to welding, AT, is
almost zero. Along Section B-B, which crosses the welding
arc, the temperature distribution is very steep. Along
Section C-C, which is some distance behind the welding arc,
"the distribution of temperature change is as shown in
Figure 1b-3. Along Section D-D, which'is'very.far from the
welding arc, the temperature change due to welding again
'diminishés. | .

Figure lc shows the distribution of stresses along

these sections in the x-direction, cx;' Stress in the
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y~direction, oy, and shearing stress, Txy, also exists
in a two-dimensional stress field.*

Along Section A-A, thermal stresses due to welding are
almost zero. The stress distribution along Section B-B is
shown in Figure lc-2. Stresses in regions underneath the
welding arc are close.to zero, because molten metal does
not support loads. Stresues in regions somewhat away from
the arc are compressive, because the expansion of these
areas is restrained by surrounding metal that is at lower
temperatures. Since the temperatures of these areas are
quite high and the yield strengih of the material is low,
stresses in these areas are as high as the yield strength
of material at corresponding temperatures. The magnitude
of compressive stress passes through a ﬁaximum with increas-
ing distance from the weld or with decreasing ﬁemperature.
However, stresses in areas away from the weld are tensile
qnd balance with compressive stresses in areas near the

weld. In other words,

fo, + dY¥ =0 : (1)

across Section B-B.** Thus, the stress distribution along

]
- In general three~dimensional stress field, six stress
. components, Oyt Uy' Oyt Txy’ sz, Tox axist.

Equation (1) neglects the effect of 4

and Tx on the
equilibrium cond;tion. %y ¥
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Section B~-B is as shown in Figure lec-2.

Stresses are distributed along Section C-C as éhown in
Figure lc~2. Since the weld métal and base metal regions
near the weld have cooled, they try to shrink causing
tensile stresses in regions close to the weld. As the
distance from the weld increases, the stresses first change
to compressive and then become tensile.

Figure lc-4 shows the stress distribution along Section
D-D. High tensile stresses are produced in regions near
the weld, while compressive stresses are preduced in regions
away from the weld. The distribution of residual stresses
that remain after welding is completed as is shown in the
figure.

The cross-hatched area, M-M, in Figure la shows the
region where plastic deformation occurs during the welding
thermal cycle. The ellipse near the o.igin O indicates the
region where the metal is melted, The region outside the
cross—-hatched area remains elastic during the entire weld-
ing thermal'cycle.

As shown in Figure 1, thermal stresses during welding
are produced by a complex mechanism which involves plastic
defo:mation at a wide range of temperatures from room temp-
erature up to the melting temperature. Because of the
difficulty in analyzing plastic deformation, especially at

elevated temperatures, mathematical andlyses were limited
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for very simple cases such as spot welding.

However, on the basis cof recent developments in com-
puter technology, it aépears that a technological break-
through as far as the analysis of thermal stresses during

welding are concerned is not too far away.

C. Previous Investigations:

The closest approach to a breakthrough to date has
been the one-dimensional strip theory approach first pre-
sented by Tall (9) and extended by Masubuchi and associates
at Battelle Memorial Institute (10} and Massachusetts
Institute of Technoleogy (7, 11, 12) under the support of
NASA's George C. Marshall Space Flight Centex. These
studies have been reviewed in detail in references (3- 6)
and will not be repeated here.

A great deal of effort in the. last several years has
been devoted to developing finite element programs which
will extend one-dimensional analysis to two and three
dimensions (13 - 20). Nearly all hav' met some qualitative
success but in general, quantitative results have been
lacking. The finite element method utilizes an approximate
model to derive a set of equations which is then sblved

exactly. The flexibility of the finite element method will

16



allow the extension of the flat plate problem into more
complex and real life geometries. It érovides a complete
strain picture, includiny longitudinal, transverse, and
shear strains. It has the capability to model the restraint
conditions in the actual structure and weld. 1Its greatest
drawback is high expense from considerable computer time

for large degree of freedom problems and the post analysis
of the vast quéntities of data the technique generates.
Interactive graphics will greatly aid this latter prcblem

in the future.

Masubuchi and Iwaki (13) and Masubuchi and Andrews {(14)
coupled the elastic-plastic analysis developed by Wang (15)
with the thermal 1oading calculations for mov;ng heat
sources previousiy ﬁtilized by the one-dimensional progfams.
Reference (13) was qualitative and reference (l14) provided
some quantitative results with course meshes but appeared to
have transition element instability when a smaller mesh was
utilized. 1In this situation, an element which reaches
yield stress is considered a transition element. However,
in the next iteration, the equivalent stress from that
- element drops below yield and the_element becoﬁes-elastic
again, The whole situation jumps between the two sets of
values. In order ta overcome this difficulty, a scheme
was devised to quarter the time step in which this insta-

‘bility occurred. This worked for a large number of cases

17
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but not all cases., Sometimes increasing the time step
also eliminated the instability. Reference (10) may offer
a way to correct this problem. Yamada (l17) seems to have
met with more success dealing with thermnl stresses due to
rapid heating by controlling the number of elements whirch
yield.

Hibbit and Marcal (18) offer the most analytic of the
approaches to date.  Their model treats the weld process
as a thermo-mechanical problem. A finite element formula~-
tion derived from the uncoupled thermal and mechanical
energy balances forms the basis of the model, 1t attempts
to deal with material non-linearity due to temperature
dependence of thermal properties and in the fusion problem
where material phase change .s accompanicd by a latent heat
effect, It includes radiation as a cooldown mechanism and
finite strain effeccs during isothermal loading. However,
there was little agreement with experimentally measured
residual stresses and they concluded that their finite
element model did not include significant material behavior.

Shinn (19) appioaches the two-dimensional §istortion
of a panel structure due to weldi~g with the assumption
of elastic deformatiun during the welding process. Com-
putations were carried out using the one-dimensional
experimental values of unconstrained angular changes along

the welded edge and its equivalent'constrained'wg;ding
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moment as an input to the computer program. The results
were not completely successful because of the elastic
assumption and the gquestionable accuracy of the experimental
data input into the program. It is of the opinion of this
author that this teéhnique, on the hasis of current tech-
nology, will provide the most fruitful results in the
immediate future in terms of financial and manpower invest-
ments. The basic welding problem is highly non-linear

and may e too complex to solve in a completely analytical
form. A ﬁurely empirical approach does not appear very
fruitful, either. It is not a simple task to determine
thermal stresses in small regions heated to high temperatures.
Without proper analysis, it would be difficult to adequately
interpret experinental data.

The empirical-analytic technique, however, is only as
good as experimental data provided. At present, material
and physical properties at the range of temperature from
room to melting, even for the most common of structural
materials, are sorely lacking in the literature. More
effort must be expended in providing this critical information.
The approximations utilized in the interim will be the

controlling feature of this computational technique.
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D. Aim and Purpose of the Present Study:

‘Muraki and Masubuchi are presently developing a new
elasto-plastic finite element computer program at Massachusetts
Institute of Technology along the lines described by Yamada
(17) with temperatufe distribution adopted from reference (20).
It is the purpose of this report to provide experimental
data on a heat treatable tempered aluminum alloy to verify
this program., Electric resistance thermocouples, three
element strain gage rosetts, single element strain gages,
and an exténsioneter will be utilized to obtaih transient
and residual strain and displacement data in the center and
near the edge of 30x18 inch panels for anautomatic GMA
welding process. Experiments will be performed for bead-on-
plate and butt welding processes under similar heat inputs

to verify:

l. that experiments may be duplicated under reasonably
similar conditions to give repeatable results;

2. to compare butt and bead~on-plate welds for similar-
ities and differences;

to compare strains in both top and bottom of the

plates to study the importance 6£ bending stréins as com-
pared with transverse and longitudinal strains;

4. to observe.transient principal strain magnitudes.

and directions;

5. to measure residual stress/strain distributions
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in the longitudinal and transverse directions;

6. to measure the deflection of the two half plates
in a butt welding process under tack welded conditions;

7. to present longitudinal and transverse strains for
computational technique verification, and;

8. to collect and present in usable form available
physical and mechanical temperature dependent data for

use in the computer analysis.

Standard strain gages will be utilized which may not
exceed 400°F. Since the material properties in the heat
affected zone (HAZ)} are not full& known or understcod and
the high temperature strain gages have proven unreliable
{6, 7) in part because of temperature compensation data and
in part by the lack of material properties data within the

HAZ, strain measurements will be beyond the HAZ.
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IJT: MATERIAL BEHAVIOR

A. General:

A new finite element program to study residual stresses
and metal movement is presently being developed by M.I.T.'s
Department of Ocean Engineering éoncurrent with this thesis,
Since an attempt is being made here to provide material
properties for and consistent with this new program, a
brief and simple formulation of the tangent stiffness
technique, incremental stress strain relationship, and
thermal loading terms is provided for the sole purpose of
demonstrating the importance of temperature dependency. Then,
material properties consistent with éhis formulation are
presented for 6061 aluminum alloy in the Té and T651 condi-
tion, the material utilized for the experiments presented

'in Chapter III.

B. Mathematical Formulation:

The most common finite element approach to plasticity
problems in welding has been the Tangent Stiffness Approach.
The problem is first solved elastically for the general '
loads. Then the elastic limit loads are determined by
scaling down the gi&en loads until the element with the
maximum equivalent stress_is just reached. The differences

between the given loads and the elastic limit loads are then
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(-2

Figure 2¢: Equivalent Stress and Strain (14,pp 20)

Figure 3: Iteration Process to Bring Back the Stress Point
on to the &~ & curve with H', The element in the trane
sition region starts out at point B as elastic. The elastic
- increment, BC of the element for the prescribed load increment
‘4P is first calculated. Tho stress point corresponding to

C should be D on the stresae-atrain curve, Using the modulus
corresponding to BD, the increment BF for dP 1a next caleu.
lated., This process may be repeated until the solution
converges (17, pp 300,303),
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divided into a predetermined number of loading increments.
The problem is then solved including plasticify for each
element, When an element becomes plastic, the tangent
stiffness approach is used to determine an effective elasto-
plastic stiffness for that element. 1In this approach,
the Prandtl-Reuss relation and the plaétic modulus are
combined with the elastic stress-strain relations to produce
an incrementél stress-strain relation which includes the
effects of plasticity. These incremental relations depend
upon the instantaneous stress levels in each element (14,
PP. 4 - 5).

In general,

do = E, de ' {2)
o) s

L

where ES is the tangent modulus coefficient. E. has an

P
elastic term and a plastic term. The plastic term is zero

if no yielding takes place. 'l‘hen,_Et
‘ o

lish the tangent stiffness array“lf9 for each element,

may be used to estab-

K= [ B: E,_ B d (Volume) (3)
e volume = "~

whare 23 defines the strain displacement relationships.

Thus, where loading is appli«d in increments, the structure
stiffness array may be found at each stage of loading by
evalaating each eleﬁent‘s tangent stiffness (21, pp. 12 - 13).

The incremental pseudo-thermal loading term likewise
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becomes

- I Bﬁ E, de, d (Volume) (4)
volime™

¢

where deI is the thermal strain caused by the welding

process. Summed over the entire structure, cne obtains:

re = 2 L

av = k! ap (6)
F Pt g

£ | |
de B du (7
do = E st au (8)
" d ~~ e d .

To determine the tangent modulus coefficient related

to equation (2), one must consider the following relations:*

Prandtl-Reuss Flow Rule:

aeP = %g- aeP ' (9)

Yielding Surface.Behaviorz

as - 8T daos - (10)

Material Behavior:

T = B, + EE = Ty + B'E, o ay
a5 = P a5 = mu' at_ . ot
0 = By de, de, | - (12)

Utilizing_equations (9) - (12) and recalling that

The p and e'supetscripts refér to plastic and elastic
respectively. :
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e - acP
g =2 = R - o) (13)
where g_e' is the total incremental strain and 2' is given in
Equafion (24) for the plane stress situation, one arrives

at the following relationship:

35 T
25 3, A
do = D = D+ de
P ~ ~32' - - P
gt + 27 p20
ag, ~ % e
[ o™ )

This reduces to equation (2) where the guantity in {_}
is the tangent modulus coefficient. This is consistent

with reference (17, pp. 310).

If we assume plane stress conditions and consider the

equivalent stress for Von Mises' isotropic material,

-2 2 _ 2 2
o Oy oxcy + oy + 3T8Y (15)
Differentiating,
-1-[ - o) do + (20 ~ ¢,) do + 61, .47
3 Y X b4 X Y Xy Xy
{16)
Thislmay be rewritten in matrix form as
1-3 0
- 1 7 1
doc = = ¢ -= 1 0] do {(17)
T ™~ 2 _ _
0 0 3
or
a5 = X sTras . o (18)
ENNM
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where
. ]
Oy | l-dox
.2,. = O‘y {19) :ig = doy (20)
Txy dtxy.

Comparing equations (10) and (18), we see that

o el N
e g
Transposing,
9 . 1T = 1y, (22)
90 c A p o-avM
e

Substituting the previous relationships into equation (14)

we arrive at
T

. DFa o ELD '
dg "= | p - Xemeoe o g (23)
~ -~ O°H' + 0" FDFo |~
e Ay Pt P PSP

for a two dimensional, plane stress, isotropic case, with

the Von Mises' yield criterion where

1 v o0 |
B 0 1 0
D - (24)
-~ 1 - vi 1~y
¢ o =
- 1 -
1l -3 0
F = -% 10 (25)
N .
L0 0 3
-2 _ 2 _ 2 2
[} = °x axoy + uy + 3Txy (15)



Equation (23) is but a simple example of the more
complex general case. The important point to note here is
that E, @, and H' are functions of temperature and this
makes quite complex even the most simple of welding problem
examples.

In the previous study at the Massachusetts Institute
of Technology, Andrews (14, pp. 25) assumed the simplest
model possible for the nodal force matrix, i.e., that of
a constant temperature of each element. In this case, the

nodal force matrix for each increment becomes

- T
ésn = I (Ebn EE EEF) d (Volume) (4)
Volume

o

det = AT | a

~ 0

where
AT = average temperature change of element

o coefficient of linear thermal expansion

If the element in question is plastic, the tangent stiffness
matrix is used. Masubuchi and Iwaki (13, pp. 9) assumed

a much more complex loading function which accounted for

the equivalent nodal forces due to the dependency of the
coefficient of thermal expansion and Young's modulus on
temperature. The plastic terms additionally took the
temperature dependency of the yield surface into account.

Yielding is complex. It can occur during the heating stage

28



and also in the subsequent cooling stage since some
elements can be stressed to their yield point in the
reverse direction. Yamada (17, pp. 298) assumed the same
simplified type of expression as equation (4) in his

study of thermal stresses due to rapid heating. As

in the case of the incremental stress-strain relation, the
important point to note is that in varying degrees of
difficulty, the loading term is dependent upon E, 0, and
o which are in turn dependent upon temperature.

The temperature distribution, uncoupled from the
mechanical problem just describea, may be approximated by
classical, finite difference, or finite element techniques
(9-11, 13, 14, 18, 20, 24-30). In terms of the conductiv-
ity tensor, ¥, the general representatién of the aniso~
tropic heterogeneous continuum is

pcg-%- = Ve (e-VD) + u™ (25)

where p is the density, ¢ is the specific heat, ¢ is the
thermal conductivity, and U'" is the heat generation per
unit volume (23, pp. 29, 44-45). Fourier's law applied

to the boundary conditions provides

q = =k ¢« VT (26)

29
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where q is the heat flux normal to the boundary surface.
If the continuum is isotropic, these vector equations

reduce to the familiar

e S = V. (k¥ + UM (27)
g = =-kVT (28)

Equation (27) may be reduced to

pc %% = Vg « VT + szT + o™ (29)

if ¢k is a function of space only, equation (29) is

linear. On the other hand, where K depends on temperature

alone,

30
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equation (29) may be modified to:

2

ar _ g-‘T-’- (v 2+ kv o+ g (30)

PC Gt

which is nonlinear. For homogeneous isotropic continua «

is constant and equation (29) reduces to

ar _ 2 g
a-g = avV’'T + —66 (31)

where a is the thermal diffusivity. Since p, ¢, and «
are functions of temperature, the welding problem becomes
highly nonlinear. Coupled with phase changes, this

problem becomes even more complex.

C. Material Properties:

As discussed in Section B, tabulation of the material
properties as a function of temperature is of prime impor-~
"tance. This information is difficult to obtain and often
simply is not available. In this experimental work, alloy
6061 in the T651 Condition is utilized. It is one of the
most versatile of the wrought, heat treatable aluminum
alloys. &an understanding of the behavior of this common,
felatively inexpensive.material during welding and heat
treating may also contribute to the understanding of the
behavior of quenched and tempered steels such as HY-80 and
HY~-130 currently in use today. 6061 is readily welded by

all methods and has excellent weldability characteristics.



The plate used in this experiment has a Federal Specifi-
cation of QQA-250/1l.
l. Composition (31, Code 3206, pp. 1)

N Percent
Min. Max.
Chromium 0.15 0.35
Copper 0.15 0.45
Iron - 0.7
Magnesium 0.8 1.2
Manganese - 0.15
Silicon 0.40 0.8
Titanium - 0.15
zZinc - 0.25
Other impurities
each - 0.05
total - I 0.15
Aluminum Balance

TABLE 1l: Composition of 6051 Aluminum Alloy

2. Heat Treatment (31, Code 3206, pp. 1)

Annealed (0 Condition): Heat to 775°F for 2 to 6
hours, cool at 50°F per hour maximum to 500°F. The rate
of subsequent cooling is unimportant.

T4 Condition: Solution heat treat to 970°F, water
guench, and naturally age at room tempefature to a sub-
stantially stable condition.

T6 Condition: Solution heat treat to 970°F, water
quench, artificially age by precipitation heat treatment
at 320°F.for 16 to 20 hours or 350°F 6 to 10 hours and

32



air cool.

T651/T45)1 Condition:

33

Same as the T6/T4 Condition followed
by a 1 1/2 to 3 percent permanent set stretch stress relief
prior to any precipitation heat treatment.

The soft, as quenched 0 Condition c¢an be preserved

by refrigeration in order to minimize springback and

increase the general ease of forming operations. Maximum

holding times which will preserve the formability of this

condition are shown in Table 2 (31, Code 3206, pp.

Temperature °F

R' To

32

20

Time

2 hours

2 days

7 days +

TABLE 2: Holding Times for 6061 in 0 Condition

3).

3. Specified Mechanical Properties (31, Code 3206, pp. 2)

. TABLE 3: Specified Mechanical Properties.,
{condition 0 T4, T451 T6, T651
Thickness - in. 0.250 0.250 0.250
Ultimate Stress in
Tension min. ksi 22 30 42
0.2% Offset Yield o
Stress in Tension 12 16 35
min - ksi
Ultimate Elongation
2 inch min ~ & 18 16 - 18 ¢ - 10
Ultimate Shear Stress
Typical -~ ksi 12 24 30
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4. Mechanical Properties:

In welding aluminum, it must be remembered that
the metal in the area of the weld will be in an annealed
condition after welding. There will be a corresponding
loss of strength unless heat treatment is done after
welding. Welding does not always reduce the strength
of the heat treated alloys to that of the fully annealed
condition because there is some air quenching of the metal
as it cools (32, pp. 6.33). Table 4 (32, pp. 6.34)
demonstrates this effect for the type of filler metal

utilized in this experiment.

Filler | Specified minimum Average tensile | Average bend

Wire tensile strength of strength across free elonga-
base plate in ksi. weld in ksi. tion &

Not heat treated after welding

4043 42.0 - 27.2 16.0

Heat treated and aged after welding

4043 42.0 ‘ 43.5 11.0

TABLE 4: Strength and Ductility of Welded Butt Joints in
Aluminum (TIG and GMA with argon).
Brungraber and Nelson (33) report that 6061 alloy may
be heated up to 550°F by butt welding without appreciably
affecting the mechanical properties of the base plate.

They further report that for thicknesses less than one



35

inch, the distance from the center of the weld to the
edge of the heat affected zone (HAZ) may be predicted

as:
_ EI
bh = 0,6t + 0.00059 T (32)

where E has units of volts, I amperes, V inches per
minute, and t (thickness) inches. As an example, for
E=20., I=240., t = .25 and V = 32,16, EI/Vt = 597
watt - min/inz, and bh = .50 inch. The extent of the
fusion zone may depend somewhat on the parameter EI/Vt
but it is governed primarily by the thickness t cf the
plate and the geometry of the edge preparation.

Figures 4 through]i)pro&ide mechanical properties
at both room temperature and elevated temperatures., Figure
4 provides typical tension and compression stress strain-
curves for the experimental plate._ Figure 5 provides
the éverage stress strain curves for varying temperatures
from room temperature to 700°F based on a half hour
exposure to the temperature in question, This may or may
not be a valid approximation for the welding problem, but
it is the only informatiqn‘currently available, Figure 6
shows thé effect of this temperatufe on the 0.2% offset
yield stress, This'may be approximated as the cubic
polynomial given in Table 5. Figﬁre 7 demonstrates the

effect of the half hour socak temperature on Young's



modulus. This curve was generated from Figure 5. Its
cubic approximation is listed in Table 5.

Figure 8 shows the room teémperature tangent modulus
at various stress levels. Its straight line approximation

is

H' x 10" 3(ksi) = 0.9170 (ksi) + 38.064
(33)

The highest stress level shown on this figure is 40.7 ksi.

This equates to H' = 0.746 x 10+3

ksi and may be utilized
effectively for constant strain hardening. Figure 8
represents an estimate of the temperature effects on the

tangent modulus, If one assumes that

H'(T°F) « E(T°F) (34)
then
H' (T°F) = Hi(R.ﬁiL.i.?(ToF) (35)

Masubuchi and Andrews (11) define the constant strain
hardening parameter for their one-dimensional computer
program as

H' = mE (36)

From the above equations,
m = H'V/E = H'(T°F)/E(T°F) = 0.0742 (37)

This is the first such value ever detefmined for their

36
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FUNCTION: RANGE . b e e
o B o oo P s 0 e e
Gy(T)ket 0 & TOF < 300 0.4030000E 02 -0, mn‘zooz.m 0.2585436E.06 «0,16986792.06
G y(T)Ent 500 ¢ T°r < 1080 0.1840897F 03 -0.5656120F 00 0.38370742-03 =0.2016352L.06
£(TIx10"%pss 0 < 1°r g 1080 0.1020000E 02 =0,1817137E-02 ~0,4810746E03 «0,20847852.08
HY(T)%10" et 0 g T°r < 1080 0.7520000F 00 =0,1240664E.03 -0,4036978E-06 =, 116800508
a(.r('l‘)mcrestrllnl"!‘ 0 < 1°r < 500 0.1219000F 02 0.9465904E.02 -0,1169523%t 0, 1049958E.07
ezrmmcrostmnf"r 500 < T°F < 1080 0.1409189E 02 -0,6089211E-03 0.7212203E-03 «0,2243320E-08
o?.,(r}nncrnnmn/or 0 ¢ 1°r < 600 0.1241000F 02 0.4283324E-02 «0.26269472-03 0.1041599E.08
&'T(r)mero.:mn/”r 600 £ T °F £ 1080 0.1332638E 02 0.1167117F.02 0.4753676E.06 0.2803347E-09
€1 u,m:’ 0 T°F < 300 0.9800000E-01 ~0.7583365E-08 0.1200030£-07 .o.umms-x;
) ylin’ 300 < T°F < 1080 0,9760000E-01 | 0.3875000E-05
(T)x10°2Beu/HrreOr 0 £ 1T°F € 300 0.2151000E 00 0.1197828E-03 «0.1859963E-06 0.1816616£-09
e()x10" L Beu/Hrre®F 300 ¢ T°F € 1080 0.201893E 00 0.1561132E.03 «0,1503752E-06 0.7874967E-10

HY (T Ix10™ Kt

30.8 € O(Xs1) £ 40,7

0.3306400F 02

=0,.92170000E 00

Table 5: Summary of Mechanical and Physical Properties for Computer Simulation of 4061 T6 Aluminum Alley

in the Porm F(x) = a + tx #+ cxz +* dx;.

Civen for the Coefflicients at High Tesporatures.

Use Caution in Reducing the Number of Signiftcnnt Zigures

1287
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program,

" Figure 10 alsoldemonstrates a computer algorithm
for the tensile properties at various temperatures based
on the half hour soak. To determine this approximate
value, proceed as follows:

a. Determine cy(T°F) from Table 5 or Figure 6.
b. Determine E(T°¥) from Table 5 or Figure 7.

¢c. Determine H'(T°F) from equation (35) and Table 5
or Figure 9.

d. Plot oy(T°F) at 0.2% offset,

e. Draw line through point 4 above with slope
H' (T°F).

f. Connect line in e above with line through origin
with slope E(T°F).

5. Physical Properties

Figures 11 through 14 show the effect of tgmperature
on the coefficient and mean coefficient of linear expansion
o, density p, thermal conductivity k, and specific heat
C. The coefficient of linear expansion shown in Figure 11}l
is based on ewpirical equations for high purity aluminum
and alloy constants provided by reference (35). The alloy
constant for 6061 TO is 0.990, i.e., 0.990 o (pure
aluminum}) = o (alloy). The value of this constant for
heat treated tempers is approximately 0.015 greater.

With these tempers, application is restricted to temper~

45
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atures which do not appreciably exceed those used in the
final aging treatments (320-350°F). The basic alloy
constant is limited to temperatures below 600°F. Figure 11
is extrapolated past 600°F to the melting point. Figure 12
provides an estimate of density provided by reference
(36) extrapolated to the melting point. Figuirz 13 provides
an estimate of thermal conductivity. Reference (37,
Volume II, Part 2, pp. 769) provides thermal conductivity
information of 6000 series aluminum alloys from 304 to
650°K. A linear relationship was plotted parallel to
this data passing through the one data point provided by
reference (38). Reference (37) (Velume I, pp. 1ll) listed
the specific heat-temperature relationship for pure aluminum.
A parallel relatioﬁship (39, pp. 180) passing through the
data point provided by reference (31, Code 3206, pp. 1)
resulted in the estimated data shown in Figure 14.
These physical values may be approximated by the
cubic polynomials given in Table 5 for computer simulation,
Appendix A lists the computer program for determining
the coefficients given in Table 5 and for testing these
coefficients in 10°F increments.
Table 6 summarizes the physical and mechanical pro-
perties of 6061 T6 in the form utilized by Masubuchi and

Andrews (1ll) in their one~dimensional program.



®
4

| dasketetent of Thirsel Bipnaten Ofiérestrataf®n) |0 P
; : e : : :

T 1

SRR |

B

et mrml

8% ea T°r .

oo zbo

1

1
- '- ]
R | .
B i :

'

.m ;'oo

m(r)

t i
: .

i L

w

N ) I
1000 - 1200

l, F T IE T

‘ Hm s c.ﬂ!lcm ot ﬂuml I:nuhh ur 6081 (3!). ‘

i
5

e .

47



48

v oal

e

i
I

o),

e

i
1

i i e

1

i

o Denatty for 606

bl

{
t

e




. 1304

=2

Thernal Cenductivity (Beuw/fr fr °rz 10 )

d.h0L

o

e by

a0l

49

o ’l’ f

- ’.o — . . ——

| .

L]

[ ]
) . LW S T
Thermal Condwctivity (Watt/Inch °r).

v
i
1
H
1

A 31, cods 3208
P 1)

@ 7, vo1 13,
Pare 2, pp 767)

© (33, pp 39)

- 2.0

q

200

rY. R TR T R T T VY
Teuparature “n

rim 133 Eskiswved Effect of Toapersture on Thermal

Mﬂﬂt’ for G041 in T8 Condition, -



50

Lo ; ;b L | t )
USRS NV SV RSSO SN NN SO SRURIH i l#l! I fmed ) . ;
o A m,m.m:; BT DS |
. i T H S i 1 ." HE
T T e :.._ | i T i u‘o&cﬁ._ ot A '.
! | b Coi SRS N A -
L e b e e e . ettt ;
- P e H T3 . N :.h K ] .,..,_.
e S R N IR R
o . S T S T R N - L0 S AR N
) T 7 A S A S A - M A
S A I .mMIis. e
- . - ...M||o T_ —— ..m . Mll..ﬂl ..!w — ‘.| m m :
R R N I R R
JR-SUUS SRR Do SREEE SR m“...- oo . :
- i H i . . i - : : . ; -
: Loy g B
ek O R et I S . .4..m.n;” ﬂﬁ;._u e ! —
; P O T R TR T R
" i .. IR ! .u . K~ a— [P :
. ‘- e e e - - . ” : -
N - SR uw m Py
: , it g BR_L i -
Lullml:l,:.-. e e n : m ,mn ] R
o ; . : : - .
: S Vo -u- F N . 1 S S SR
PR : - : [ - ..W. A JM.!. ““nl. i— e e i
N - i St L
i i s . : i : I s.!..hl..i.f...wlwslmwtﬁ : ”
R SRR e S i e s She R A et o AR M i i
- . : . : . .m! “.. B —ie i-.MI... .
i A ST T I &30 - A B B,
i i i i : L ; Ps Dopam g IR
: ! ! i ; : ; t T S < Lt T
N - ..lT,.,r. -..m» .. ) u-. ’ ; ._ ..” . u. -”m . . m m : \
ISR I NN R
. " " H ] i ._1 . 1 L ﬂ ” N * . m i ...._ ~. i _ ”_
! T gy Seimuy aves svakoes -



. T °p 0.0 L 100,0 200.0 300.0 400.0 300.0 600.0 700.0 8C0,0 1080,0 4
K vare/In°F 2,280 2.389 2,457 2,603 2.712 2,838 2.925 3.062 3.182 .57
c Jouloluz:r 227.7 238.2 266,53 251.0 239.0 263,2 21,6 278.1 283.4 310.0
P | /1’ 0.098 | 0.097 | 0,097 | 0.09 | 0.096 | 0.096 | 0,095 | 0,095 | 0.09. | 0.093
E xIO‘GPsl 10.18 9.94 9.60 g.13 8.58 7.83 6.93 5,85 4,50 0.00
a‘, Kai 40,50 39,80 35.38 36.00 31,70 22,00 9.60 3.00 12.80 0.00
d? Microstrain/°F 12.19 13.03 13.67 14.26 14,78 15.31 15.83 16,43 17.06 19.02
= cnnme 0.0742 { 0,07262 | 0.0742 | 0,0742 | 0.0742 | 0,0742 30,0762 | €.0742 | 0,0742 | 0,0742
Table 6: Sumsary of Mechanlcal and Fhysical Properties

for 6051 T6 Aluminus Alloy.

TS



I¥X: PROCEDURES

A. Scope of the Research:

A series of six experiments measuring temperature
and strain changes during wel: g was performed. System
models representing constrained bead-on-plate and butt
joints were constructed from 6061 aluminum alloy in the
T6 condition. Welding procedures were utilized which
offered full penetracion with minimum heat input. This
allowed strain gage locations as close to the weld
line as possible without exceeding the 400°F maximum

allowable gage temperature limitation.

B. BSelection of Parameters:

The aluminum selected for this investigation was
picked because of its easy availability and wide use in
the marine and aeronautical industries. It develops its
strength from its heat treatment. The 0.250 inch plate
thickness used in this study was determined by availability,
past experimental work, ease of handling, and an interest
in approaching a two~dimensional problem, yet minimizing
the extent of bending and buckling. The joint design
for the butt welds‘used in this experiment (straight)

was selected for simplicity and ease of preparation,

Steel backing plates were utilized below the weld and at
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the clamped ends of the plates to provide support and
distributed clamping and yet minimize heat conduccion
effects. Each specimen was clamped at its edges to a
0.500 inch mild steel bed plate which resisted deformation.

The size of the teci plates was set at a nominal 18
by 30 inches to provide essentially steady state conditions
at strain gage locations, and to approach the tempe.ature
distribution of an infinite plate.

The weld process used was semi~automatic Gas Metal-Arc
(GMA or MIG). It allows control of weld variables, reduces
operator error, and fosters repeatability. No preheating

was necessary.

C. Strain Measurement by Electric Resistance Strain Gages:

The fundamental concept of strain gage operation
is that certain conductors exhibit a change in electrical
resistance with a change in strain. Gages designed
according to this principle are attached to test materials
whose strains are then monitored by measuring resistance
variations across the gage. In the case of welding
thermal strains, the observed resistance change, AR, is

made up of:

AR = ARl(ee) + ARz(ep) 4 AR3(aT) + AR4(T)
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where

ARl(ee) = the resistancg change corresponding to
elastic mechanical strain, €gr from which
stresses can be computed.

ARz(ep) = the resistance change'corresponding to
plastic mechanical strain, ep, if it exists.

AR3(aT) = the resistance change corresponding to
temperaure induced thermal strain, ofT.

AR4(T) = the resistance change caused by thermo-

electric effects in the gage itself.

While it is not presently possible to discriminate

between the two mechanical sﬁrains. £o and Epr ARB(aT)

and ARd(T) can be separated out by physical temperature
compensation of the strain gage material coupled with
émpirical calculation. For this investigation, U for the
gage was approximately 13.0 microstrain/°F. The AR4(T)

and the difference between gage ¢, and base plate a

T T
will then generate an error. To compute this error,

a test gage of the type and lot used in the experiment

is mounted on a small sample of 2024 aluminum alloy by
the gage manufacturer. The sample is then heated at
equilibrium until a curve of "apparent strain" vs. temper-
ature is obtained to the operating temperature range.

The gage readings recorded in the weld experiments can

then be corrected by subtracting out the apparent strain
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value corresponding to temperatures observed at the gage
location. Figures 16 and 17 show this factory provided
information for the individual gages and rosecttes
respectively. 1In each case, the curves have been
reduced by the factory to fourth order polynomials yield-
ing microstrain for ease in computer calculation.

Gage:

EAP = -69.36 + 2.07T - 2.02 x 10~ %1% + 5.39 x 107 °7>

- 3.27 x 10 874 | (38)

Rosettes:

EAP = -60.68 + 2.22T ~ 2.40 x 10°272 + 7.05 x 10" °73

- -84 (39)
5.59 x 10 "7 Since

6061 T6 has a greater coefficient of thermal expansion
than the 2024 T4 test plate, a correction to these poly-
nomials has been made. This correction was calculated
as follows:

In general, n

2
Thermal Strain = J o(T) 4T (40)
T
1l
From reference (35),
Cengl C'6061°" pure Al. = .99% g pure Al. (41)
Gop24 = Coppg e Pure Al. = .97 g pure Al. (42)
- %6061
.99
T2
AEAP = IT {Ceoer = €2024 %pure ap. (T 4T ~  (44)

1
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. .20
b = [ (23 (agyey (1) (45)

Integrating the polynomial given in Table 5 for GGOEI(T)’
0 < T < 400°F, between 77°F and T°F yields the following

apparent strain correction for both gages and roseties:

AEAP = -19.4979 -+ .24637 + .9561 x 10 %1% - .7879 x 10”7

-10T4

3

+ .5303 x 10 (46)

Equation (46) must be added to equations (38) and (39)

to obtain true apparent strain corrections. The true
apparent strain is then subtracted from the actual strain
to provide true mechanical strains.

Strain gages manufactured in the form of rosettes
provide as many as three independent readings in three
directions at a single location. This is enough to
completely describe the two-dimensional strain state
at that location (41, 42, 43) and is discussed in the

next chapter.

D. Description of Apparatus:

1. Test Plates: A description of the test

specimens is summarized in Figures 18 through 22 which

provide dimensions and gage locztions. Devices(glthrough

Qébwera dynamically measured during welding. Gages

@through @were statically measured before and after
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Distribution and Strains,
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Figure 21: Test No. 5 (Butt Weld) Measuring Temperature
Pistribution, Strains, and Extension of Root Gap.
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welding.

shown in Figure 23.

2. Sensors arnd Instrumentation:

a. Strain Gages.
in this investigation:
SR~4 foil single element gages.

were as follows:

Gage

Designation
Manufacturer
Grid Length {in.)
Grid Width (in.)
Overall Length (in.)
Overall Width (in.)}
Temperature Range
Résistance
Gage Pactor
Cement

Protective Covering

62

The arrangement of constraining clamps is

Two types of gages were used

SR~4 Rosette

FAER-18PB-12813~ET

BLH Electronics
3/16
0.90
0.280
0.540
~50 to +400°F
129.
2.03
EPY-600

BLH Barrier-C

SR-4 foil 45° rosettes and

Gage properties

SR-4 Gage
FAE=-25-12813L

BLH Electronics
1/4

0.13

0.35

0.13
-50 to +400°F
120.

2.07

EPY-600

BLH Barrier-C

b. Temperature Sensors:

All temperatuce sensors

used were Chromel/Alumel thermocouples made from

Leads and Northrup No. 28 wires.

Each thermocouple

was spot-welded onto the test specimen and protected

by No. 33 Sauereisen Sealing Cément. Each was
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Figure 23: Constraining Equipment



located 0.536 inch {1 second c¢f arc trave}) ahead

of the strain gage mid-axis.

c. Instrumentation. Stxnin gaged were connected
into a Potentiometric Circuit (Half-Wheatstone
Bridge), balanced and calibrated as irdicated
SGhematicall§ in Figure 24. Thermocouples were
referenced to a 32°F ice-bath and calibrated as
indicated in Figure 25. Both circuits were fed into
a Honeywell continuous-recording, l2-channel
Visicorder. When the raw data was actually read
off the recorder tape, some traces were delayed or
advanced with regpect to others. This was done

to correct for the finite difference in position
along the weld line of the thermocouples (1 second)
and strain rosette elements (+ 1/3 second).

Thiz produces the effect of a simultaneous
strain and temperature reading at the strain gage
location. Timing was accomplished by means of an
electric stop watch as well as a timer integral
to the Visicorder. Static strain measurements
were taken with a Budd Instrument Divisibn Model

P-350 strain indicator.

d. Extensiometer. Figure 26 shows a sketch of

the extensiometer utilized in Tests 5 and 6. Strain

64
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Type 40 Galvanometer

.Balance

%

No. 82«1

Battery

— 1

Honeywell
Model No, 1508
Visicorder

Strain Gage Instrumentation Circuit

(7.)
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No. 1508
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Figure 25: Thofnoi:b‘n‘plo Instrumentation Circuit (7).
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an Dxtensiometer Gap of 3,00 Inches.




gages were located on both sides of a spring steel

. ribbon and connected into adjacent legs of the
resistance network circuit described in paragraph
c¢. above. The net effect of such a set-up is to
double the bending sensitivity and null the stretching
sensitivity. Figure 27 provides the calibration
curve for the Visacorder referenced to actual
dimensional changes in inches. The extensiometer and
its mounting tabs may be seen in the photographs
in Figures 28 through 31. It was pulled back away
from the torch to prevent damage when the arc past
the mounting tabs. Once the torch was safely clear,
it was set back in place to observe weld shrinkage.
It is noted that ﬁhe mounting tabs were cemented in
place with EPY 600 cement vice bolting or welding

to minimize local straining of the base plate.

3. Welding Eguipment and Conditiongs: Welding conditions

arée summarized in Tables 7 and 8., The welding machine
utilized was manufactured by the Linde Division of Union
Carbide Corporation and consisted of a type HW-16 GMA
torch, a SVI-300 power supply, and associated governor,
carriage and wire feed mechanisms. Travel speed, arc
voltage, amperage and arc length were present to the same
value for all experiments. Some fluctuations of amperage

did exist when the geometry of the weld changed .from



Figure 28:

Overview of Fxperimental Lquipment Showing Instrumentat!on and Recorder.
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Figure 29: Plate Instrumented and Clamped Under Welding Torch.
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Figure 30: Plate 'nstrumented and (Clamped Under Welding Torch.



Figure 31:

Sample Plate 'rstrurented and Welded.

L




bead-on-plate to butt. Wire feed is a functin of the
other variables and was maintained by the machine auto-
matically- Figures 29 through 31 are photographs of

the actual equipment set-up.

E. Experimental Procedures:

The experimental operation is shown schematically in
Figure 32. The test plate was instrumented and clamped
into place. The welding machine was lined up with the
joint and positioned over the run-off tab at the left
end of the backing plate. Welding speed, arc voltage and
amperage were pre-set. The visicorder was actuated and
an arc was struck on the backing plate. As the welding
torch crossed from starting tab to plate, the timer was
started. The Visicorder output was marked when the arc
passed the center strain gage location. When the welding
head reached the run-off tab at the right end of the
plate, the arc was extinguished and the plate allowed to
cool. Thr recorder continued to monitor the gages until

the plate cooled to ambient temperature. After cooling,

the plate was released from its clamp, and the new strains

recorded either with the recorder or the Budd Instrument.

73
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GMA Velding Machine

N\

Voltmoter

J{//F___-Clampuon Amneter

[ﬁﬁplifie{~] thplifierA]

LAY
Recordoer

¢ Thermocouple

s Strain Goge Rogette

Figure 32: Schematic of Apporatus and Procedure. (7)
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IV: DATA DEDUCTION

A. ngeral:

At any point on a free {(unloaded) surface of a
solid, it is necessary to know three independent quantities
in order to specify the state of stress completely. These
quantities are the magnitudes of two principal stresses,
Ul, and O and their directions, ¢ or (¢ + 20°), with
respect to some reference. For isotropic elastic materials,
these values can be calculated from strains measured on
the surface at the point in question, and since three
independent qguantities are to be determined, it will be
necessary to make three independent measurements of strain

(42, pp. G2-03).

B. Strain Calculations:

Equation 47 describes the relationship for general

strains for a three-element rosette shown in Figure 33.

Figure 33
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(47)

In the special case of a three-element 45° rectangular

rosette shown in Figure 34,

Equation (47) reduces

Solving Equation {(48)

-
€
x

v |

| Yxy

The Mohr's Circle for

0

!
POl

B,Y
A
‘\
0]
c
o e
Aoy
Figure 34
to
' - - T
1 1 1 €y
0 2 0 €
Y
1 1 -1
L d L YXYJ

-

1
= 0
1

L

yl

(48)

(49)

this special case is shown in Figure 35.

i et
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Figure 35: Mohr's Circle for the Rectangular Rogette With
Three Obgervationg of Strain (42, pp. G2-12),




Principal strains are

_ : 1/ _ 2 2

61 = (——z—y‘) + '5 / (Ex Ey) + ny (50}
E +E A ]
_ o Cx 1 PR 7

€y 7 (""“5_1) 2 //(Ex Ey) + Yxy (51)

where ¢ is defined as the angle of one of the principal

axes with respect to the axis of reference. Mathematically,

Tan 2¢ = — XY (52)

In the literature, there is considerable confusion
concerning ¢ and which principél axis it defines.
Murray {42, pp. G2-11, 15) offers a consistent method
for dealing with this problem. If ¢;is defined as the
angle measured (positive in the anti—ciockwise direction)
from the positive QA axis of the strain rosette to the
- positive Ol axis which correspcnds to the direction of

€174 the algebraically largest principal strain, then:

E 4 €
Rule l. When € > ..%_2._9: , then 0° <¢, < g90° (53)
4 4 €
Rule 2. When € < —a—-z-—-E» , then -90° < ¢ < @° (54)
E 4 £
Rule 3 When € = _a_é___sz (55)

> =
and (a) € Egr then € €. and ¢1

1 0° (55a)

or () €, 2 <€, then € = €, and ¢, = + 90° (55b)
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Rules 1 through 3 are defined with axis OA as the
reference. To convert to the situation consistent with
this investigation, axis OA is +45° (anti-clockwise) from
the x-axis.

B

C A Mathematical model
///éf//
\45°
0

weld line
x X-axis

////// Geometry utilized in
X c this investigation

B
Figure 36

$ = &, + 45° (56)

The geometry utilized in this investigation reduces
to that of the mathematical model if the axes are kept

consistent with Figure 36.

C. Stress Calculations:

This investigation yields mechanical strains. The

automatic temperature compensating feature of the strain
gage coupled with the apparent strain correction removes
the thermal strain effect. Stresses must be determined

by total strain.

Emech T Ethermal ~ ©total (57)

T e




B8O

where T2

€rhermal = ! o(T) 4T (40)
T1

For general two-dimensional stress calculations,

E
g, = —7s (¢ + Vg ) (58)
® 1l - vz xtotal ytotal
¥ 1 -V Yeotal total
¢, = --E*§ (g, + Ve, ) (60)
1 -V total total
. _
g = —e (e + Vg )
2 1 - v2 2total ltotal (61)

For this particular configuration,

Y = g -€, = ¥ (62)
XYmech a © *irotal
1. = Gy.. = E Y ‘ (63)
Xy Xy 2(1L + V) xy

V is Poisson's ratio. Nominally, V = .333 for aluminum.
vV  will probably change with temperature, but should not
exceed a maximum value of .500 in the weld puddle because
of volume consideration when melted (at .500, there will
be no volume change].

Stress calculations are dependent upon E(T) and (T)

assuming V is relatively independent of temperature. These
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values may be determined from Table 5 in Chapter II.

The values of E(T) given assumes that the value from a

half-hour soak @epproximates that from welding.

D. Determination of Plastic Conditions:

Masubuchi (43) theorizes that the region in the
vicinity of the weld has vndergone plastic deformation
when the invarient I is larger than the value of yield

stress, where,

I = (o 2 . “$ O + .0 2 + 3T 2)]'/2

% Ly y Xy {64)

This value was derived from the second stress deviator
tensor invariant J2 (44, pp. 41) which for a two-dimensional

situation is reduced to

= £ 02 _ o9 v 2 2, o 1 ;2
I, = 3 + + 3t ) 7 I (65)

The Distortion Energy Theory (Von Mises' Yield Criterion)

at the yield point in simple tension (44, pp. 75) predicts

that
. 1.2
J, = 5% (66)
Equating Equations (65) and (66)
_ 1.2 _ 1-2
J2 = §'I = 30 (67)

or

I = o = /37, (68)
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Therefore, a check to sece if plastic conditions exist
would occur is that
I (T)

¢ \T)

It is important to note that any single component of the

stress field in Equation (65) may be greater than the

yield stress in simple tension without having yield occur.
Again, the yield stress is determined from Table 5

in Chapter II.

E. Dbata Reduction Program:

Appendix B lists the basic program utilirzed for
rosettes in this investigation. It is modified sliightly
to suit other geometries (rosettes in different locations)
or slightly different welding conditions. Input cards
are listed as comment cards in the main program and
samples are shown in the appendix. In the case where all
sfrains are zero or egual, the program deraults to ¢X = 890°,
For example, if at time = 0.0 the strains are initialized
to zero, the resulting ¢x at time = 0.0 is meaningless. 1In
the case where initial strains at time = 0.0 are not zero,
the program will reference all succeeding strains to
their initial v..ue. Single element strain gage data
may be processed by this same program to provide temperatare

compensation.
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V___RESULTS:

A. General Trends:

Figures 37 through 59 graphically present part of
the experimental data tabulated in Appendix C. Table 7
discusses the particular problems and parameters associated

with each test. Several effects are discussed below:

1. Arc Efficiency. Figures 37 through 40 show the

temperature distributions for Test No. 1 and 2, and also
the one dimensional computer analysis results forn = 0.70
and 0.75., The n= 0.75 curve seems to fit the data best.
This efficiency factor includes all heat loss effects
associated with the heat generation and cooling. The

tail of the experimental temperature distribution is higher
than the computer analysis because, geometrically, the
experimental plates are not infinite and cool slower than

the computer model.

2. Placement of Strain Gages. Figure 41 shows the

transverse temperature distribution based on Figures 37
through 40. In general, the peak temperature predicted

at transverse locations are supported by the testing shown
in Figures 42 through 44. Figure 41 provides an effective
technique for positioning strain gages to prevent damage

or exceeding their temperature compensation limits.




Tast
KNumber

Amperes

Volts

v
Inch/Sec.

Heat Input
Joules/Inch

Comment

230

20

0.536

8582

Butt weld to measure temperature distribution only.
Immediately opposite thermocouple line arc burmed

a deep crater in the weld. Temperature distribution
at 0.675 inch reflects problem. During last quarter
of run, arc cut more plate than it welded. More tacks
are required, i.e., shift from 2 to 4.

220

20

0.536

8209

Bead-cn~plate to measure temperature distributicn only

240

19

0.536

8507

Bead-on-plate to measure temperature distribution
and strains. Sensitivity of Visicorder set low.

240

19

0.536

8507

Rezd-on-plate to measure temperature distribution
and strains. train readings in the vicinity of
the arc on all rosettes appeared erratic. Strains
were much higher than expected.

250

19

0.536

8862

Butt weld to measure temperature distribution and
strains.

250

19

0.536

8862

Butt weld to measure temperature distribution and
strains. Gages 4 and 5 failed after arc passed
by in wicinity of highest strains at 30+ seconds.
At 42 seconds, Visicorder paper ran out and all
reraining data was lost.

Table 7:

Sumnary of Welding Conditions for Each Test

~3
=9




Test Number | I: Amperes| V: Volts |[v: in./min | t: inches | EI/vt: Watt-min/in2 bhinches
1. 230 20 32.1¢6 .250 572.14 0.488
2. 220 20 32.16 .250 547.26 0.473
3. 240 i9 32.16 .250 567.16 0.485
4, 240 19 32.16 . 250 567.16 0.485
5. 250 19 32.16 .250 590.8C 0.499
6. 250 19 32.16 . 250 590.80 0.499
TABLE 8:

Summary of Exteont of HAZ (bh)
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3. Butt vs. Bead-on-plate Characteristics. Figures 41

through 44 provide temperature distribution data for the
tests with strain dages ..nstalled and Figures 45 through

51 provide data on transverse and longitudinal strain dis-~
tributions resulting from these tests. Ideally, a butt

weld becomes more and more like a bead-on-plate weld for
multipass situations. One would hope for a two dimensional
model which cculd cover both cases. Unfortunately,

Figures 43 and 44 show a different inicial temperature
distribution for bead-on-plate and butt welds. This implies
that for the plate thickness utilized in this study, the

two types of weld will behave somewhat differently in

the way of thermally-induced strains, moments, and distor-
tions. The bead-on-plate weld is not a two dimensional
situation, but the butt weld clearly is. Figures 45, 4¢,
48, and 49 seem to agree with this observation for strains,
since bottom bead-on-plate values do not match the top ones.
The higher transverse strains for Test No. 4 are noted,

but not fully explained.. The strains were eratic at their

peak values as if the plate was slipping in its constraint.

4, Correlation Between Experiments. In general,

there is not much correlation between residual strains from
experiment to experiment. This problem has been noted at
MIT with previous expeiiments and is again noted here in

the various strain distributions. An effort to find a
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means of correlation was made by looking at the angle
between the largest principal strain and the x-axis (¢x).-
This data is shown in Figures 52 through 55. There seems
to be little correlation in the residual strain region
other than that the major strains are either close to

the x or the y axis. Along the edge of the panel, however,
the test data consistently show a ¢x which implies loading
by shear.

Figures 56 through 58 provide a much more successful
means of correlation. The ratio of the invariant described
in Equation (64) to the temperatﬁre dependent uniaxial
yield stress from Table 5 is plotted with respect to time.
For residual conditions, there appears to be very good
correlation between the "state of stresé“ composed of
all stress components from test to test. In addition, when
the value of this ratio exceeds 1.0, a yielding situation
egists, and plastic deformation occurs.

The static residual strain measurements made during
this study offered such a wide and inconsistent variety of
values that they were not included. One possible reason
for this is that the position of the strain gages one inch
away from the centerline of the plate may have been near
the region in Figure 1-4, where the stress distribution went
through a zerc point with a large slope . Hence, a minor

variation in stress could imply large positive or negative
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variations in strain,

5. Extensiometer. The extensiometer results are

plotted in Figure 59. Initial measurements vary from
experiment to experiment because of the difficulty of
placing the holding tabs in the exact same position.
However, it 1s interesting to note that for the two
situations presented here, once the weld was filled in
the vicinity of the extensiometer, the extensions became
a measurement of transverse shrinkage and were similar in
both tests. Test No. 1 utilized two tack welds at the
ends of the plate, and the arc became unstable as a result
of metal movement in the center. All subsequent tests
utilized four equally spaced tacks, so the plates were

essentially rigid except in the immediate region of the

arc.

B, Accuracy of the Experimental Model and Instrumentation:

1. The Physical Model. As mentioned previously,

the plate geometry, level of constraint, and welding pro-
cedures are considered to be representative of ship
fabrication processes. However, the means of constraining
the panels is unsatisfactory because of evidence of slipping.
Considerable difficﬁlty was experienced in cementing the

strain gages to the model. The best cement still remains

A i ee APATEAAAY e = ur S ————
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EPY-600 because it offers a lower curing temperature.
However, pressure must be applied to the gage while the
cement is curing, making this an extremely critical stage

in model production.

2. Data Reduction Calculations. The temperature

compensation has been previously discussed. However, in
the strain distributions presented, there is a strange
fluctuation in the results in the vicinity of the arc
immediately before the thermal strains take off. It is
of the opinion of this author that this is in part, if
not all, due to temperature compensation techniques and
represents only an "apparent strain". In any case, it is

a minor effect and relatively unimportant.

3. Instrumentation. The Visacorder output was

scaled initially in Test No. 4 to 1200 microstrain/inch
and for later tests at 500 to 600 microstrain/inch. The
reéading accuracy is well within the 5% instrument accuracy

estimated by technicians aiding in this study.

4. Welding Machine. The welding machine utilized

in this study leaves much to be desired. The speed drive
appears not to give a uniform arc velocity although the
time to span the full plate length seems to be cqnsistent.
The voltmeter and ammeter on the power supply have never

been calibrated and a clamp-on ammeter and separate



voltmeter had to be utilized as a result., The meters on
the actual welding machine controls are either inoperative
or way out of calibration. There is no screen over the
tip of the torch which prevents back splatter from fouling
the automatic Filler metal feed system. ILuckily, the wire
jams which occurred as a result were on the starting tabs

and the expensive test plates were not ruined.
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