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SUMMARY

This is the final report of Contract No. NAS8-24365. This
report covers the following tasks, conducted during the period
from July 1, 1973 through June 30, 1974:

(1) Complete description of theoretical studies

(2) Phase G: Perform experiments on thermal stresses

and metal movement in joining thin cylingrical shells.

Results of the earlier work are described in the following
two reports:

a. NASA Contracts Report CR-€1351, wihich covers the work
performed during the period from May 15, 1969 to
October 14, 1970.

b. Phase Repor*, which covers the work performed during
the period from October 15, 1970 to June 30, 1973.

The first part of this final report describes the theoretical
analysis of thermal stresses and metal movement during welding.
Finite-element computer programs have keen developed to determine
thermal stresses and metal movement during butt welding of flat
plates and bead-on-plate welding along the girth of a cylindricél
shell.

The second part of the report describes results of experi-
ments on circular cylindrical shells in 6061 aluminum alloy.
Measurements were made on changes of temperature and thermal
strains auring bead-on-plate welding (by gas tungsten-arc process)

along the girth of the cylindrical shell.



1.0 INTRODUCTION AND SCOPE OF THE EXTENDED
RESEARCH CONTRACT

The original research contract on "Analycis of Thermal
Stresses and Metal Movement during Welding" was initiated on May
15, 1969 with an appropriation of $325,390. The study was com-
pleted on October 14, 1970, and the final report of the study was
published on December 15, 1970, as the NASA Contractor Report
cr-61351, (1)

The extension of the contract became eifective on October 14,
1970 with an appropriation of $19,735. 1In June 1972, the contract
was further extended with an additional appreopriation of $10,000.
A phase report was prepared to cover the work from October 15,
1970 to June 30, 1973.(2) This report covers primarily the work
from July 1, 1973 through June 30, 1974.

As describied in the phase repbrt, the study from July 1, 1973
through June 30, 1974 covers:

(1) Complete description of theoretical studies

(2) Phase G: Perform experiments on thermal stresses

and metal movement in joining thin cylindrical shells.



2.0 THEORETICAL ANALYSIS OF THERMAL STRESSES
AND METAL MOVEMENT DURING WELDING

2.1 Introduction and Background

One of the troublesome problems that accompanies the con-
struct.on of welded structures is residual stresses and distortion.
Because a weldment is locally heated, the temperature distribu-
tion is not uniform and changes during welding. This nonuniform
temperature distribution causes thermal stresses and resulting
residual stresses.

A number of research programs have been carried out on resid-
ual stresses and distortion in weldments. Several reviews and
books have been written on various subjects related to residual
stresses and distortion in weldments.(3’4)

Until recently, however, almost all studies were on residual
stresses and distortion after welding is completed and only limited
studies were made on transient thermal stresses and metal move-
ment.* This is due to the complexity of the problem character-
ized by large temperature changes in small areas near the welding
arc with its resulting non-elastic deformation, temperature de-
pendency of the material properties and/or phase transformations,
and complex boundary conditions resulting from conditions of geo-
metry and multi-pass welding.

With the advaﬁcement of the computer technology, it is now
possible to analyze, with reasonable cost and time, thermal stresses

and metal movement. Investigators at M.I.T. and some other lab-

* 7
WRC 149‘3) discusses the present state~of-the-art of analysis
of residucl stresses and distortion of weldments.
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oratories in the world are currently developing computer programs
*

on thermal stresses during welding and other related subjects.

For example, finite-element programs on welding thermal stresses

(5) (6,7)'

have been developed by Hibbit and Marcel , Ueda and Yamakawa

and Nomoto(g).

At M.I.T., a systematic research has been conducted since
1968 on heat fiow during welding, transient thermal stresses,
residual stresses and distortion. The research includes analytical
and experimental studies.

The analysis was s*arted with the development of a simple
one-dimensional program on a bead-on-plate weld.(g’l) The analysis
has been expanded to a two-dimensional nrogram which can analyze
stresses during welding a butt joint. Efforts have been made to
analyze thermal stresses during welding a cylindrical shell.

In the analytical study, elasto-plastic finite-element com-
puter programs have been developed on thermal stresses and metal
movement during welding. A finite-element formulation has been

derived in the general form which includes temperature dependence

of material properties and the yield criterion.

*To coordinate these efforts, Commission X (Residual Stress, Stress
Relieving, and Brittle Fracture) of the International Institute of
Welding established in 1972 a working group on "Numerical Analyses
of Stresses, Strains, and Other Effects Produced by Welding." Pro-
fessor K. Masubuchi, of M.I.T. is the chairman of the working group.
The working group plans to prepare within a year or two a report
covering studies being made in various laboratories in the world.



2.2 Mathematical Formulation of Thermal Elasto-Plastic Problems

Corstitutive Equations. One of the important features in
the analysis of thermal stresses and distortion during welding

is the temperature dependency of material properties and the

yield criterion. (4710:11,12)

Therefore, general consitutive equations are provided for
the analysis of thermal stresses. The rate of strain is, in

general,

. . (e) . (p)
€5 = eij + €53 (1)

where superscripts, e and p refer to elastic and plastic strains,
respectively.

The rate of plastic strain is assumed as

€ ij 90, . (2)

where A, £, and Uij are the proportional constant, the yield
function, and the stress component, respectively.

. The yield function is assumed as

(p) (p)

€.. o K(ei.

ij.' ij 3 Y, T) = 0 (3)

where k is the parameter related to the strain hardening of
material and T is temperature.
Differentiating Eq. (3) and using the result with Eq. (2),

the following relztionship is obtained.



L4 (p) ~ . .
of of 9f 2Jf
€. . = G ( O + = T) (4)
ij aoi aokQ | aolj T
where
G = - 1 (5)
of 9f oK af
(—— + = )
(p) LIS (p)" 30, .
aeij aeij ij

If von Mises' yield criterion is adopted, the temperature dependency

can be considered in it as,

- (p)
f = o - c(sij,fwm), (6)

where ¢ is the parameter related to the strain hardening of the

material and g is defined in the form as

s = /3
5 = /s (1)

where oij is the stress deviation.
Using Eq. (6), Eq. (5) becomes

- - - 1
G —SF 5 (8)
;:TE)
ij

aaij

Here, introducing the rate of equivalent strain,

—p) _ 2 /-(p) -(p) : (9)
€ = v/_; eij eij

and then, using Egs. (2) and (6), we have

ar 2P

= 0. J€
ij ig)

(10)




Hence, Eq. (8) becomes

1l
c o= - (p) - 1
(p) =(p)
aeij o€
where
o= - Of (12)

Finally, using Eqs. (6), (7), and (11), the rate of plastic

strain becomes

L}
o 30.. 30.. .
(p) _ 1 ( i kL e ij af ]
el - LAk 5 o+ Ao (13.1)
ij H 25 25 ki 27 T
ox.
[ [}
- (p) 30, o 30, . .
€55 = é% (—fél ¢ + —= %% T} (13.2)
20 20

Equatioq (13) meansAthat if the temperature dependency of
the yield function is taken into account in the form as Eq. (&),
the effect of teﬁperature is given as the additonal term to the
well-known relation between strain and otress rates. From the
above derivation, it is also obvious that the more general
relation is obtained if necessary.

For the elastic part, we have:

[ ] (E) - 0! . . ' P
= 1=2v ij _ 1-2v o
, (14)

where, ¢ and Gi..are the average hydrostatic stress and Kronecker

J
symbol, respectively. Vv, and G are Poisson's ratic, Young's

Modulus and shear modulus, respectively. ee denotes the thermal

strain caused by the temperature distribution.



Substituting Eqs. (13) and (14) into Eq. (1), the total

strain rate becomes

L] L) s > 30- 2 '] .
= 1-2v ij ij = 0
€33 E 993t 3¢t o T © 855
[ ]
1-2v - 10 30,5 af
bl 2 EUGi- - -—3 GO'i- + —-_-_J—" ﬁ T (15)
E J 26 J 2GH"

The inverse relation of Eq. (15) becomes:

. . . 3Go,..0, ,E .
E ! i k2kL 0
O'. o = R 86- . + ZGC- s - + O : (16)
ij 1=-2v ij ij =2 H' ij
[ (3G + 1)
where,
=1
€ =3 %
[}
‘6 _ _ _E '8 g : %3 [, _ 1 \:
%13 T2v © 45" E Rt e {1 (i +1}G
3G
[ ]
36000 .
S ' R} S § QNI S B
ou' T B o+

(3G

ogj consists of the terms related to the rate of thermal
strain and the temperature dependency of the material properties
and the yield criterion.

If an element in question is plastic, the element takes one

- ot the following states at the next time increment:

£f=0 f£' <0 (unloading)

f=0 f* =0 (neutral) ' (18)

f=0 £'>0 (loading)

YA 3
50, Cis t o3 T

£

oy

1)

o1

o

"1"
i



If the yield function does not move and does not change the size,
the loading in the element does not occur. In other words, the
unloading or neutral scate is possiﬁle.

The temperature dependency of the material prooerties and
the yield criterion makes the above judgement complex.

Finite-Element Formulation. For the finite-element approach

to plate-stretching problems, the principle of virtual work is
most convenient, because it is easy to find displacement fields
arsumed in an element which satisfy ihe continuity of the fields
along interelement boundaries.

5 Fiﬁuids = 0 (19)

!ffv aijseijdv - fffv Picuidv - IJ
where 5;, Fi, and u, are components of the body force, the surface
force and the displacement, respectively. The displacement
fields in a basic triangular element are assumed as

u = ao +u1x + azy (20)

v = a3 +a X *t oY
Once the displacement fields are assumed, the derivation of a

stiffness matrix and a load vector for an element is arrived at

straightforward by using Egs. (16), (19) and (20).

The final form of Eq. (19) is

N e ) N g
I &{ar (xi{ql - ] s{q} {Fp}
i=1 i=1
]
‘1 * T Py N . T ]
- ¢, 8laY {rg} + I S{g}{Fg} = 0 (21)

i=] p i=1



where
é : nodal displacement vector
[i] ¢ stiffness matrix
{ﬁp} : load vector due to the body forces
{EF} : load vector due to the surface forces
{ie} : load Qector due to the thermal strain anc the effect
of temperature dependency on the material properties
and the yield criterion
N : total number of elements

v
"
e

totil number of surfaces related to surface forces

Eq. (21) becomes finally,

K1igl = ) (22)
where subsc. .pt " refers to a whol2 body.

Eg. (22) is valid for each increment of loads which are
caused by the increments of body force, surface force and other
forces related to the thermal stresses and the effect of temperature
dependency of material properties and the vield criterion.

The temperatu.e distribution, uncoupled from the mechanical -
problem just described, may be approximated by classical finite
difference, or finite element techniques. In this paper, analytical

solutions for a moving heat source problem on a plate will be used.

2.3 Stress Conditicns in Regions Near the Heat. Source

An immportant subject in the analysis of thermal stresses
during welding is how to set up conditions of stresses in regions
near the welding arc.

In the analysis of thermal stresses during bead-on-plate

welding, it was assumed that:
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(1) 7The molten zone is in the state of zero stress. In
other words, stresses are zerc in regions where tem-
peratures exceed the melting temperature of the

material.

-~
[ )
~

The solidified material resumes the original material

- properties. In other words, the weld metal in tempera-
tures below the melting temperature behaves like the
original material in the correspcnding temperatures.

In the analysis of thermal strasses during butt welding, it was
further assumed that:

(3) The unwelded portion of the joint is in the stress-free
condition, except in regions where tack welds are made.
Consequently, as the welding arc advances, the stress
state in regions near the welding arc changes from the
free stress condition before welding to the molten stage

and then to the solidified stage.

2.4 Analysis of Heat Flow

Heat flow in a weldment is affected by variqus factors including
thermophysical properties of the material, thermal efficiency of
the heat source, heat loss from suriaces of the weldment, initial

temperature, and geometry of the weldment.

. _ (13,14)
Much research has bean conducted on heat flow during welding.

_ ' (15) .
The most significant early work was done by Rosenthal. His
study is esscntially an analysis of heat conduction in a solid due

to a moving heat source ‘concentrated at a point (three-dimensional)



or along a line (two-dimensional). The well-known equation for

the two-dimensional heat flow in the quasi-stationary state due
to a line heat source with the intensity q moving at a constant

speed, v, along the x-axis of an infinite plate is as follows

{see Figure 1):

11

(23) -

v
2K & v i
T =T * 73x ¢ Ky (3¢ 1)
. where,
T: temperature
TO: initial temperature
q: intensity of line heat source
k: thermal conductivity
K = éL: thermal diffusivity, where ¢ is specific heat and
¢ p is density
v: travelling speed of the heat source
£ = x-vt: moving coordinate, where t is time
r: 62 + yz
Ko(z): the zero order modified Bessel function of the second

kind

The intensity of the heat source, q (Joule » m — - sec—l)

can be expressed as follows:



12

x nx VI (24)

e
n
=4 [

h: plate thickness, M.
n: arc efficiency
V: arc voltage, volts

I: welding current, amperes

In this study, the above equations were used in the analysis
of heat flow during welding, since they were found to be sufficiently
accurate.

Of course, the finite-element method can be used for analyzing
heat flow during welding. In a separate stuily at M.I.T., finite-
element computer programs have been developed on heét flow during
weldingilﬁtl7% These programs are useful for analyzino heat flow

and thermal stresses during welding a joint with a complex geometry.

2.5 Material Properties

One of the problems that we have experienced lack of suffici-
ent data on material ﬁroperties at elevated tempefatures, especially
temperatures clcse to the melting temperatures. However, in the
M.I.T. research so far, no attempt has been made to experimentally
determine material properties at elevated temperatures. In other
words, we have relied upon existing data.

Table 1 lists some properties of Type 6061 aluminum alloy

used for the experimental study.



. v y
Welding | —

N

e T T O T ) - X

Moving Coordinate
&= x-vt

|

Figure 1 Coordingte System Near the Moving
’ Welding Arc
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3.0 PHASE G: EXPERIMENTS ON THERMAL STRESSES
AND METAL MOVEMENT DURING BEAD-OMN-PLATE
WELD ALONG THE GIRTH OF A CVLINDRICAL SHELL

3.1 1Introduction

Three specimens, which were the half of a circular cylindri-
cal shell, were used in the experiments. The specimens were pre-
pared in Type 6061 aluminum alloy. Temperature changes, strain
changes and displacements were measured at locatioas of interest
in each experiment. Welding was manually performed by use of
gas tungsten-arc (GTA) welding. The first two experiments were
considered to be preliminary. From the results obtained by the
first two experiments, locations were changed of strain gages

and extensiometers. This report covers the third experiment.

3.2 Apparatus and Procedure

Test Specimen: Speaimen dimensions and gage locations used

are shown in Figure 2. The test specimen is 0.25 inch of thick-
ness, 30 inches in length, and 18 inches in girth. The radius

is 5 7/8 inches. The specimen was clamped to a base plate with
eight tabs, each four of which were located along longitudinal
edges of the shell specimen. A summary of mechanical and physical
properties cf Type 6061 aluminum alloy used for the specimen is

given in Table 1.

Temperature Measurement: All temperature sensors used were

Chromel/Alumel thermocouples made from Leads and NOrthrop No. 28
wires. Each thermocouple was spot-welded onto the test specimen

end protected by No. 33 Sauereisen Sealing Cement.

15
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As shown in Figure 2, four thermocoﬁples were attached to
the locations on the weld line and of 0.5, 1.0, and 1.5 inches
from the weld line, respectively. The first three were located
9 inches ahead of the starting point of welding along the circum -
ferential weld line. The fourth is on 3/8 inch from the mid-point
of the weld line in the welding direction.

Temperature changes were measured by these thermocouples and
recqrded by the Honeywell No. 1508 visicorder. Figure 3 shows
the intrumentation circuit to calibrate the thermocouples.

Strain Measurement: A SR-4 foil 45° rosette was used to

measure thermal strain changes during welding. Table 2 provides
gage properties. Figure 2 shows the location of the rosette gage
attached 9 inches from the starting point of welding in the weld-
ing direction and 1.5 inch away of the weld line.

The rosette gage was connected into a Potentiometric Circuit,
balanced and calibrated as indicated schematically in Figure 4.

The observed values through the gage consist of mechanical
strains and so-called "apparent strains". Figure 5 provided by
the gage manufacturer shows a curve of apparent strains vs. tem-
perature obtained by a test gage mounted Qn a 2024 aluminum alloy
sample. Since the 6061 aluminum alloy has a greater coefficient
of thermal expansion than the 2024 test sample, a connection to
the curve mentioned above has been made.

From reference (18) the following relation was used as the

apparent strain for the 6061 aluminum alloy:



Wheelco Potontiometer
Mel No. 320?

N
&,
Fine Coyrse
% ~ﬂl——-—-fyﬁib———-*?Ziw—-——
Oon-0f f 1.5V

Close to Calibrate

itch Open to
Calibrate
50 Ohm
Chronel-Yellow (+) (+)] Trinpot
Type 100
. ' X Galvanomater
Alimel-Red (o) Chrosel | ¢7 onm
(+) ‘
AU I LA S N Honeywell Model
Plate No. 1508
Visicorder

]

Ice
Bath

32°F Reference
Junction

a—

] FIGURE 3
Thermocouple Instrumentation Circuit
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TABLE 2

Gage Properties

Gage | = SR-4 Rosette SR-4 Gage
Designation o T“—E“AER-IBRB—IZAé.i’;;’f% FAE-25-12513L
Manufacturer ! BLH Electronics BLH Electronics

Grid Length (in.) ; 3/16 1/4
Grid Width (in.) g 0.90 0.13
Overall Length (in.)'; ’ 0.280 - 0.35

" Overall Width (in.) 0.540 | 0.13
Temperature Range =50 to +400°F f -50 to +400°F
Resistance . » ;. 129. i 120.
Gage Factor ; 2.03 i 2.07
Cement ' { EPY-600 1 EF{-600
Protective Covering ? BLH Barrier-C i BLH Barrier-C



Strain
Gage

Dunny
" Resistor

Junction
Box

|

Calibrator

Het land
Bridge
Balznce
No. 82.1

Type 40 Galvanometer

©

Honeywell
Model No, 1508
Vigicorder

Battery

FIGURE 4

Strain Gage Instrumentation Circuit
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EAPGOGI - EAP2024 + AEAP

where

EAP = -60.68 + 2.22T - 2.40 x 10~ 27%

2024
+7.05 x 10°°73 - 5.50 x 10”84

+19.4979 + 0.24A3T + 0.9561 x 10 4p2

7 -10T4

AEAP

-0.7879 x 10~ 7T + 0.5303 x 10

EAP cq 7 EA92024, and AEAP denote the apparent strains in
the 6061 and 2024 aluminum alloys and a ccnnection due to the dif-~
ference of thermal expansion coefficient between the two materials,
respectively.

Temperature change at the gage location is estimated from the
observed curve at the thermocouple NO. 4, considering a time lag
between temperature curves at the gage and the thermocouplé loca-
tions.

Subtracting the apparent strain, EAPGO61 from the actual
strain measured, the mechanical strain is provided.

Since the gage is mounted on the upper surface of the speci-
men, the mechanical strain includes the bending strain as well as
the membrance strain.

The strain due to bending is easily discriminated from the
gstrain due to membrane deformation, only if the elastic deforma-
tion is assumed to nccur in the sample specimen.

Displacement Measurement: Figure 6 shows a sketch of the

extensiometer used in this experiment. SR-4 foil single element

gages were located on both sides of a spring steel ribbon and con-
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nected into adjacent legs of the resistance circuit shown in Fig-
ure 6 of the above paragraph. The net effect of such a set-up is
to double the bending sensitivity and null the stretching sensi-
tivity. The gage properties are provided in Table 2.

The extensiometers were set up to measure deformation of the
shell specimen along the weld line. Three locations at every 45°
angle from the starting point of welding were chosen on the lower
surface of the specimen. X1, X2, and X3 in Figure 2 show the ex-
tensiometer lccations. The extensiometers were mounted between
tabs on the specimen and a small shell-shape attachment welded on

a base plate.

3.3 Experimental Operation

The experimental operation is shown schematically in Figure
7. The test specimen, élamped to a base steel plate, was put on
a brick bed. Arzc voltage and amperage were preset at 20 volts
and 180 amperes, respectively. Welding of the specimen was manu-
ally performed by use of GTA (gas tungsten-arc) wol.ding.

The visicorder was actuated to start recording the changes
of temperature, strain and displacement at points of interest.
Then the w2lding torch started moving from one end tp another
along the circumference at the middle length of the sheli. When
the welding head reached the end of the shell specimen the -rc
was extinguisthed and the specimen allowed to cool. The recorder
continued to monitor the gages for twenty minutes until ccnditions

appeared stable.
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Schematic of Apparatus and Procedure
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To measure welding speed, time was marked on the recording
sheet when the arc passed every forth-five degrees nf angle from
the starting end. This was done because manually operated welding

was difficult to keep a constant welding speed.

3.4 Experimental Results and Analyses

Welding Parameters: Several parameters associated with the

experiment are discussed below.

Arc Efficiency: Figure 12 shows the temperature history
at thermocouple NO.4 locating 1.5 inch from the weld line. From
Figures 8 and 12, the arc efficiency in this GTA welding is esti-

mated of 0.28%.

Welding Speed: Weldiry was perfo:med manually. In the first

three-fourths of the girth iength of the shell specimen, welding
speed was approximately 0.123 inch/sc.: and in the last one-fourth,
0.238 inch/sec.

Figures 9 to 17 provide experimental results. The results
are described below.

Temperature Histories: Figures 9 to 12 show the temperature

histnries at the points of 0.0, 0.5, 1.0, and 1.5 inches from
the weld line from start of welding to 220 seconds, respectively.

Figure 9 shows temperature measured on the weld line did
not reach the melting point. The maximum temperature observed
was about 610°F.

*
The analytical solution of a moving point heat source on

x
The arc efficiency is assumed to be 28% as mentioned before.
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a plate gives good agreement with experimental result at the
point of 1.5 inch from the weld line.

Figure 12 shows the comparison between the observad and cal-
culated results. However, poor agreement is obtained on results
at the other points. 1In order to solve this discrepancy, another
approach based on a combination of the analytical and the experi-
mental results is made.

The experimental results obtained at the four locations are
used to obtain correction factors to the analytical results inside
of 1.5 inch from the weld line. The results oﬁtained by this
method are shown in Figure 9 to 1l1l.

Strain Changes: A rosette gage is located at a point of

1.5 inch from the weld line and of the middle in girth of the
shell specimen, as shown in Fi~ure 2.

Figure 13 to 15 show changes of the circumferencial, the longi-
tudinal, and the shear strains at the point, respectively. These
values consist of stretching and bending effects.. As seen from
the figures, the longitudinal and the shear strain changes have
the similar trend to a bead-on-plate results(ls). On the other
* hand, the circumferential strain shows the more complicated
change. This change obviously shows the coupled effects of
stretching and bending which is longer in a shell specimen than

a plate specimen.

Displacements: The extensiometers were located at three

points under the shell shown in Figure 2. The extensiometer re-

sults are given in Figure 16. Displacement trend is described

as follows:
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When the arc approaches to the extensiometer locations,
they displace downward. Then the points turn the displacement
direction to upwards. The largest displacément at the points in
quaestion is observed in a short time after the arc passes through
the points. It is predicted from the figure that the middle point
along the weld line almost returns to the orijginal position while
both sides of the middle point deform below the original ones.
This result is explained by the shrinkage of the weld line.

Closing Comments: Good agreements were obtained between ex-

perimental data on temperature and analytical predictions, as
shown in Figure 8 through 11. Unfortunately, however, there was
more than an order of magnitude differen = between experimental
and analytical values on thermal strains and displacements. Ap-
parently, computer programs have not been completely debugged.

We plan to continue the effecrt to debug the computer program,
and we will prepare an additional report to cover this subject as

soon as possible.
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