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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 final

report of the study was published on December 15, 1970,

as the NASA Contractor Report CR-61351.

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, 1974 with no

additional funding. This report covers the work from

October 14, 1970 to date,
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2.0 SCOPE OF THE EXTENDED RESEARCH CONTRACT

The scope of the extended research contract is described

in Modification No. 3 of Contract No. NAS8-24365, 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.

Phase 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, 20-60 inches per minute,

0.10-0.020 inches thick and heat input widely ranging
r^

about 200,000 joules/inch/inch. Necessary metal
a

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 mathemati--al study of bending

stresses a-,? distortion of 2219--T87 in the thickness
rn

direction-aluminum only.

Phase F. Perform a mathematical study of thermal
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stresses and metal movement in joining than 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 joinini^ thin cylindrical shells.
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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 Buckling

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 thermal 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 analyzing all the three



5

a

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 Janurry, 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 T1 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.
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Chapters III, IV, and V describe experimental procedures,

data reproduction, and resultF, 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 ^f 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. 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 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

bohave somewhat eifferently in the way of thermally-

r}
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induced strains, moments, and distortions. The

bead-on-plate weld is not a two-dimensional

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.

(2)	 Use of Strain Invariant.	 When one deals with

transient thermal stresses during welding plates,

he faces a difficult task of analyzing three

stress components, a x , Qy and TXy , which change

with time.	 During the experiments at M.I.T.,

difficulties were experienced in analyzing data

trends.and obtaining some

In order to simplify the analysis, an attempt

was made to utilize strain invariant, I, as

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

I = (sX2 - a x a y + sy2 + 3zXy2) 1/2

On the basis of the theory of plasticity, the

material is in the plastic condition whet

larger than the value of yield stress.

Figures 56, 57, and 58 show changes o
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during welding.	 Values of 1/0give ratherys

consistent, explainable results compared to other

values such as a x ay , and the direction of pron-

cipal stress (fi 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.

data.The study by LCDR Bryan provided useful experimental

However, he did not have enough time to compare experimental

data with analytical predictions.	 This effort is being

carried	 out by Dr. T. Muraki.

PhaseF.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.

1
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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 experimental data on cylindrical shells.

The extent of the efforts, however, depends upon the

availability 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 h.)w to develop a computer

program with satisfactory accuracy and reasonable cost.

During the entire course of 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.
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ABSTRACT

The heat flow and stress-strain analyses of bead-on-plate

welds is discussed and current 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 compared to analytical 

predictions obtained from both one-- and two-dimensional com-

puter programs developed 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	 INTRODUCTION

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 axe, however, several undesired

effects inherent in this process.	 Among these are residual

- stresses, distortion, and buckling. 	 The primary cause of

these phenomena is the presence of thermaily induced plastic

strain brought about duri;ig the ;gelding 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.

y' 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

rs mismatching.	 They may also impart initial deflection in

structural members which can result in premature yielding.
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Work has already been done at M.I.T. developing one-and

two-dimensional computer analyses of strains induced by non-

uni form heating. These programs have been com pared 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 analysis to the wealth of strain information already

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 0 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 materials.

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. For
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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-

r
,	

gory of materials. They demonstrate a reduction in strength

at approximately 1500° F, however, they retain at least a

44	 moderate yield stress beyond this point. This indicates that
.^1

these two materials show promise for use in applications

ij
which call for service in a wide range of temperature, while

retaining structural stability. Thus, application to the

NASA space shuttle program seems 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 bead 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 cross sections. Along Section A-A, which is ahead of

the arc, the temperature change due to welding, AT, is almost
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zero (Figure 2b-1). 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 distribution of temperature is as indicated in

Figure 2b-3. Far 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, a }C . Stress in the y-direction, ay,

and shear stress, zxy , 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-1). 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 ruddl.e, stresses

are compressive because thermal expansion of these areas is

restrained by surrounding areas that are heated to lower
r

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,
r

fax • 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 and 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, ISM', in Figure 2a

indicates the region where plastic deformation occurs during

the welding thermal cycle. The region outside 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
r
J 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
r^

improvement of earlier attempts by Battelle Memorial Institute,

Columbus Laboratories to develop a computer program for cal-

culating longitudinal stresses during bead-on-plate welds.

The results of the Battelle study are covered in a report

{R5IC-820} published by the Redstone Scientific Information

Center, U. S. Army Missile Command . Lll 	The M.I.T. work added

to the	 :ope of the previous program by considering, in
Li
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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. 12]

The next phase of the program was to compare the

analytic results with experimental data. Bead-on-plate welds

were made on 2219 aluminum alloy plate, 1/4-inch thick.

	

Lu	 Various welding conditions were used during the experiments.

	

r	 The correlation of data proved the computer program to be an

accurate and highly useful tool for predicting the magnitudes

and directions of residual stresses. [31 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,
k

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 temper., _e

	

T	 data were obtained from welding experiments on low -carbon and	 ={

high-strength steels with different strength levels (up to
1
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180,000 psi yield strength). These experiments were designed

to approximate ship structural weldments including thi ck-

section, multi.-pass butt welds. The experimental dLta 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. Johnson [51 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.

0j

D. Objective of This 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 1/9-inch

'	 plate sections used in the past. This means that the necessity
u .

has arisen for which we must take heat loss by convection from

the sheet surface into consideration. All equations and the

subsequent computer program must be modified to include the_(!

'	 convection terms.
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Thiii investi(J ation l.s of particular inLuruSt lc, 14ASA

because they are considering manufacturing the space 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 done [l] but little progress was made. This

paper devotes a section to an attempt to develop an extremely

simplified buckling analysis applicable to welded structures.

As far as we know, this is the f;.rst study even: 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 after welding, [61 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.

M

^c
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11	 THEORY

A.	 Heat Flow Analysis

Derivationi^ of the heat flow equations have been set ti

forth by several authors.	 Chief among these are Myers, et al[71

who give a derivation and a number of solutions which are

applicable to various welding processes. 	 Unfortunately, it is
3r

not yet possible to calculate with satisfactory accuracy, the

thermal cycles in the vicinity of the weld made under given

J7
welding condit° o,,is .

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 isothermal curves on the

surface, while the dotted curves represent isothermal curves

on the transverse section, ABCD. 	 O-xy is the coordinate axis;

the origin, Q, 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.

LI The fundamental expression for heat conduction is given

by the Fourier heat flow equation, as follows:

226 2e^9	 e 2 e

,

T	 +	 ¢K 
	 az2t	 axz	 aye

The mathematical analysis of heat flow in a weldment is

essential)	 a solution of this equation for 	 given initialY	 q	 g

condition (initial temperature distribution) and a boundary
J

condition (shape and intensity of the heat source, geomotr;,
r-

of the weldment, etc.).

i
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Two features of heat flow during metal-arc welding are:

1) The 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 0 at the

point P(^:,y,z) will be a continuous function of x, y, z and t,

and tba first differential coefficients of 0 will also be

continuous. If we define Q = dQ/dt to be the rate of heat

transfer across one face of a rectangular parallelepiped,

where p is the density and c the specific heat of the solid,

we have the time rate of change of internal energy per unit

volume equal to:

	

Qv = p ` c tit)	 (l)

If we expand this expression:

P , c (2- 
a ) = a (

00
) + a (Xae) + a (s ae )	 (z)

at	 ax ax	 ay ay	 az az

This then becomes

ae	 aae	 a t e	 a^0	 as ae 
2	

ao 
2	 ae

	

P c (t) = a t 2 + 7	 2) + a6 (̂ax)	 (ay) + (z) {3}

	

ax	 ay	 az

We assume that as/ae = Q, 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

frora the analytic solution of the linearized heat flow equation
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-or a moving lane source. This equation is linear because

the material properties have been assumed to be constant with

temperature. The linear heat flow equation for a fiat plate

is:

at = K (a2 2+ 	 a2 Z 
+ a2a'	

(4)
ax	 ay	 az

where

6 = temperature change

K = a/cP , thermal diffusivity

c = specific heat

P = density

X = thermal conductivity

Quasi-stational. In the case or a moving heat source,

it is convenient to express this equation in a coordinate

system moving with the heat source. The equation then

becomes:

a 2 6 + a 2 6 + 2 2 e 	 v ae	 (^}

awl
 ay  3z  _ K aw

where

w=3c--vt

v = speed oL moving source

If this equation is solved for a moving line source of

intensity, q, where

q = P_/h

H = plate thickness

0 = net heat input
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The following solution is obtained

_ v w

-292K
 7 

a 	
Ko ( 2 c r)	 {^}

in which

V = w^ + 
_Y 2

K° (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 4 ,y') in an infinite plate at a tame, t', and

then extinguishing the squation for temperature change at

P(x,y) and at time, T, then becomes:

2 +	 2

	

e-	
4 K (t-t')	 i9 -- 90 =	

q	
(7)

4rrK (t-t' )	 oP

Temperature change due to a moving point source can now

be obtained using equation (7) in the integrated form:

	

t	
(x - v	 +^_t) 2	 y2

o e- 4K (t + t - t)

	

0 - 4 = I	 °	 1	 -% dt	 {8 )
°	 0	 4t;7F (to + t1 - t) cp

.Equation (8) can also be expressed as follows:
2

- v 
w	

T K ( t0+tl)	 Y- ^L

9- 8o W	 a 2K	 f	 e 	 d^	 (9)

V
2

4K ti

where w - x - v(t0 + t1)

y 2 = (v/4K) 2 (w 2 + y2)
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Equation (9) represents a general solution for

two-dimensional heat flog when laying a straight weld bead.

By assuming that welding continued from to = 0 to to =

the temperature in the nonstationary state is obtained as

follows:

2

	

v-	 -- ^-	 v
Vj

6	
Bo _ q e 2K	 0 Q	 d^ _	

__
zq^ e 

2i. Ko (2K r)

(10)

Consider a plate lying in the xy-plane and its thickness,

b in the direction of z to be so small that the temperature

may be taken to be constant over it. This is a plausible as-

sumption using the generalized plane problem:

1 b/ 2

	

b _b f2 6 (
x , y , z ) dz = 6 (x, y )	 (11)

Let E be the outer conductivity of tl:.-- material, A its thermal

conductivity, p its density, and c its specific heat, then

the differential equation satisfied by the temperature in the

plate is found to be:

a 2 6 + a
2 e	 pcae	 2E0_0	 ^ 0	 (12)

ax 
	

ay`	
^	 (	 o)

where 60 is the temperature of the surrounding medium.

Defining a 2 , the radiation constant, as:I$l

a2 - pcb	
(13)
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The equation becomes:

-	 2-a 2 0 ,^, a 0- 
a 2B = 0	 (19 )

ax 2 	 ay 2

For the salve 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

8essel function as we di6 before, the new solution becomes:

v

0	 00	 a 2r Kp ( a K r)	 (15)

where

Y2 = a(W E:
(w + Y2}

r	 2	 v2a=a - ^TF

a2 is defined as the radiation conEtant with units of 1/sec

and is obtained from the formula:

a2 = 2E/c pb

where

E = radiation Meat from the unit surface by unit

temperature difference per unit time, cal/cm 2sec °C

b = thickness of the plate, cm.

E can be determined experimentally from the formula(91

E _ s
	 9 -c6	

V	 (1^)
0

where

w = weight of specimen, gm

s = surface area, cm 

0 = temperature of plate
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60 = room temperature

VC = cooling rate, °c,/sec

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

a two-dimensional heat flow problem with a 2 representing a heat

sink. In this case, a 2 is not constant but varies with

temperature.
^I

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 a 2 to represent the heat sink. [17)

B. Stress Analysis

The second major aspect of

processes is the calculation of

result from temperature distri.b,

Although many problems may

considerable work has been done

the analysis of welding

stresses and strains which

rations.

involve only elastic effects,

on plastic deformation. in

general, metals behave elastically up to some limiting value

of stress or equivalently some limiting value 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 strained beyond the yield point, the stress
r,

increases, but at a lower rate than before. For some materials

f	 very little strain occurs, and they may be considered perfi_ cA_1 y

plastic.

r--x
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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. W.,:n the load is again applied, the mate-

rial behaves elastically up to the maximum previous stress.

When a material has undergone: plastic deformation, this
is J

deformation remains after the load has been removed. Although

the phenomenon is not time dependent, the material does remem-

ber its past history.	 It is possible to obtain different dis-

tributions of strain 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
c.

initial yield points are indeper.-lent.

A normal stress-strain cu:^._: is obtained from a uniaxial

tension test.	 If such tests are run at different temperatures,L ,

different curves will result.	 In general, both the yield

strength and Young's modulus will decrease with temperature.

in this way a family 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.	 TIU5

surface, however, has been constructed by considering the

l
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material behavior at a fined 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 bciag considered

uniform in the thickness direction, and a Z , the stress in

this direction assumed to be zero.

The equilibrium equations involve the longitudinal and
L- transverse stresses o x and 	 and the shear stress Txy , these

a
equations are:

_..
ao	 aT

+	 -y = o	 (17)ax

Da	 aT
•- v + ^ T 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 e x and ey , and the shear

stra.' ^,	 amust satisfy the relation;r	 y}{y,

a 2 E	 a 2 E	 ate

+	 - 2	 0	 compatibility equation (19)
a x 2X 	axayay 2x

The stresses and strains are related by the following:

Ex = 1/E(a 	 JIcs ) + CAT + s^ + Aep	(20)y

1'

m
e
m
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Cy = 1/E (a	 - Pctx) + aT + eP + Aep (21)

sxy = l/G	
T+ c	

+ Acp (22)
}y

!
_ where

E = Young i s modulus

U = Poisson's ratio

G = shear modulu2 = E/2 (l + u)

a = coefficient of linear thermal expansion

T = temperature above reference temperature

Aep , Aey, AE:p 	are the plastic strains due to the last

' increment of load.

EP , sp, 	Epya re the plastic strains due to previous

increments of load.

The incremented plastic strains are found from the

stresses using the following relations:

A Ep A^
x

=	 (2Cf	 _	 Q	 )ace 	x	 y (23)

AeP

As
=	 (lay 	Cr2—Q 	x} (24)_

e
L'

AE
= 2	 t! (25)AE: rxy

e

where
l/2

a e =	 (Cr x2 	 h' ay 2 -^ o x^y + 3Txy 2 ) (26)

f As
p

= 2/v [ (Asp ) 2 +	 p 2	 p	 p	 p	
2

x	 (Aey}	 + Acx Acp +	 (Ac p

1/2

l	 (27)

43
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There are several types of strains involved in this

discussion.	 The first type is the total strains, c x , Cy , etc.

These strains ire related to the actual displacements in the
ao

material and are the strains that are actually measured.

ILL) 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 equations.

.^ For most temperature distributions, however, the thermal

- strains alone do not satisfy compatibility, and additional

strain 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

a^ stress-strain diac •ram and the Prandtl.-Reuss relation. 	 These

^p
stresses must satisfy the equilibrium equations and boundary

conditions involving surface forces.

The problem of an infinitely Long plate with width, 2c,
Cn

.a
has been solved in the following manner.	 Using the stress-

a^ strain relation:

bn ex = 1/E ox + aT + ex(28}

be
if we introduce the nondimensional quantities:

R9

S = (I	 Cr	 e = sx/co	 rt = aT/Eo 	ep = Ex/`a

,p
i	 n y Y/c H= E/Eo	(29)

n^ where a  is the yield stress at some reference temperature,
j.

Ea, and, E  is the Young's modulus at that temperature, the

E

4Y1
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stress-strain relation becomes:

ex = S/H + T + e 
	

(30)

The integrals for the net force and the moments become

1
P S	 dy - 0	 (31)

_l

I

! S	 y • dy = 0	 (32)
_l

If we consider an infinitely long plate containing a

bead-on-plate weld, the magnitude of the stresses are as

follows:

au  3a 
ax << ay	 (33)

aQ	 ac

«)	
(34)ax 

T

ax-Z <_ ^	 (35)
Y

Therefore, we can assume

6x = f (Y)	 (36)

and from the equilibrium condition

acx
ax= 0	

Txy =sy= 0	 (37)

Then

BZex
= 0	 (38)

aY2

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

3a	 Dc
<< 

`dy	 (39)

This analysis was developed by Tall and was the forerunner

of the original research program at Battelle Memorial

Institute.1101

As previously stated, the compatibility equationC33

reduces to

a ex
0

aye

which implies that the strain distribution is linear. That

is: ex = a + by	 (40)

When the linear form of the strain is substituted into

Lhe integral equations using the stress-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:

i
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x

I Hndn

A 2 	 ^^	 (43)l	 l	 2	 l	 2
I Hdn ! Hn do	 t f Hndn)

! Hdn
A 3 =	 -^	

(44)

I	 x	 2	 x	 2
! Hdn ! Hn do -- ( I Hndn)

P

uc

i

a

4 .^

64

n^

z,.

y:

i
t.

t

The nondimensional thermal strain, T, and the variation

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

the temperature distribution, T. Since the plastic strain,

Ep , is not known, the strain cannot be calculated directly;

however, an initial approximation to the total strain can be

obtained by assuming that the plastic strain is zero. The

mechanical strain is then calculated from the expression

en = ex	 T
	

(45)

This mechanical strain may be used to obtain a first

approximation to the 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 computer uses the stress-strain calculations

to produce results.

The time units and corresponding 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 modulas, E, the initial yield
stress, ay , the coefficient of linear thermal expansion, a.

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, Ex , 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:

l	 1
ex = (A1-A 3n) f H(T+ E p ) dn	 n+ (A4 ;I-A 2 ) IO H(T+Ep ) ( 2 1 )dy (4G)

where	 1fHn(n - t)drj

A	 0l T	 D	 (47)

1

0 Hn do
A2 - D —	 (48)

1
f H (n - 1/2) do

A3 = 0	 D	 (49)

1
f Hdn

A4 M 0

	

	 (50)
D

where
1	 l	 Z	 1

D	 d Hdn f Hn ( n-1./2) do - f Hndn I H ( n-1/2) do	 (51)
0	 0	 0	 0
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Behind the weld the total strain is given by the simpler

expression:

1
Ex = A f H (T + Ep ) do	 (52)

Q

where

A = 1 1
(53)

f 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 subsequent 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 strains. 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 -dimeLsional

program considers the averaSe'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 eler-ent 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 is 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 being constant. Since the

greatest changes in temperature occur near 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,

!ll
is

a
u
U

U
8

l
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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 bock are calculated by 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

Lollowing blocks.	 Thus the stress distribution in the entire

field is determined.["]

D.	 Thermal Buckling

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-buckling-near the arc during welding.

Inractice we clam	 this	 late to avoid buckling. 	 There-P	 P.	 p	 g

fore, in most applications the fitst . type is the problem.

The plate does not buckle while ^.t is-.clamped, but when it

is released.	 This phenomenon has been studied by both

Masubuchi and Watanabe and Satoh p %o work has been done on

the second t	 e, ' because it re uires complicated analysis.YP	 q	 P	 Y

In the experimentt conducted in this study, buckling of

the entire plate was not observed, probably because the small

weld produced by the gas tungsten arc process did not produce
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enough residual 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 determine the critical free distance, that is, 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(e 1), acting at

both ends of the weld line.

Where

E = Young's Modulus

h = plate thickness (cm)

C  = inherent shrinkage (cm)

When the value of Pcr (critical) is reached, buckling occurs.

Stresses can be obtained using the theory of elasticity. For

an aspect ratio (length/width) less than or equal to 2, the

equation is given by:

ax (at the reference points)

C_1)n/2 (nnu + 1)e^n^ru )
	

(54)Eh(1+4 En=2,4,6

where u = L/H-

j
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The formula for inherent shrinkage is:

P	 2 2= Cr

C£1)cr	 EF— 12(1 _ V )B	
(55) .

where

V = Poisson's ratio

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

k is approximately represented by:

k = 11 + 5p (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 e l exceeds the

critical value determined by the previous equation. Watanabe

and Satoh analyzed the relationship between inherent shrinkage

and welding conditions in carbon steel. They found the

formula to be:
2

del ) = 0.136 x 10_
6(_

hV

)I 	 (57)

where

I = welding current (A)

v = arc travel speed (cm/sec)

Extensive experimental evidence is necessary to determine a

similar formula for other materials.

Consider a long strip of width 2a, length, L. and welded

along the center line. (hee Figure 11) The following

assumptions are made regarding residual stress components:

a

Q

D

U

U

Q

U

n

u

u

n

u
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Figure 11 Schematic of Specimen
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longitudinal stress, ax =	

1lQ

transverse, oy = 0

shear, T. = 0

49

Iyl > c	
(58)

0 < lyl < c

(59)

(60)

Since the residual stress must be symmetric:

a
f axdy 0
0

and

all
a c

If we denote the deformation in the z-direct.:.on as w, the

equation of equilibrium is:

"	 4	 4	 4	 2
D= ( + 2	 + 4 =TX - 	( 63)

	

ax	 ax ay	 8y	 ax

where

D = rigidity of the plate =

	

	 Eh
12(1-v)

also called bending stiffness.
Tx = axh

For boundary conditions, it was assumed that the plate is
simply supported at both ends, x = 0 1, L and that the plate
is free along y c ±A.

.

	

	 if we consider a plate symmetrically heated and supported

on rigid edge members, the most important temperature para-

meters are the average temperature rise of the, plate over that

of the edge member, and the nonuniformity parameter.repres.enting

(61)

(62)

(64)
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so

the difference between the maximum and minimum temperature

rise.

A temperature distribution of the form

T
(Y) 

= To - n (^ )
	

(65)

is chosen to represent the tent-like distribution obtained

in welding.

The boundary conditions for a clamped edge determine both

deflection and slope normal to the boundary to be zero:

LW awm0 an 	 cos a+ayax	 sin a 0
	

(66)

where a is the angle between the normal, n, and the direction

of x. (See Figure 12.)

Thus, the bending moments mx , and m

Y
 , and the twisting

moment 
mXY 

are given by:

mx = my - (l +v}DaMe 	 (67)
INS

mxy	 0 (68)

where	 +h
2

m^ _ ^	 I
h	 h

6zdz temperature moment (69)

In most pure buckling problems m e 	0.	 Hence, also

aXX = h	 + 1 ^ay (ne _ B) (70)

. cYY	 h + 7--v
Eoc	 (n

B
- 8 } (71)

CF (72)
xy
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Figure 12 Boundary Conditions for Clamped Edge
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where	 +h/2

nB	 J	 6dz	 Mean temperature	 (73)

-h/2

6	 temperature distribution

exx' eyy' exy - strain components in the midplane

J	
nx	 D( exx + VCyy -	 (1 + V)an6 	(74)

nY	 DieYY + Vexx - (1 + Oano 1	 (75)
L

nxy	 nyx	 ..^L Dexy	 (76)

If the plate is held fixed along its entire edge

1

exx	
Eyy a sxy - 0	 (77) 

nx	 ny	 _ (l + v) akn 8 	(78)

i
nxy = 0	 (79)

where

k =	 Eh	 stretching stiffness 	 (80)
1- v2

Since in thermal buckling problems in contrast to

ordinary buckling problems, the membrane forces nx, ny , and

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

this case of the tent- 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, Gox.[12,13,14,15ol6l

G
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III .PROCEDURES

' MeasurementA.	 Strain Meas remtn

Thermal strains in welding are measured frequently by the

use of electrical resistance strain gages. 	 These operate on

the principle that certain conductors 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:
•

AR = AR 1 (	 ) + AR  ( Ep ) + AR3 (aT) + AR  (T)

where

AR1 () = the resistance change corresponding to elastic

mechanical strain, ce.

AR2(Ep) = the resistance change corresponding to plastic

mechanical strain, sp.

AR3 (aT) = the resistance change corresponding to

temperature induced thermal strain, aT.

AR4 (T)	 = the resistance charge caused by thermo-electric

effects in the gaga itself.

it is not possible to separate strain into its elastic

and plastic components, but AR3 (aT) and AR4 (T) can be subtrac-

ted by either calculation or experiment. This so--called "ap-

parent strain" may be measured by heating a mounted strain

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

temperature.
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A schematic diagram of the experimental set-up is shown

0	 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 been 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 would have a negligible mechani-

cal component. The pieces of tantalum and niobium with their

respective gages, along with a third unmounted strain gage and

thermocouple were then placed into 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. Aplaratus and Procedure

1. Test specimens. Plate dimensions and gage locations

are shown in Figure 15. The arrangement of constraining

clamps is shown in Figure 15. The room temperature material

properties of the test plates are found in Table 1.

2. Strain gages 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

u
lu

v
0

fl
u
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s."t	 Figure 15 Specimen. Dimensions



ST

IT E,

-DOWN

MPS

I

59

1/4`1 COPPER
PLATE

BASE PLATE
	

1/4" COPPER
BEDPLATE

rigure 16 clamp . Arrangement



TABLE 1

Material Tensile 0.2$ Young's Coefficient Density Thermal Specific
Strength Yield Modulus of Linear 3

g/^
Conductivity Heat .

psi Strength psi Thermal cal/sec/cm /oc/cm cal/gm °C
psi Expansion

per °C

Tantalum 55,000 - 27 x 10 6 6.5 X 10-6 16.6 0.13 0.034

Columbium 85,000 32,000 22.7 x 10 7.06 x 10
-6

8.57 0.13 0.067

0

all
a..awe.....-w_	 1
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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	 9.11 ±1$

Cement	 Rokide--BLH

3. Instrumentation. Strain gages were connec'ed into a

potentiometric circuit (half-Wheatstone bridge) and calibrated
1

as indicated in Figure 17. Figure 18 shows the calibration

circuit of the thermocouples which were referenced to a 32 0 F

ice bath. Both circuits were fed into a Honeywell continuous

recording 12-channel 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 E ui ment and Conditions

The power source used was an ac-dc Heliwelder (manual

GTA) manufactured by the Air Reduction Company. The torah

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

travel speed which could not be guaranteed using only the

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

during the weld.,

D. Experimental Procedures

The experimental operation is shown schematically in

Figure 19.	 The test plate, i; 	 e rumented at BLH, was clamped

between copper plates to insure no buckling during the welding

process.	 Welding speed was preset at S 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

threw 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.

u

u

4
4
0
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IV EXPERIMENTAL RESULTS

The results of this investig ation consist of mechanical

strain data recorded during the 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 one-

dimensional and two-dimensional computer programs. Only longi-

tudinal strains are plotted from the two-dimensional program
171

11	 due to the fact that the transverse strains are of a signif:.-

cantly smaller magnitude.

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 the

samples. The subsequent graphs are calibrated in V 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.

0



67

When the plate was forcibly bowed after the clamps were

removed, the weld area demonstrated severe brittleness and

cracked in many places. 	 The weld itself was not as continuous

as it might have been due to the difficulty in maintaining a

j
^.I

constant arc length.	 Several times . during welding the arc

extinguished but this is thought to have only minor effect.
,t

.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-

gram predicted compression. 	 Such 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 properties

of this material discussed in the previous section.

In both tantalum and columbium gage number 3 was located

so far from the weld center line than the copper backing

in



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.

H. Heat Flow

68

in order to begin a heat flow calculation, it is

k .	 necessary to determine a quantity known as arc efficiency, n.

This factor is related to heat in the following manner:

R = nv-

where
F	 A

Q = thermal power of heat source in watts

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

Lj Figures 33 and 34.

p In order to determine the correct value for arc

efficiency, n, calculations were made with three values of

n, 0.2 1 0.3, 0.4.	 Figures 20 through 34 show the calculations

for each of these values. 	 For n = 0.4 the theoretical values

were significantly higher than the experimental ones. 	 For

n — 0.3 the values were closer but not quite low enough.

The n = 0.2 value showed closest agreement.

For most GTA welding processes the arc efficiency is

0.2 to 0.5.	 (See Figure 35.)	 This discrepancy was due to

not including heat loss by radiation iri 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 35.. This corresponded to an E value,

of approximately 40 times that obtained by Naka (81 (E = watts/

in 	 °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 cone 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 sooner after the are passes

in the measured graphs than they do in the calculated graphs.

Peak heights agree within a maximum of 400 u in/in for the

tantalum specimens and 100 p in/in for the columbiuun specimens.

The tantalum strain maximum was of a lower magnitude

u
	 than the columbium values. This was not the trend predicted

I
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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 lower value while the pro-

gram uses the higher one.

The peak values obtained for both specimens of

approximately 3,000 p in/in corresponds to the values achieved

for 1/4 inch thick 2219 aluminum alloy by Arita. This demon-

strates the conjecture made earlier that columbium and tan-

talum will be competitive with aluminum for structural

purposes.

Two-Dimensional

In the two-dimensional calculation 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 V in/in compared to 3000 V 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.

9
u
a
0

a
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Also, the ratio of tantalummax to columb'ummax strain

values were computed. Although the numbers did not agree,

the peak height ratios fall in the 1.25-1.7 range the same

as the one-dimensional and experimental results.

t^

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 sue% that the computer passed from one grid block to

another j usst 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 Stress

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-dimensional

fact	 becomes tensileprogram.	 The	 that the area near the weld

as time progresses 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.^^^

Figure 51 shows how the stress field changes with time

at three different distances from the weld.	 The closest

distance of .9 inches shows the greatest variation and I. IM

10
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stabilizes in the tensile region. 	 The farthest distance from

the weld varies only slightly from tensile to compressive.

This is merely another method of demonstrating the same infor-

mation that appears in Figures 46 through 50.

1
'	 I

{
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CONCLUSIONS

The purpose of this investigation was to determine the

reactions produced by welding 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.

rf 2.	 The weldability of Tantalum and Columbium was not

sufficiently studied to be able to recommend the "best" tech-

nique, however, it appears that weldability is possible using

present, but carefully controlled, production techniques.

3.	 Local thermal buckling may well be a major considera-

in	 fabricationtion	 any attempt at	 using large Tantalum or

Columbium sheet.	 Theoretical 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

were .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

f
strain magnitudes.

6
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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-

matical model 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 J"mp from

one block to another, but the block should move along with

the arc.
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A'cs'!TRACT

The strain response of metal plates during welding is
discussed and current state-of-the-art efforts to analyze
the phenomena are reviewed. Mechanical and physical temp-
erature dependent properties; transient strain and temper-
ature distribution data obtained from experiments on
6461 aluminum alloy in the T651 condition; and a data
reduction computer program are presented. The experiments
were designed to look at the macroscopic effects of welding
upon heat treatable age hardened alloys while at the same
time approximating ship structural weldments.

The transient strain response was found to be pre-
dominantly longitudinal but transverse strains were signifi-
cant in the region of the welding arc. It was also found
that residual strains correlated reasonably between similar
experiments with a variation of the second stress deviator

,tensor invariant J2 representing the "state of stress"
rather than by individual strain components.

Several recommendations are made concerning continued
experimental investigation aimed.at further development
of the National Aeronautics and Space Adminstration programs.
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I: INTRODUCTION

A. Background:ound:

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. Dependir.g 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 (1). All contribute to the roliabiiity 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 given to the actual thermal stresses

during welding. This is due to the complexity of the problem

characterized by large temperature changes in small areas

near the welding arc with its resulting non-elastic deforma-

tion, temperature dependency of the material properties and,/or

phase transformations, and complex boundary conditions

resulting from conditions of geometry and multi-pass welding

(3, pp. 2, 3)•
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P Thermal Stresses During Welding, Residual Stresses and

Distortion:

	

; i	In order to study the effects of residual stresses

and distortion performance of welded structures, it is first

necessary 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 (6,3, 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, 4, as shown

in Figure la.

Figure lb shows temperature distribution along several

cross section. Along Section A-A, which is ahead of the

welding 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. Alongr	 P	 Y	 P	 g

Section C-C, which is some distance behind the welding arc,

the distribution of temperature change is as shown in

Figure lb-3. Along Section D-D, which is very far from the

welding arc, the temperature change due to welding again

diminishes.

Figure Ic shows the distribution of stresses along

these sections in the x-direction, ax. Stress in the
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y-direction, Qy , 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 S-S is

t	 shown in Figure lc-2. Stresses in regions underneath the

welding arc are close to zero, because molten metal does

not support loads. Stress:es 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 strength 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 maximum with increas-

ing distance from the weld or with decreasing temperature.

However, stresses in areas away from the weld are tensile

and balance with compressive stresses in areas near the
weld. In other words,

fox	 dY = Q
	

(1)

across Section H-8.** Thus, the stress distribution along

In general three-dimensional stress field, six stress
components, a 

x I oy . Q z , Txy, Tzyr Tzx exist.
**
Equation (1) neglects the effect of a

y
 and 

Txy 
on the

equilibrium condition.

U

a
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Section B-B is as shown in Figure lc-2.

Stresses are distributed along Section C-C as shown in

Figure lc- 10. Since the weld metal 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 produced 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 oxigin 0 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

deformation 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 analyses were limited

0
0
0
0
0
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for very simple cases such as spot welding.

However, on the basis of recent developments in com-

puter technology, it appears that a technological break-

through as far as the analysis of thermal stresses during

welding are concerned is not too far away.

0
	

C, Previous Investigations:

The closest approach to a breakthrough to date has

been the one-dimensional strip theory approach first pre-

sented by Tall ( g ) and extended by Masubuchi and associates

at Battelle Memorial Institute (10) and Massachusetts

Institute of Technology ( 7, 11, 12) under the support of

NASA's George G. Marshall Space Plight Center. These

studies have been re7iewed 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

till 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 solved

exactly. The flexibility of the finite element method will

A
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allow the extension of the flat plate problem into more

complex and real life geometries. It provides a complete

strain picture, including longitudinal, transverse, and

shear strains. It has the capability to model the restraint

conditions in the actual structure and weld. Its greatest

drawback is high expense from considerable computer time

for large degree of freedom problems and the post analysis

of the vast quantities of data the technique generates.

interactive graphics will greatly aid this latter problem

in the future.

Masubuch,i and Iwaki (13) and Masubuchi and Andrews (14)

coupled the elastic-plastic analysis developed by Wang (15)

with the thermal loading calculations for moving heat

sources previously utilized by the one-dimensional programs.

Reference (13) was qualitative and reference (14) provided

some quantitative results with course meshes but appeared to

have transition element instability when a smaller mesh was

utilized. In 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 becomes-elastic

again. The whole situation jumps between the two sets of

values. In order to 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

0

u



--low

0	 18

}	 but not all cases. Sometimes increasing the time step
also'el.iminated the instability. Reference (10) may offer

a way to correct this problem. Yamada (17) seems to have

met with more success dealing with thermn.i stresses due to

rapid heating by controlling the number of elements which

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. It attempts

to deal with material non-linearity due to temperature

dependence of thermal properties and in the fusion problem

where material phase change Ls accompanied by a latent heat

effect. It includes radiation as a cooldown mechanism and

U
finite strain effects during isothermal loading. However,

there was little agreement with experimentally measured

residual stresses and they concluded that their finite

rM	
element model did not include significant material behavior.

Shinn (19) approaches the two-dimensional distortion

of a panel structure due to weldi ng with the assumption

of elastic deformation 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 welding

0
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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 questionable accuracy of the experimental

data input into the program. It is of the opinion of this

author that this technique, on the basis 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 nonlinear

and may :re too complex to solve in a completely analytical

form. A purely empirical approach does not appear very

fruitful, either. It is not a sample task to determine

thermal stresses in small regions heated to high temperatures.

Without proper analysis, it would be difficult to adequately

interpret experimental 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

U
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.

o.

J^
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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 temperature 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 gagest

and an extensioneter will be utilized to obtain transient

and residual strain and displacement data in the center and

near the edge of 30x18 inch panels for an automatic GMA

welding process. Experiments will be performed for bead-on-

plate and butt welding processes under similar heat inputs

to verify:

1. 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 of bending strains as com-

pared with transverse and longitudinal strains;

4. to observe transient principal strain magnitudes

and directions;

5. to measure residual stress/strain distributions

4

A.



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;

S. to collect and present in usable form available

IJ 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 fully known or understood and

hightemperature s rai	 es havethe g	 strain gagproven unreliablep

(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.

21
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I1: 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 concurrent 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 this formulation are

presented for 6061 aluminum alloy in the T6 and T651 condi-
E

E	 tion, the material vrtilized for the experiments presented
f

R	 '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 given 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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Figure 2s	 Equivalent Stress and Strain	 14, pp 20)

u

K

c	 C,	 H'

g

A

Figure 3:	 iteration Process to Bring Back the Stress Point
"on to the C-	 curve with H O .	 The elemnt in the Iran•

sition region starts out at point h as elastic.	 The elastic
Increment. Bt of the element for the prescribed load increment
dP is first calculated.	 The stress point corresponding to
C should be D on the strew-atraln curve, 	 using the "ulus
corresponding to BD, the increment BF for dP to next calm-
lated.	 This process . malr be repeated until the solution
converges	 (17, pp 3001,303).

r
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divided into a predetermined number of loading increments.

The problem is then solved including plasticity for,each

element. When an element becomes plastic, the tangent

stiffness approach is used to determine an effective elasto-

plast,ic stiffness for that element. in this approach,

the Prandtl-Reuss relation and the plastic modulus are

combined with the elastic stress-strain relations to produce

an incremental 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,

rdc.	
Et dc
	

(2)

where E	 is the tangent modulus coefficient. Et has an

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

if no yielding takes place. Then, .Et may be
;,,.

used to estab-

lisp the tangent stiffness array K	 for each element,

I h
90

u
0
0
0

I.. : 0

Kn	

j

=	 Br Et 8n d (Volume)	 (3)

^' 	volume

where B
a
 defines the strain displacement relationships.

Thus, where loading is ap"If' e-d in increments, the structure

stiffness array may be found at each stage of loading by

evaluating each element's tangent stiffness (21, pp. 12 - 13).

The incremental pseudo-thermal.loading term likewise
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becomes

dP	 Bt Et 	 det d (Volume)
n	 Vo^e^'`' ry

where . is the thermal strain caused by the welding

process.	 Summed over the entire structure, one obtains:

à #	 ..

aQ	 = Et Bt dv (B)

i To determine the tangent modulus coefficient related

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

Prandtl-Reuss Flow Rule:

	aQ dEP 	(3)

Yielding Surface Behavior:

	

d3
ar	

dor	 (10)

	

'ECY 	 .^..
Material Behavior:

(4)
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do   fide
_ ^. (dc - 

dep}
	 (13)	 i

where d^ is the total incremental strain and D is given in

Equation (24) for the plane stress situation, one arrives'

at the following relationship:

SQ T
D	

^

go	 ..+
do	 D	 D	 de

1	 aQ ao

	

H +
Do n 

a	 (14)

This reduces to equation ( 2) where the quantity in

is the tangent modulus coefficient. This is consistent j

with reference ( 17, pp. 310).

If we assume plane stress conditions and consider the

equivalent stress for Von Mises' isotropic material,

a2ox2 - ax 	 + aY2 + 3rxY2 	(15)

Dif ferentiat:ing,

des 	
2Q	

(lox w 0Y ) dox + (2oy -- ax) day
 + 6TxydrxY

(16)

This may be rewritten in matrix form as

1 - 0
do = 1 rT -1 1 0 day 	(17)

Q 0 0 3
La

or

d$l trT F do	 (18)_
e	 Q 

N ^.r r,. ►
a
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where

ax doX

a^	 aY	 (19)
1

do 	 =
	

doy	 (20)

T^ dTxY

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

Da T 1	 T
TFY

a	 F
Q '"' ^'

( 21)

Transposing,

DQ =	 1 FTa 1 F Q (22)Bcr

Substituting the previous relationships into equation (14)

we arrive at

T
D F a	 a	 F D

do =	 D	 _ ~ " *%0 .v ~ ~	
de (23)

aH' +a	 F D F a	 ^'

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

the Von Mises' yield criterion where

1	 v	 0

D=
.r

E

1- v

0	 1	 0

1-V
(24)

0	 0
2

1	 - 02

F

M

=	 -	 1 0 (25)

0	 0 3

a2 =	 -
0x2 '2	

2vxo
Y	 Y

+	 Q	 +	 3T
xY

(15)
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Equation (23) is but a simple example of the more

complex general case. The important point to note here is

that E. 16, 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 (14r 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

dPP ,t = 
J	

(BT Et de ) d (Volume)	 (4)•.. ^.
Volume

ILI a
de  = AT a

T	 ^"

where

:k	 AT	 average temperature change of element

a = 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
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3.	 and also in the subsequent cooling stage since some

elements can be stressed to their yield point in the

	

I ^^

	

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

	

ji
	

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, a, and

a which are in turn dependent upon temperature.

The temperature distribution, uncoupled from the

mechanical problem just described, 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, K, the general representation of the aniso-

tropic heterogeneous continuum is

Pc dtdT 
	 9 • Oc • qT) + U"'	 (25)

where p is the density, c is the specific heat, K is the

thermal conductivity, and U"' is the heat generatiorx per

unit volume (23, pp. 29, 44-45). Fourier's law applied

to the boundary conditions provides

q = -K • VT	 (26)
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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

	

PC dt	 V • (KVT) + U 	 (27)

	

Cl	 -KVT	 (28)

Equation (27) may be reduced to

	

PC dt	 VK - VT + KV 2T + U 111	 ( 29)

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

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

alone,
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equation ( 29) may be modified to:

.

	

g 1	
pc dt41 ' dT dU ( °T) 2 + Kv 

2 
T + U"'	 (30)

which is nonlinear. For homogeneous isotropic continua K

is constant and equation ( 29) reduces to

	

1	 dT - a02T +
U"n

dt	 pc	 (31)

where a is the thermal diffusivity. Since p, c, and K

are functions of temperature, the welding problem becomes

	

f	 highly nonlinear. Coupled with phase changes, this

problem becomes even more complex.
^I

Lj, C.	 Material Properties_:

r, As discussed in Section S, tabulation of the material

properties as a function of temperature is of prime impor-

Lt_ 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,

relatively inexpensive . material	 during welding and heat

treating may also contribute to the understanding of the

Lbehavior of quenched and tempered steels such as HY-80 and

y HY-130 currently in use today. 	 6061 is readily weeded by
i

all methods and has excellent weldability characteristics.
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The plate used in this experiment has a Federal Specifi-

cation of QQA- 250/11.

1. Composition (31, Code 3206, pp. 1)

32

Percent

Min.	 Max.

Chromium 0.15 0.35

Copper 0.15 0.40

Iron - 0.7

Magnesium 0.8 1.2

Manganese - 0.15

Silicon 0.40 0.9

Titanium - 0.15

Zinc - 0.25

Other impurities

each -' 0.05

total - 0.15

Aluminum Balance

TABLE 1: 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
quench, and naturally age at room temperature to a sub-

stantially stable condition.

T6 Condition: Solution heat treat to 970 °F, water

quench, artificially age by precipitation heat treatment

at 320 0 F . for 16 to 20 hours or 350° F 6 to 10 hours and
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y

F

t,3

i
i

air. cool.

T651/T451 Condition: Same as the T6/T4 Condition followed
ky a 1 1/2 to 3 percent permanent set stretch stress relief

prior to any precipitation heat treatment.

The soft, as quenched 0 Condition can 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. 3)•

Temperature O F R.T. 32 20

Time 2 hours 2 days 7 days +

TABLE 2: Holding Times for 6061 in 0 Condition

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

ltimate Stress in
22 30 42Tension min. ksi

.2% Offset Yield
tress in Tension 12 16 35
in - ksi

ltimate Elongation
2 inch min - $ 18 16 -- 18 6 - 10

ltimate Shear Stress
12 24 30ical - ksi
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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 (3 2 , pp. 6.33). Table 4 (32, pp. 6.34)

demonstrates this effect for the type of filler metal

utilized in this experiment.

Filler
Wire

Specified minimum
tensile strength of
base plate in ksi.

Average tensile
strength across
weld in ksi.

Average bend
free elonga-
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 Weld6d Butt Joints in
Aluminum (TTG 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 thicknesse's less than one
9V
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inch, the distance from the center of the weld to the

edge of the heat affected zone (HAZ) may be predicted

as:

bh = 0.6t + 0.00059 Vt	 (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. 1 t = .25 and V = 32.16, EI/Vt = 597

watt - min/in 2 , 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

-T	 plate and the geometry of the edge preparation.

r	 Figures 4 through lO provide 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 average 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 information currently available. Figure 6

shows the effect of this temperature on the 0.2% offset

yield stress. This may be approximated as the cubic

polynomial given in Table 5. Figure 7 demonstrates the

effect of the half hour soak temperature on Young's

t
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modulus. This curve was generated from Figure 5. Its

cubic approximation is listed in Table S.

Figure 8 shows the room tdmperature tangent modulus

at various stress levels. Its straight line approximation

is

H' x 10-3 (ksi) = 0.917a (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 9

represents an estimate of the temperature effects on the

tangent modulus. If one assumes that

H'(T°F) a E(T°F)	 (34)

then

H'(T°F) = H'(R.T.) x E(T°F)	 (3}E(R.T.)

Masubuchi and Andrews (11) define the constant strain

hardening parameter liar their one-dimensional computer

program as

H' = mE	 (36)

From the above equations,

m = H'/E = H'(T°F)/E(T°F) = 0.0742	 (37)

This is the first such value ever determined for their
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F MCTION: RANGE . b e d

Q'y(T)Kst 0 e. Tar Q Soo 0.4050000E 02 .0.7480200E-02 0.2539434rr04 .0.16416799-06

Q'y(T)Xsl 300 C Tor f. los0 0.1840897E 03 -0.5656120E 00 0.5837074E-03 -0.20163529.06

E(T)x10.6Psi 0 AC Tar [ lOso 0.1020000E 02 -0.18171379-02 -0.4820746E-05 -0.2084789r-Og

H 9 (T)x20-3Ksl o 4 Tor g los0 0.7520000E 00 -0.1240664E-03 -0.4036978E-06 .0,1168005E-09

0C T(T)Microstrain/nr 0 C. Tor C 500 0.1219000E 02 0.4464994E-02 0110449SM07

CeT(T)Microstrain/oT 300 C Tar < 1080 0.1409169E 02 -0.60992%tr-03 0.721.2203E-05 •0.2243820E-06

o( T(T)Microstrain/ar 0 C Tar C 600 0.1241000E 02 0.4283324E-02 -0.2624947E-05 0.1041399E-0s

o4T(T)M1cr*stratn/or 600 4 T OF 4 1080 0.1332638E 02 0.1167I17F .02 0.4793676E-06 0.2805547E-09

P(T) lbr/in 3 0 t T°F f 300 0.98000DOE-01 -0.7683363E-05 0.1200050E-07 .0.1166804E-10

J*(T) tb./In3 300 4 Tor 4C 10s0 0.976000DE.01 -0.3875000E-05

C(T)x10-2Stu/Hrrtor 0 I( Tar C 500 0.2161000E 00 0.1197828E-03 -0.1859963E-06 0.18166169-09

C(TWO-2Etu/HrFtor Soo 1C Tor = logo 0.2018934E 00 0.1361132E-03 .0.1503752E .06 0.7874967E-10

H'(C,)xle3Kst 30.E 4 (T(Kst) e. 40.7 0.3806400E 02 .0.9170000E 00

Table S: Suaiary of Mechanical and Physical Properties for Computer Simulation of 6061 T6 Atuainua Alley	 ,P
in the For* r(x) ft a r bx 4 act t d0. Use Caution in Reducing the Nmber of Signiflcrnt Figures 	 W
Given for the Coefficients at High Teuparatures.
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program.

Figure 10 also demonstrates 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 Qy (T°F) from Table 5 or Figure 6.

b. Determine E(T°F) from Table 5 or Figure 7.

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

or Figure 9.

d. Plot	 °F)	 0.2% offset.ay(Tat

e. Draw line through point d above with slope

H' (T°F) .

f. Connect line in a above with line through origin
N

with slope- E (T°F) .

S. Ph sical Pro erties

Figures 11through 14 show the effect of temperature

I
T 	 on the coefficient and mean coefficient of linear expansion

a, density p, thermal conductivity K, and specific heat

C. The coefficient of linear expansion shown in Figure 11

is based on empirical 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 a (pure

aluminum) = a (alloy). The value of this constant for

heat treated tempers is approximately 0.015 greater.

With these tempers, application is restricted to temper-

i
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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. Figure 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 301 to

650°K. A'linear relationship was plotted parallel to

this data passing through the one data point provided by

reference (38). Reference (37) (Volume I, pp. 11) listed

the specific heat-temperature relationship for pure aluminum.

A parallel relationship (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 (11) in their one-dimensional program.

1
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T F 0.0 100.0 1 200.4 1 300.0 400.0 300.0 1 60;7.4 700.0 800.4 1080.0

Watt/1noF 2.280 2.389 2.497 2.603 2.712 2.838 2.925 3.062 3.142 3.572

C Joule/L2.oF 227.7 238.2 246.5 253.0 259.0 265.2 271.6 278.1 285.4 310.0

P Lbm/ Id 0.098 0.097 0.097 0.096 0.096 0.096 0.095 0.095 0.094 0.093

K x10 6Psi 10.I8 9,94 9.60 9.15 8.38 7.83

22.00

6.93

9.60

5.83

5.00

4.60

2.60

0.00

0.006'y Kai 40.50 39.80 38.38 36.00 31.70

dT Microstrain/oF 12.19 13.03 13.67 1L.26 14.78 15.31 13.85 16.43 17.06 19.02

•.... 0.0742 0.0742 0.0742 0.0742 0.0742 0.0742 0.0742 0.0742 0.0742 0.0742

Table 6: Summary of Mechanical and Physical Properties
for 6061 T6 Aluminum Alloy.
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TTl: 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. Wilding 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 X100°F maximum

allowable gage temperature limitation.

S. Selection 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 att
I
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the clamped ends of the plates to provide support and

distributed clamping and yet minimize heat conduc::ion

effects. Each specimen was clamped at its edges to a

0.500 inch mild steel bed plate which resisted deformation.

The size of the tent plates was set at a nominal 18

by 30 inches to provide essentially steady state conditions

at strain gage locations, and to approach the temperature

distribution of an infinite plats.

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:

e	
AR W AR1 tE e) + AR  (ep ) -t- AR  (MT) + AR  (T)

t
s
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where

AR1 (Ee} - the resistance change corresponding to

elastic mechanical strain, ee , from which

stresses can be computed.

AR2 (ep} - the resistance change corresponding to

plastic mechanical strain, ep , if it exists.

AR3 (aT) = the resistance change corresponding to

temperature induced thermal strain, aT.

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

electric effects in the gage itself.

While it is not presently possible to discriminate

betweenthe two mechanical strains, c  and e p , AR3(aT)

and AR4 (T) can be separated out by physical temperature

compensation of the strain gage material coupled with

T	

empirical calculation. For this investigation, a  for the

w

	

	 gage was approximately 13.0 microstrain/°F. The AR4(T)

and the difference between gage a  and base plate a 

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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^	 _	 a

value corresponding to temperatures observed at the gage

location.	 Figures 16 and 17 show this factory provided

information for the individual gages and rosettes

respectively.	 in each case, the curves have been

by	 factory to fourthreduced	 the	 order polynomials yield-

ing microstrain for ease in computer calculation.

' Gage:

EAP = --69.36 + 2.07T - 2.02 x 10 ,	T2 + 5.39 x 10 - 5T3

- 3.27 x 10-8T4	
(38)

Rosettes:

EAP = -60.68 + 2.22T - 2.40 x 10 -2T2 + 7.05 x 10-5T3

3 -- 5.59 x 10-8T4 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,	 T
2

_Thermal Strain	 -- a (T)	 dT	 (40)

Tl

From reference (35) ,

a 6061	 -	 G'6061 a pure Al.	 _	 .99 a pure Al. (41)

x 2024	 02024 a pure Al.	 _	 .97 a pure Al. (42)

' x6061_a pure Al.	 - (43)
.99

VIE

2fT
&EAP	 =	 (C 606.E - C 2024)	 (`pure Al.	 (T)	 dT (44)

Tl
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.T 2
HEAP =	 (,90) (a 6061 (T)) dT

T 

Integrating the polynomial given in Table 5 for a60fl(T),

0 < T < 400°F, between 77 °F and T°F yields the following

apparent strain correction for both gages and rosettes:

REAP = -19.4979 + . 2463T + . 9561 x 10-4T2 - . 7879 x 10-7T3

+ .5303 x 
10-10T4	

(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

	

E,	
provide dimensions and gage locEtions. Devices l through

Qwere dynamically measured during welding. Gages

21 through Z5 were statically measured before and after

58
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Figure 18: 'Test No. 1 and Test No. 2 (Batt and Beard -on-Plate
Welds Respectively) Measuring Temperature Distribution.
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Figure 19: Test No. 3 (Bead -on-Plate Weld) Measuring Temperature
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Figure 20:	 Test No. 4 (Bead-on-Plate Weld) Measuring Temperature
Distribution and Strains.
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Figure 21: Teat No. 5 (Butt Meld) Measuring Temperature
,Distribution, Strains, and Extension of Root Gap.
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i A

welding.	 The arrangement of constraining clamps is

shown in Figure 23.

2.	 Sensors ar .d lnstrumen^ation:

a.	 Strain Gages. Two types of gages were used

in this investigation: 	 SR-4 foil 45° rosettes and

SR-4 foil single element gages.	 Gage properties

were as follows:
_I

Gage SR--4 Rosette SR-4 Gage

Designation FAER-18Pa-12513-ET FAE-25-12513E
to

Manufacturer BLH Electronics BLH Electronics

Grid Length (in.) 3/16 1/4

Grid Width (in.) 0.90 0.13

Overall Length ( in.) 0.280 0.35

Overall Width ( in.) 0.540 0.13^

EF Temperature Range -50 to +400°F -50 to +400°F
f'

Resistance 120. 120.

Gage Factor 2.03 2.07

'C Cement EPY-600 EPY-500

Protective Covering BLH Barrier-C BLH Barrier-C

b. Temperature Sensors: All temperate a 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 Cement.' Each was

tr



63

0

V

Figure 23: Constraining Equipment
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fil

i.

located 0.536 inch (1 second of arc travel) ahead

of the strain gage mid-axis.

c. Instrumentation. strain gager were connected

into a Potentiometric Circuit (Half-Wheatstone

Bridge), balanced and calibrated as indicated

schematically in Figure 24. Thermocouples were

referenced to a 3r F ice-bath and calibrated as

indicated in Figure'25. Both circuits were fed into

a Honeywell continuous-recording, 12-channel

Visicorder. When the raw data was actually read

off the recorder tape, some traces were delayed or

advanced with respect 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).

ThiL 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 Division Model

P-350 strain, indicator.

d. Extensiometer. Figure 26 shows a sketch of

the extensiometer utilized in Tests 5 and 6. Strain

1 I
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Strain

Gage LI .Junction

moot.

-ICalibrator	 I

Dummy
Resistor

Heiland	
Type 40 Galvanometer

Bridge
Balance	 I	 Jr
No. 8T-1

Honeyweli
Model No. 1508
visicorder

Battery
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Haunt Ing Tab Cemented to ass• Plato

F
1

Adjusting Screw
Spring Steel Ribbon

3.000 Inches Nominal	 Strain Gage	 Strain Gage

4AJusting Screw

kMounting Tab Csoented to Base Plate

Figure 26s Extensiomter. The Adjusting
Strove ors Set So That the Spring Holds
Enensiooeter Firmly in Place.

»-•^--

+:..* Oulu

i	 ff

ingure 27: lactonsiameter CalDvation Curve. 0.000 Inches Represents
an attmalmeter Gap of 3.00 Inches,
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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 the mounting tabs were cemented in

place with EPY 600 cement vice bolting or welding

to minimize local straining of the base plate.

3, Welding Equipment and Conditions: Welding conditions

are 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 RW-16 GMA
St	 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 we ld c ha nged .from

U

s



Figure 2R: Overview of Experimental t_quipment Showing Tnytrumentat i on and Recorder. 0
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Hwure 30: PtAte !nstrurented And C IA-pod LYder WeldIng Torch.



Figure 31: jarr+ple Plate T rstru"nted and Welded. 	 v
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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

bead 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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GM. Welding Machine	 Clamp-on Aunetesr

Direction of Arc Tr ^oI

Twat Plate

Recorder

RQCa^'^

-Figure 32: Schemtati
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IV: DATA DEDUCTION

A. General:

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,

csl , and a 2 , and their directions, ^ or (^ + 90°), 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 quantities 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.

da

Figure 33
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ea cos3 Oa sing % sin Oa cosOa ex

eb - cost Ob sing % sin IDcosOb
E 

(47)

EC tcas 0 sin 20 si.nOO cosOc YxY

in the special case of a three-element 45 0 rectangular

rosette shown in Figure 34,
B,Y

Figure 34

Equation (47) reduces to
r

Ea 	 r 1	 1	 1	 Ex

Eb	
= 2	 0	 2	 0	 ey	 (48)

E c	 1 1 -1	
Y x yri

Solving Equation (48) for E x , Ey , and Yxy,

E x	 1 -1	 1	 Ea

Ey	 _	 0	 1	 0	 Eb	 (49)

YXy	 L 1 0 -1	
Ec

The Mohr's Circle for this special case is shown in Figure 35•
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. f q `" `Q ' + L [r k. g "ro • "

Figure 35: Molir'a Circle for the Roc tangular Rosette With
'three Observations of Strain (42,, pp. G2-12).
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Principal strains aro

:E - { Y + 2 f {EX _ Ey ) 2 + Yxy2	
{ 5 0} .

E2 _ {
C
?^._ 2 	_ 2
	 {Ex -- Cy) 2 + YXy2	 {51)

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

axes with respect to the axis of reference. Mathematically,

Tan	
YxY_	 (52)ex	 y

In the literature, there is considerable confusion

concerning ^ and which principal axis it defines.

Murray (42 ; pp. G2--11, 15) offers a consistent method

for dealing with this problem. If ^ lis defined as the

angle measured (positive in the anti-clockwise direction)

from the positive 4A axis of the strain rosette to the

posi`:ive 01 axis which correspcnds to the direction of

e l , the algebraically largest principal strain, then:

E + E
Rule _l. When eb> -a - c 	 then 0° $ 1 < 90 0 	(53)

E + E
Rule 2. When E b <	 a 2 c	 then -900 < $ < 0 0	(54)

e + e
Rule 3 • When Eb =	 a 2 c	 (55)

and (a) ea > E c , then Ea _ E 1 and ^I = 0 0 (55a)

or (b) Ea < E c , then 6a	E2 and ^ 1 = + 90 0 (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 1 (anti-clockwise) from

the x-axis.

B

C	 A Mathematical. model

45°	 weld line
0 x	 x-axis

Geometry utilized in

A	 C this investigation

B
Figure 36

$ x = ^l + 45 0 	(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 + Ethermal, _ 'total	 (57)
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awhere T2

Cthermal	 fT
a(T) dT (40)

For general two-dimensional stress calculations,

ax --	 E

1 - v 2
(s	 +	 VF_)
xtotal	 ytotal

(5^)

ct ^	 E (s	
+
	 ^s	 ) (59)

y l - v 2 ytotal	 xtotal

c l --	 E	 2 { e l	*	 2	 ) (60)

1 - total	 total

CF2 _	 E

V2

)VC

(s2total	 ltotal (61)l	 --

For this particular configuration,

Yxymech 
^_C a c	 `ytotal

E	 63
Txy _ Gyxy _ 2 1 + v) Yxy	

(63)

is Poisson's ratio. Nominally, v n: .333 for aluminum.

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 a(T)

assuming V is relatively independent of temperature. These
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values may be determined from Table 5 in Chapter 11.

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

half-hour soak approximates that from welding.

D. Determination of Plastic Conditions:

Masubuchi (43) theorizes that the region in the

vicinity of the weld has . undergone plastic deformation

when the invarient X is larger than the value of yield

stress, where,

1 = (a x2 - ,.; xay + a y 2 + 3Txy2) 1/2	 (64)

This value was derived from the second stress deviator

tensor invariant J 2 (44, pp. 41) which for a two-dimensional

situation is reduced to

a	 _ a a	 aJ2 = 3 ( x2	 x y + y	 xy2 + 3T 2 } 	 ^ Z2 (55)

The Distortion Energy Theory (Von Mises' Yield Criterion)

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

that

J2 = 3 Q 2	 (66)

Equating Equations (65) and (66)

J	 -- l• 72 -- 1 -22 	3	 (67)
3 a

or

z = cr _ 1-3—J 2	
(68)

it
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Therefore, a check to see if plastic conditions exist

would occur is that

I (T ) 	 >	 1.0	 (69)a 
%T) 

r

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 y:eld occur.

Again, the yield stress is determined from Table 5

in Chapter II.

E. Data Reduction Program:

Appendix B Lists the basic program utilised for

rosettes in this investigation. It iS modified slightly

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

strains are zero or equal, the progran defaults to ^ x = 90°.
ti J

For example, if at time = 0.0 the strain:: are initialized

to zero, the resulting Y at time = 0.0 is meaningless. In

	

r ,	 the case where initial strains at time = 0.0 are not zero,

the program will reference all succeeding strains to

	

' k`	 their initial v,.:,ue. Single element strain gage data

may be processed by this same program to provide temperatare

u compensation.

'i
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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 for n = 0.70

and 0.75. The r1 = 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

y °	 transverse temperature distribution based on Figures 37

through 40. In general, the peals temperature predicted
4

at transverse locations are supported by the testing shown

4

	

	 in Figures 42 through 44. Figure 41 provides an effective

technique for positioning strain gages to prevent damage

or exceeding their temperature compensation limits.

r t+

l

•	 L'1
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Test I V v Heat Input
N,xaber Amperes Volts Inch/Sec. Joules/inch Comment

1. 230 20 0.536 8582 Butt weld to measure temperature distribution only.
Immediately opposite thermocouple line arc burned
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 re aired	 i.e.	 shift from 2 to 4.

2. 220 20 0.536 8209 Bead-on-plate to measure temperature distribution only

3. 240 19 0.536 8507 Bead-on-plate to measure temperature distribution
and strains.	 Sensitivity of Visicorder set low.

4. 240 19 0.536 8507 Bead-on-plate to measure temperature distribution
and strains.	 Strain readings in the vicinity of
the are on all rosettes appeared erratic.	 Strains
were much hi her than expected.

5. 250 19 0.536 8862 Butt weld to measure temperature distribution and
strains.

6. 250 19 0.536 8862 Butt weld to measure temperature distribution and
strains.	 Gages 4 and 5 failed after arc passed
by in vicinity of highest strains az 30-+ seconds.
At 42 seconds, Visicorder paper ran out and all
remaining data vas lost.

Table 7: Summary of Welding Conditions for Each Test

r.5
,n

r-



Test Number I: Amperes V: Volts v: in./min t: inches EI/vt: Watt-min/in2 bhinches

1. 230 20 32.16 .250 572.14 0.488

2. 220 20 32.16 .250 547.26 0.473

3. 240 19 32.16 .250 567.16 0.485

4. 240 19 32.16 .250 567.16 0.485

5. 250 19 32.16 .250 590.80 0.499

6. 250 19 32.16 .250 590.80 0.499

TABLE 8: Summary of Extc..t of HAZ (bh)

M
Un
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3. Butt vs. Bead-ion-palate Characteristics. Figures 41

through 44 provide temperature distribution data for the

tests with strain gages ..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 could cover both cases. Unfortunately,

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, 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, 45,

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 experiments and is again noted here in

the various strain distributions. An effort to find a

86
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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 temperature dependent uniaxial
^P

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 stress' composed of

u 	 all stress components from test to test. In addition, when

the value of this ratio exceeds 1.0, a yielding situation

exists, and plastic deformation occurs.
n4l

The static residual strain measurements made during
l::l

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
u

wway from the centerline of the plate may have been near

the region in Figure 1- 4 1 where the stress distribution went

through a zero point with a large slope . Hence, a minor

variation in stress could imply large positive or negative

Q7
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variations in strain.

S. 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 is 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
Utj

-	 the panels is unsatisfactory because of evidence of slipping.

Considerable difficulty was experienced in cementing the

rry	 strain gages to the model. The best cement still remains
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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

u°
	 of the opinion of this author that this is in part, if

not all, due to temperature compensation techniques and

p °	 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
va

reading accuracy is well within the 5v instrument accuracy

estimated by technicians aiding in this study.

L-3
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 consistent.
uia

The voltmeter and ammeter on the power supply have never

been calibrated and a clamp-on ammeter and separate
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voltameter 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. Luckily, 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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VI RECOMMENDATIONS:

1. The small number of test y performed ir, this study

should be expanded into more tests, ultimately with plates

of varying thicknesses. Data reduction from the Visa-

f_^	
corder strip charts is difficult and time-consuming. If

^-1	 a large number of test are run, it becomes almost imperative

(^	 that some form of direct digital output be utilized to

u	 provide punched tapes or cards compatible with MIT's IBM

Ucomputer system. Multipass tests likewise require this

capability. ''^-lding is a statistical process, so the

larger the basis of data the better the results will be.

Obviously, there are serious questions of financial and

manpower resources available, sa tl^e trade-off of more

experiments vs. better data must be seriously considered.

2. More bead-on-plate tests which rPCOrd top and bottom

strain and ternnerature distributions are needed to verify

a two dimensional approximation.

3 . The welding machine utilized by t'`. '-.^ study should be

carefully insp©cted and the discrepancies noted in Chapter

V remedied, or arauther machine must be found.

4. A "V" or "J" weld preparation should be considered

for butt welding thicker plates.

i
1
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5. Smaller strain gages should b © utilized to allow

easie^^ application and closor positioning to the weld.

This sacrifices the larger area for averaging measurements,

however. Multiple -element gages slzauld be of the stacked

variety to eliminate time corrections for individual

elements, and make data reduction simpler. Gages such

as BLH Electronic' FABR-12 -12SX13ET ( stacked, three-element

45°, 0.12 inch gage length), FAAX-12 -12S13ET ( stacked, two-

element, 90°, 0.12 inch gage length), or FAER -O6RB-513ET

(three-e.:ement, 45°, . 0625 inch gage length) or equivalent

Micro--Measurements, Inc. gages should be utilized.

6. If time permits, an independent check of apparent

strain corrections is recommended to verif^^ factory data.

This may be accomplished by cementing a gage *o a sample

test plate and heating it in an oven.

7. high temperature strain gages should again be con-

sidered to see if they are any more reliable then reported

previously by Klein ("i) .

8. The test plate mounting assembly should be modified

to allow bolting vice clamping of '-'e plate boundaries.

This may be done simply by drilling and tapping the bed

plate currently in use, and will eliminate any slipping

from taking place.
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^. Further use of the ©xtansiometer is Yiot recommended.

It costs ona channel on the Visacorder and causes the

loss of a rosette ( 12 channels are available: 3 rose}tes

and 3 thQrmocouples, or 2 rosettes, 2 single-element gages,

the extensiometer_ and 3 thermoco:tiples). This author feels

that there is more to be learned at present from the "state

of stress" than from shrinscage measurements. However, if

continued use of the ex^ensiometer is desired, two more

gages should be installed to double its sensitivity.

10. Continued basic research is needed to provide better

physical and mechanical properties for a larger variety of

structural materials.

i
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LPL:	 r#^ ì t= L r 13

RtAi.!	 5r 17U).^
•

17..}	 i-^KMA^F I4F iu.3)
wki'fE (c.^^tif ,d

5j	 f Urct•3i^T(,^Jxr. 'TEMR.Ek_ATt3#^^	 ^Uf^GTIuN ^`A^Lt	 43F U^cIGIhAL	 ^ikTR ^
1FutL1^wS	 r I J)
rrltilt(GyE?o} I' X

^^	 ^ ► K^AA'ISS^i: r TLMPL'- nRTl^kE r rkX^4(FIJ.3r5x) s//} ^,
^^ _ r^ki^a(^=y7fE

4 97	 ^C k rcM^lTtSX^ • F^yCIIE:=^	 F(^)'^Z;;,^s(F1t^.3*5X],/J)
!^G L	 J=1, 4
x=T(.!i

"	 ^'!' A (.7 t L 1 = is
A{^f^J=^^^z

;^ A(Je^s} =x^^3
i	 • i. J^^11 i NW c

.,:

1,	 t;i:^Ff" IC. Ith3	 ^^f^► Fn. i X	 Ai i, J)	 Ni^w	 ^STAEtt i SN^t:.

^

cs# 13 = F(11 ^..

Est)=^tz)	 -

i.	 ^l.I^.^.i^	 Lu1^;	 L'I^s.^ls r, 	i{^i^^	 ta^.1^	 ^ ^	 C,	 i	 1	 .̀^E^' ^..	 1:i	 ^.^i	 r^.t,	 r,	 C^^^ }kc.,YC:.I• ^



^L:h.e 'ds+e,tli: K^.	 ^^ Ir':wLT'tS A;{.,t-,1^L :,^.f.L'1 tlif,; L !{vii LIES SIi3G:JL.^:, 5t f

..I:ciT^t6r5u^
^:^

	

	 e•^^n:^1,i{[^JF,;^1^'-i(.t VAL.E^^ KS-u i^iF^t.i,^5 ^t.F^^±^:L Si;lJ^1C.i'r.	 K5=^ i^•^#'ZiE^

i ^.li+1i;ULl^k :;Et L.if' tGiUAT IL7 f^5. ^: //! )

^#.I^k#a.`^^11 icS

9 y	 #'#..^ii^^4r^i{ ^x t^Sl^1;.t Vl.^U^ KS = 'rl3/1/}
Wl^[ f^iE+:i11I)

ic^t l^^n^^•1Tt.^xR ^^tT1=Nltt) f- ^ill^T * ............ ^^i^)^f^^a':////f
UU ^ J-=1, 4	 -
'n'-J—!
i^itIT^ #or3:V^l nlii#J^f	

LUG	 f-^tiMai{5Xr' ►̂ #' •13^' 1=^.51(*i^l^.t//1
' ^	 Gl3NI'1 NUS

Wk1fE#7*iJ.^l^.
1+^3 F ve.l^It^ t{4i= k5. {I
*^'^^ GuivTltut^L

L^ t.l. iMX j j -
t3►ev

s1.i^	 77.^.r	 -	 3vU.0	 5^]t^.•J
'►U. y 	4U ,^ 	 3b.D	 22.[1
Sc1ti.0	 7vU.J	 1GOG.0	 XU8U.0	 .

4	 ^.0	 7T:^!	 5uG.0	 1c^^{^.0
` ' 1 u.L	 L G.^	 7.ti5	 C. J
U.0	 •,^u.^s	 ^i:t1.0	 1[18:1.11

^J.^	 T7. J	 bJJ.;i	 1i38ti.0	 -
t► .752:^	 ^.J^.0	 u.7tJf	 C.O^]CJ
r r ^	 r+U^:. ^1	 tuu. c^	 ^^^^..^

'U. f 3G	 S^ wu.S^i	 11r^t l	 U.O

^LsU,..^l '	TJU+I	 ^v4T.J..	
t
^t1:^U+1J

r	
^	 -	 _	 -

i	^	 ,^	 ^	 -	 -

Y
1^





f.,.

/! R ^^^^i .i. tsE;lt .+,^,%LiSy-^^,IcFG#C^d=L^:c:K
^'^-t.il ^ 1 U U.^LFt=^ ^^};UuJ4tu`)4ilT t t	 #
/ Y Sis1 ST..^^^jr^Ar.i)

^f tXtL. Aix IhL V

{,	 I^^i^K41' Lu^^ vtEicr.:>.Te:F. TU T1:5T Puk.Y^iE;^^LAl. CUC^# i(.IctJ1S.
E , t,	 i C.^T ^tl.lt,5 E-kil:1 u T_ [. lOd^: !fC{,iif.ES f::Ni€rhrlElT.

.,

	

	 Ls^t,F'f LG 11.,+15 i?l:AL I r. 1►:I Cr. 4C 1^. X ^^+^^-gat.
,uiEa^t^S # uiv til4l sI [ 11J3 rF[ liU}

^-	 uv 9^ •) i=1,13

rat rx J ^ 5, 11 J f #^

^'	 luc} #'UkMATR4t1,^.7)

^	 iU,i rU:c^^1^lj [SVX,' 1L-idF^.hAlu^^ ^UNCTIUN TA^lt FUll.uin5='//)
^ .^ ..	 U[^ 1 J=1: 1Uy

'	 ^	 l^f.f)=1i11f +^[Z}^X+s[s}^X^^Zfg[4}^X#^3

1^ci. FC1ici°l^1[5x,'I!- T = ',F}.J.3,5Xr'tNtN F[t) APF'I^UXIMATtU ='^^1fJ.:3/}
1	 CuyTi^^UE
y^^ GLsvTINUC

^Ni^ EkIT

t . '{ y
L ('a a,J

^.

U+ftJ^ ii^1v^.^ v^ ^-4.T^t^u^uC^E--JZ	 J.z5r3^i4^6f — J4 —:1.1t39i367r)E—^1#a

u.1^4ui^^7^ J^ --J.5r^5t^i1u^ VO ^.5837^74^ — t,^ —i:.^:J1t^^tiZC-06
^l^tu^}J(^c tal — U.233.7^47E — i^Z -0.31Z441,1C^ts5 —L.31.`^97^4k.—(3 t3
^7r1JtfJ^^J£ ^Z ^,J.18171a7C-Jc — U.4biJ74f;€ r !'' —u.2Uti4?ci^iC—ud
1..73.^JJiiJ^ ^}G --J.LZ^t7644E —J^ — ^r.^ ►^3i.97rtC — LEr — C.il^.ts^u5t— ^9 .
J+ lukblcs^E: 11 `r J.13ZJ357E — J3 -x.44 la^^^^E—•^t. ..v..^^y C 17:-'r -1^3
::yiZi^i.^JJ1 va	 .;.^fc^4:'9k^— .tJc -J. il::,^iv^i:t—1,4	 ^.,^. L'^^t`i`^at:l—u7
t1.^Yii^^3 Li^ +.ic: . — v.bil^.^it1lE"v.^	 L2.7^lEiu^F — d1`.^ "+i.^t43:.iG'.1L —^l u
J.li: •lLC^J^i^ uc."	 J.4`i;^;:[4E—t)^ — J. ^.F,:'.wf ',4 7^^^1.^	 U.i^}41a'i ^i ":3:^

L..+rr^

N
Q

i

i



'^ ^ ^ ^ ^ ^ ^-^ ^ ^ ^ rte* ^'

. r<^

u^l3^r^s^s^ 4^ .:.k1^:lI17c —Je' Cr,.^l-1or,7^E-ue. u.^c^U^^+7t--^^	 .

L.^n-i^^^i ►JuE	 ^.^ —:r.luba3b^^^-u^ ii.12:i^^^^^'3^—L5	 —ca.ilbGt^tk^--Ji3
^.^1ts :1ti^1tJ1.-	 sJ.^ C^ . ILy7ii^Lt+'^"t^^ ^'^:.i^7 `^`.:.j^" U. ^ t.1t^ltGr.i^E — ^l^i

^.c:^,l.Fiy^^^	 .JL .:.I^^bil^c.k.-J^ ^tew L'^.^j7:3t^-^i5 :.^.?ti74yt^7k—^5i
f•^ ^ U f' ^

. ^^

I,

E	 -

E;.	"

-
-	 ..

^	 -

;.

^i_^

-	 .	 _..

'

- - -

-

'S^^_

..

l	 ^!	 _ ^ .. - ..

-

s!

- ^...

_	
.ZS?IP

Y	 -	•y..t^	i{ ^. i"^£in^i	 F`" t	 ..,L 	 •wo'..fi..^	 ' Yzaetb^^.n._e.s^..,saiJ._aa....:un. 	 ..:'	 .,^	 ..r..	 +n.>.	 ^	 e	 f 	
^{,	

^	 f.^^u4...eu._.r^sa	 ^_..x.l.emCy...n.ew..L6^.aak.., 	 ..,..ate	 ^._..w.r..u.? .^ita..^.	 .{...L. e.. ^^	 ,.,	 »..^^.,.r.,, r^	 .:Yti	 ..	 __	 yfee}..z^.. u.	 v	 ,.	 "^	 1



/I	 ^.)^'+1 J.	 RR Y^Al^,CLASS=R+RFCTC^1=i2tiK
/^MTTTi] USfRst^M12aQ4: #SAC...	 )
/ASR#	 STA^`CAR;^
t^r^al^ T^'N^=^^tzKFS=^ t

^FQR^lAT FR,I^CNANiE^FTOf^F{IQL.^OitMS=THESIS.G^VFL=CN^GC!'IES=2
!/	 EXEC I^ATFTY	 a
^^! .SY!5IN C4] # !
A.i`"t^	 9RYAN . TIME=1 s PAGES=2a	 ^	 ^ i

^	 ^AT4 RLC(1CTT^'N GCMP.tiTATICtN -----

f	 ta:FlCTNG STRe1I^"# — T^^PFRATUP^	 VARIAT TCN:	 EXP^ftT N"r_'rdaTAL	 RE Sl1l.TS.

C	 INPE^T CARDS Tn THIS PROGRAM bRE:
r.	 C^fTr' 1:	 f^af^RER	 GF tl^GE5,	 vt^f_tS.	 AMPS	 i TS.^l=6.^J1
G	 GARC 2s	 CnE^^ICTF^VTS FnR COEFFICIENT CF THERMAL ExPa:^5I[N
C	 AG^lYRC^MIAl.	 i4Et5.71 ,-	 '
!'	 GAf2C 3=`	 G^tEEFICTFNTS	 FCR Y©tlNG'S	 ^©Q^ftlfS P^LYNC^MTAI	 i4FI5.71.

blt7
C	 GQRC 4:	 Ct^EFt< TCIENTS Fi^lt YTE^C STRESS 	 I4FI5.Tl,	 ^ b

G	 CAR(? 5:	 PCISSGA • 5 RAT:C	 tEl^l.31	 - ^
C	 f ARC ^: STRAIN !',ATA 5 T1^1E; TEMP GAGE	 t y TEMn GAfF 2. T ENF GAf,E 3:
G	 5TRAiN.	 GALE 1.	 LEG A, ^. C: GAGF 2.	 LAG A,B. G, X x

.	 G	 GAGE 3.	 l.F^'.	 a.	 ^'.	 C.	 t F.Q.	 t2F5.21 ^	 1^
C	 CARL ?. P, 9 ET'G.	 SA ME TYPE	 CF BATA	 A5 GARt] 'b.
c	 uNixS:	 C OEFFI C IENT n^ TFfERN A^ 	 ^ x P!! f^SIG^t:	 MICRClSTRAIN ir EGRFE
C	 FAHRENHEIT;	 YnU^1CS MCnIlL.tlSa 	 PST: YIELE STRESS:	 KS T;	 STRi4IhS:
G	 MIG^CSTRATN.

^F4L	 AiJ	 - ^	 "...:

#"^TFCER GAGE
CIM^r^ICN T(4R),SIFRQi4a.3i.STR^f(SS.31,St99,3} I
nTM!^l^St"tN	 EXi991 •FYt991.GXYt^9 1.Eti99),F2{9g f i

C]TI^E^STCN `PHIXi^9)
fTjMF RSIf'N 	 A {4^).^i41,Yt41 .ETf10[^1, 	 SIf,?Ct3).STCYt3?: T4lfXY { ? 1:Xtit31 E
lIT^F^S.ICM YIi3) ,XSt?f ^...-.—

t^EACIS.SO)GAGE.V^?^xS•AMpS
^^	 ,FCR^^T^ T5. ?^f:.^l ^.,

-,Jar Ark' _ ^

l^RITFI6.t^^1 ~
tCn	 ^f?(^^u^'^^1'^X.^^f^Ll^I1+1^; 	 S^^AT"!	 ^i^S^TT!=	Ca'j11:	 FxPr^T,u!^^yF^^	 ^^^tl4Tt'!

...	 -.	 ^

-	 -	 -

F

3

..	 -	 - r
"..	 _

-rata -=	 u:!ac.t,.u.n.......^,..^a..v...._ .u^.^o.^^.+...^. 	 ^..a.^...^	 e—.^_.s.0	 ... -	 ..	 _	 ..-	 -.	 -	 ^	 .. -

-^`:



^ ^ ^ ^

3^RITFr6ri01f
IQZ Ft^R M AT[ 1EiX,'TEST NE1M$FR 4: f3FA(3—Cr—Pt,ATE^/f

wR LTE tb.l lO fVt^ITS, A1^v5
i'!A FnR^ATt iRX,,'A 't:U^+tNEJM! AttL1Y X061 - iN Tb51 CUNfl^TtUN'/ iRX.'THTr'KNFSS

1= (f»?S4 INCHES'/tRX•'GMA WFt 7 F'RCGFS5*l18X.' ARC V^IE_TAGF = '.F6.??/
Z LBx,*AMPERES = '.^6.QliP,K'SPFE^ CF fiRAVFf. = 32. t5 1tiCHF51^'tN4TE' f
{^FRt^;rt^r liif

til FtZ^w^fit 18X.'4^34?! FtItFR NfEfiA^:	 ^1.CGT_5 INCH [7I4^FTF^t*/ Is?^.
7`'tINITS ^F STRAIN = MtCRt'S1'RAtN*/!!
wRlrFr^,tl^f

it? ^^RM ^Tt33x, ^CAUTIi.]N^.//t8X •' TE yP = ^.v0 Ct7MPUTnTii3NS REPRFSEAT+/
?1E3X.'RLANK SPACES aN I . NPUT C4^tCS ANC ARE'/19X.
^^ME1^h^I^U CI.ES5, 	 I^GNnRE A1_! SUCH Cf^.F^RUT4Ti^NS. '1! /1
kRIT'^rb.tT_Qf

1.2#I ^'^RM p T = ^$X.'TRANSVFR`5^ htSTdNCE FRCS ^► EL^ tN TNC,HFS^//
2.1 flxr'Ti1^E'riAK•'1.00*• 12X.' 1.00'.12X,'i.GO'/	 ,
3RX.*rs^rtiNll5f^ s1lx.'tCEhi'E^LtNEf',4X,* t^?GTtQ^t C/l?'•
46X. • tEC1^;Ef'!/1/ f

RFIi^ ^5, 9t f A
RFAL't5+► 91fE	 ,
REAl^^9.St^Y

91	 FnRl^^Tt4F15.71	 '.
RCAf^ RS.92 f^1E1

^97	 I~r^RNeT[FIQ.31
C	 REAL- 1N R^SFTTF CATA: TAME. TFHQ. STRAI6'S !i•p 4rVD C.

I	 RF11f3t5 . t4E'.ENd=S99f TIC ► F.ITtXI • 1C=1..lf.rrSrK , tl,t_=Ls3f , K=1.Jf
14I' ^^p^'^'TrF^.9.t2fb.2f

IFtTI^'^.f:1".O.fGC T^' 3 	 ,
rn ^ tT= 1s,I-

^TN^'ttf ^=dtli^T[tTf+ ataf*Trlti^^?/^.+nr?fyTrlIf^^^!'^.+ at4y^firY fif
1^?^4/k.
^^ T K^.=1, ?{

7	 SZE^^"rY t.^:xf-5 [ Tt r^CKf
CC^MfiIPlilf

a.

w



3 44 ^ JJ^1•J
^: T^M^^FRATEIR^ G4MPFl^SA 'TI[^N FQR FAFR— iBR g- 12S1^-ET L^#T N©.	 ^dZt:3
C' rAG^' ;̂  4th 2074-,T4 ALC' Mif^UM TEST ^L^TF.

A'ST#^^^-GQ b^^2 . 2Z*T{J^31-2.41E-2'^T i.lJ 1 ^ # 2+7. ^35E- 5*Tt JJ)*^3

1l!^TF^ ^^—^9 .4479 '+^.24b3^T # JJ)+.95b1F—k*T[ JJ )^^?— . 7gT9F--7^T t JJ)^'^^3
^^^^^^^^--^n^^r [JJ }*#^
AST^r^STR+ASTR^
TFi^F:Mt= .E4t0 . 1	 GC! Tt? ^^
4n ^# KlCw! r 3

9 STRK[JJtKK}^	 5[..}J•KK)-'?ZE^tn[3J•KK)-A4TR
^;n TC i^

i 1 f1^1	 i 2 KK=^, .3
'^ 2. ±^ fiRha JJ#(K 1=S t JJ.KK 1—ASTR'
i^ ^QNTTNLt^

S'TR^^NS ARF Nnu TEMP ! F4ATURE GtI MPENSATEC.
CAtt STi^diN [ STRN t JJ. !}•STRN [ JJ• 21•ST^NIJJ•.3}•EK[J :J}•^Y[JJ} . rGXYiJ.11

2•EI SJJl.. E2tJJ}.PHIXt3J!!	 .
F^ GAtt	 STRESS [ t:XtJ;1)•t:YtJJI . GXY#JJ} . EtHdtJJ} , A•E.Y.TtJ ,t)•Ni.,

)SIGKtJJ ].S tGY(,1.1). .TAUXY [ JJ f .X41.) .3! •YLI .#.#?.X54JJ) !
F	 8 C^NT'iNt1E

^ WktT t' 1^,16. ^?}TYME •{ T1K}^ :1C=Z•J} r1tS t K• t)•,^=1 • J}•t_=Z•3}•[[STRfrC [ K•L)rK
2^^.• ^} •t=1.;3}•t ' Fx[K1 ► iC=1 •.11.IEY[K} • K=1•,}y•IGXY#K) ,K=l..ff• tEttK?•K^1
?^^J). ^ [tr?.^K} rK=i:rJ^'t SPHiX[K} •K-1 rJ}

i,^^ ^^^2M^TtbX♦ FE.2/SX. s TEMPEftATUREt4EG . F4HR) r,31F1^ . 2•bX}I
25X•'^TR^► iN .A.	 [^FAS ) ^•5X•31Fltf . 2.6X}f
35X.^5TRAiN 8.	 ;1^^^45 }*• 5x•3tF1 (3.2•bXI./
4S7C•^^'STRt4iN	 C.	 [M^^S)'•5x•3{F1^}.2rbX}/

. 5^X.^'STRAi^i ^. tM^CN)^.SX•3[F1^.?rbX!!
6^Xr E`^TR'^► iN..^.	 iM^CH}^ •SX.3[Ftn.2.fi^t}

^., 7^'X•s^^^42^iN	 r.	 [MEtH!'*.SX.3[E1^3..2G?c!/
'' S5'X.'.STRA # N X.	 {MEGH)' • 5X•3[^L4 . 2.^sX}/

9'^X• ^^TR :^► T^ Y.	 ^M tt^H }^•5^.3[E14..2,^X1^

': tSX.^ :^I^M^ ' A :?CY.	 [^E^H } r•5xs3t^IC^.? . EiX^'/_
7.'SKi * ^Ri^ : STQrIs	 t; '̂ 	 }^s5' ?t•^► t'F1 . U.2rf7X2.J
'^^X'•^ ^a,Iti.S:'I'R.2.	 ^'^	 ^*r^.X• 3tr Y^s 2r^X.}:f

s.	
^	 .

t
,..

1



45x. l PHI 	 X	 II:E!^pFES}'.bx.^IF14.?.6?t}l
WRiTEt^.16.1}	 [StC=XIK},K=i.J};tSIGY(K^,K=I,.If•[TA11XYtK),K=1^J},

ifYi.CK}..K=t.:J}rCX4[K} * lC=iy,31•tX^sIK) rK=ifJ)
^lE^t F^P^L'Tt^X.^5irh1A	 Kx	 iKSi}',7X,3tF1C.2,^X)I	 ^

iSX.'SiG!^A	 YY [K5I#*.7X,3fF14.2.bX}/	 •

?5X.':TAiJ	 XY.	 tKSi ) ' .TXr?IFtQ.2.bX!/
'^SX, • YIFI.F}	 ^T^FSS	 iKSi)'.3X•^EF1C^.2,fX)/
4'SK,'i	 IKSI}r.L4X,?it E1{)..4.15X}/
5 SX.' t/Y rFtil	 STRF55' .7K: ^ f E i^.4.6X) /// 1
Gn ^^ ^	 .

'4S9 CAl! EXIT_
f<NU .
Sll$ftCllTiPIE	 STRATNfE^,EB•ECrEXtEY.GXY.Ei.F2,P^IX1

^'	 C THIS SU8R^7UTINE CALCULATES STRAINS 4E.DRG THE X, Y A1v1] PftINTCIPAL
G AXES: TF^F SHFAQ	 ANGLE Ge^1Mn XY:	 AND PRIX. THE ANGLE F3FTHFrEh TF+E

C X AXIS ANQ THE AXIS t3F TWE LARGEST PR1NCinAL STRAiN.	 •

C' CAICL"LATiDHS ARE BASEC CN THE RECTANG[1l.eR RnSETTF wiT4# THttEF
C C(1SERVATiDNS DF STRAIN. 	 '

•	 t PFlI1	 iS DEFINED a5	 THE ANGLE MEA517REf1 PC35ITIVE.IN TWE	 ANTI—
C CL^?GtcWt5E f3iRECTIf^N FR£M THE FQSiTiVF Cd dXfS f1F THE STRAiN	 '

^,	 C CtOSETTF T o THE pnSiTtvE o^	 aX l s Y^Ni c^ cc^^^s po^ns ro Tr+^ ^lI^FCTinN
C nE THE ^ARGESfi PRINCIPAL STRAiA.

^;.
C C(?MPt;TATID^IS. t)TWt"R	 THAN PH1• UTILISE	 nXIS nX 45 THE REFE^tfNCE

AXI ^^ 	 '

E	 C^ TWE AfVCLF BETWEEN THE X Ax TS Ai1G THE oa AXIS = 45 !^FGRFES.

^> FX=Ee—EPI+EC	 ^
;.

EY=FR	
i

GXY=FA— EG	 .

A_EX^EY	 .
is	 ^ [i=FX^EY	 ► .	 .,

^:' C=S^F^Tt^^ /*^2+t;XY^#21

^'^ r7 ^ ^ ^' F7^C l	 I	 '.
^'
^

^ 2= fi.A+Ff,	 N	 ^.
^.

':
^;:
^:	 ,

R^-2-.^^^--^1^	
^,

`.

^€
f-;

^	 ^

... '^



_	 ......	
.. .	

,:..	 ,	 ..

- n'

i^t9 ^r^^s^.1^^	 T'^ ^	 -

GO	 ^ (' T.
b #?;Ni1.= 3.=141,x/4.
T : ^nNT t^tfE

d=.^^tEA+^C!	 ^
^^[F^.^^'.+^)^n Tn t
^F4 ^P:^.T.d i^GO T^ Z	 -

f
^''F iE ^.^T.^EC) G0, Tn 3
;^c^^e.^:T.^c)c^ ro 4

^1 PHi^^+PHiI	 -

f;^!	 T^ 5
?. 'PNf 2=-PHI ^,

C^ TC 5 `

^0 TC 5	 ^.
`^ 4 Pk^i ^.^+3,.14i 612. 	 _

5 ,,4^H 1'3 =PHI?'Aa $0 	 / 3.14..16
RYIX= PH I3+kS.0	 -	 .

C,, ^i5 G'FGRP1: : GflRREGT`idN 15 MAO	 Td IiRiNG THE REFFRFNGI= AXiS
^ ^ad^ [?A Tt1 .X.	 _

^R `'R°^T^iRA.	 '
^

^!
ENO	 -

-	 ST'^tESS	 IFX.EY,G.)( Y.^THOS'UBA^'UT1N^	 . A.E,Y.T.^tUrSidX^SI^Y.,. TAUXY.	 .^
1^4.'Y;1^.XSi

i^ 'dIM^l1St^1N	 3(4)..Et4?.Y['^i1
C ^	 pT THIS Pl^INT,	 THERNat . STRAINS A+t^ CAl:CttlATEd ^5S+,1MiNG rSdT+tna3G	 ^ r
C )NAT ^^ i A1.	 -

^THT^AI 1)^^#JIt2 ^*T*^2/^-.fAt 3)^T**^!!'^.f1t1^i}*; ^^4l4. 	^ t_..=
^Tti^EI'HT GTHn

;'	 ^ ^T	 .I !N iS	 P '1I"1T's	 TdTAE.	 S"4A1^+S . A4F	 %^l.F:U1.!1:T^n.
^XT=^X+^TH^:.

YT = EY ^ FT!•; ` ,°

,,

^ ,^i	 1c Yr+^=^^;•*	 ^tr^U).11S	 ^T ^F^^fRP,T1,c^	 T,	 ^	
^^





StGX=XI:^f ^=XTfN1i^FYT'1
-	 $ tt^r-X# *t EYT^N^^*FXT ^

TQUxY=X?*GxY
,G	 ^1^tT4 nF STR^S.S ARE Alf3w iN KSt.	 YClIN(;*S '+Rf11] t.^IUS '̂ ^S RED?; tN

fi	 A5 PSI ^ F-b 4N^ STRAINS WERE I"I TER^ ++S DF MICR[ STR4IN. X1 AWD

f	 X2 HailE'REE11t CnRRECTEn AY E—^ Tt3 .CCI^VERT PST TC! KSi. 	 ^.

-X3 = { c tr. X^'^ ^ — S i G x*^ I GY+S IGY^*1+'3. *T III XY I
.	 x:3t=APS IX3!

X4=CART{X11
K^ I^ M.A SURU^HI • S STRE55 INV1tR{At^T I^ti l;^TTS U^ lcSi.	 .
v1=YtI}^Y{21^T}Y{3T*T^*2^YI4}*T*^^

f	 Yt it v.IEln STRESS AT TFIHPERAT^JRE r T tk U^TTS 0^ KSt.

XS=X^i/Yt
C	 X5 tS T NF P^AS^tCITV CQNDITI7N RATIn BASES ^fN MAC^jBtlCHI*S cTRESS

.	 G	 ^NVAQi4NT. ^ W^lEN IT t5 E.T. f1R G.T. 1.D Pt4STIG 5TR^INt^C !-IBS
r	 eccu^t^^n.

RET1!RN	 .
F'.Nt

i

^r^	

^	 ^	 ^	 -

- ;:^
	 -

'^

-	 ^	 -	 ^

^^-

..	 r ^	 *'^ ^

i



. ^FfiTRY

C.1?190p CF C^	 p,a4E4994F-07 -0,116Q99^^-J4	 0.i?49 y 83E-^J7 .

C.1^2QOCC^ C7	 --0.l 81713 ?^-CZ -J.4310?4EF-05 -0.708478^1F-Q8
C.44500CC^ tI2 -n• ?4#30200-a2 0.258^34'^6^-C4 -^}.1^4R679F -Cb

,a^^
p » 7$. 7^i. 7E. 0. 0. C. C. ©. 0. C. 0. D..

#,r3. 78. T4. TR. 15. 40. -?C. 5. 7L^. -5. #Q. 15.
?(^.

15.
24.	 i

O
^'^,

:5. TS. 7 •̂ .
79.

78.
7E3.

25.
BUJ.

115.
220.

-75.
- 2CC.

5,
35.

^5.
135.

-45»
-1b5.

='l.1
2C. '{0• ZC•

^
' `^C,
7?^

T^.
7S. 74. 15© w 2R5 • - ^?F. 55. 1R5• -29A,- .

^^+ 23. 7'S. 79. 215. 3f;C, -465. 155. 2IC^. -fe15.
^ ^.i 24. 84. ?9. 315. 30p . -b45. 275. 220. -5R5.

rd 25. f32. 81. 435. 2C4. -b5 p . ^+b5. 145. -330.

?6. 9£. f3B. 25^J, -1CC. -^#=C. 56C. -90, - 940.
75.

t^ 2T. 159. 114. -794. -25. -31C. -105. 85.

28w 235, 179: -?095.745. -L C» 8t:. sT5» 5°0.
285.2^, 2q(`.. 234. -1290.1Ob0. -55. 375. E35.
5. 50. 95. 4C.

^'l. 31E. ?b9. 78. -1050.1575. -255. -55. 385.

31.. 32E. 283, -47t;, 155U. -325. --'^2C• ?EIS. -135.
? 2 » 32F. 302. -1t0. 1480. -4CC. -4+40. 195. --215.

-295. 75. 13^l. 5n•
34. 327. 30R. 7R. -165.

-fi5.
1315.
865.

-SCC.
-5E5.

-43 !x.
-?55.

SU.
- B p . -385. 154. 250. 75.40.

45.
Zg7.
277.

T_98.
273.

7f3.
'Ir. -8C. 545. -53{3. -:??5. -1 bC. -340. ?Lr,. 4?4, a4,	 .

b25. fi^t4, -T5»
y^,.
5 25C, 259.

iiC.
RCS. -13Q» 4E^', -4SC. -?30. -2i5. -385. E2C. FARO.

5P'^.
-22t?.
-5C5.

5 
^: 8?. 1094.

_ 1 "365. 4?0. -RT5.
52^ 8P.

BPC, 145. --v45,
53: 1'15, 235. 3f !l, -3p.
54» 148. ^ n. 540. 2T5.
55. i^`6. +1'^5» E40» a4`=.
5b, . 217.

1..5. =1t0. -5.
5Q, 244. -365. -1{0» -l e a.	 ^ t^^•

^+ ^3 .
7^^,

7'^7.	 ;*3ii .	 7f t'. -?CG.	 ).?^.	 -41 K . -'^.'^.	 -?7^.	 -^f^5.	 -36^i, -14^J. -#.7^.	 ^

i

^.	 :, .	 _u_	 __.._



'SZZ- •5I'^-

•5iC- •01+s-
•OLI^' '^06^-
`QLi— `59^-

•5^.— 'CJSIt—

•Ui3+̂-
`^L4-

C3 L ^.-
.^^^_

•53^s-
`U45-
•^^^
sJ^^^

. 
Uhl_

• ^^^-
•S^1-
•Oh^-
S5t-

`S^aL—
• s^:^-
• ^p1£—

•SZ^i-
•5£h-
•^^:^—
•az^—
•^1f1-

•as^--
•^^^—
• iJ f: ^. —

.0fi_

`5Z-^
.s^_
.^^_
s^^^

';1^Z-
•o^z—
'Ci.I^G.-

•^ •^91-
•Ut '09Z-
•^ •^4z-

•^t— •SLZ-
•Sil^" `^^^^

•50Z- '59Z-
•5;z_ •ot_
'Q^E^	^^^

^ n ^-

.0ij..
• 0 5-- . 0 g.^

•OZt-
•^8L-
•^^z—
r^

s^^

'06
`b6

•bli
•6E1
'90Z
•^9z
'6LZ

• 8 ^}	' 3'8

`Z6	'Zb
•^6	"bb

-1z^ •^a^
'LET

S
 •fi^T

•s^z •^tz
-+,^z •aic

^/
d3lSS
•0021
•J^6
.^^^

•gat
•^^z
*^}^^
.02
.^4

i^+ri



1•FST V41rPF• 3z *^eR-RN-pEaTf

al L^*i er+t^ iE tRr r,ntil Tk rs51 CnknTTi^ti
iy1fK^FFC C a y,iSl+ T yt,NFS
ere utt7 e•^CFSC
sh. yrlTerr. n 	 }^,
grar•ci n dip,
irFr.q wr nev Fi n sf.lR TkCMF4/Vt'4l:TS
q^si r Tilf o . rF Tal; ry .f+l: a +C Tlut: H nTe rFTFp
;,ai1 e [ ire iTr aT +l = ^tCwrgTYaf4

Cinr

re.rw . C« r0 t^ rp^rTaT1^M14 r'PRFSF yT
r'1 ^Yt SR6CFS 'W 1HPItT raaRi iq p ea c
Rr^lR14t.I Fe4, _ }tirnos al i CelCh CeMPIfTAT TnMSw

TRAVSyi• iF R15TikrF flnw vFEI• Ter lHfHFS

Tlrr ts~n •.^^ 1.A'1
t4FC^krSl tCFMTF•IiVFI tfiNTi'RlT*1F) 1Frtf;^1

nw4'►
Tfw;TYAtIM c f^:. FR.tfMRl	 7R^M Tt+.,nR 74.^^1
5T• rtlM	 i«	 f^ciltT !.n? '1,'lo n, q 7
STREIM *, T rFa41 ry,rin ^,Aq p,n^

•	 ST•!IM f... trFRC1 n.Pq A.^1 nwn^
4TvptV i^	 t^FC+-! irR9 _	 1«^^ IwgA

ST+talM Cw trsrr.^ 1.+^►a I.Rp 1«49
StRIfV ;. tMFfhl lwRd i.49 1.q'r
tTRATk Y. l rrCME T«R9 t«q4 I. R9
farMa xYw t rFCl• 1 4.t+'r A.n9 ^1,AR
P• 1A.STp «Ir	 is 1 l.l1'► 1.;^ 1.49

' iRTh.STR r^'w	 I w	 1 I,P9 i.!In 1.9n
` PkT	 R fr.Fr..F S C :I 9r.nR ^n,n^ tip.*9
"^tr.• ^	 ><s	 eKiil C.r1T n,^^ ^,^s
Sir wa rr irtl7 r.n ♦ n,^, n.^^
Ta il	 ilr	 tRiT l ^.Al ^i«A9 r.A'►
Y1FE^1 #T•cic {r!TI ^	 »,^? i'r.?9 ^?.:9
y	 EK5T1 r,+r,^tr-M ^.^*;lf-rT 7..7.418-'11
f trl.i[ R STe r« n.T199^_rs 1, Ttr sr -'Y x C. 7Tr'+r-9:

^^
.^^
1

reFEnikG CTRNIM •f +SETTF petit FxPF1r T !• '+T ii RfSC[T5
wrws•swrirer^!•rrwrrslrrr!!! ♦s+r ri•rrl^wssw!nrrwrr^rrwwwn+s..=w

YFLbTNt: CTRiTk RPSf. TT p pile: FltpFte T MfMTIE t+FSr1l*S
rlrs•q •rrrssssr!!srlstsrls>ASrrssssss•*r^rsa*wr*s•r•^rar^•rs^rt

TFST etUr lfEY 4s IlFitl-flN-PEiTF

i4TIr INr1P i!LlIY bObt tN T6i1 C.nNtlT T irN
Tl+trr. ^ °SS n n.^5d tkCxfS
C>r i t.f r psCCf55
nRC. yrETat;f s	 }ew
e>rPfoFS ^	 ?i0.
SPFFn.{IF TRayFE _ ^7w1G TBCwFi/KtYI+E
;9i1 ftEEfrt K fTal: O.Ch fF 1NCw ^TarFTFR
1;MITq 7F STRa1Y = rtCPtiTpaiy

eerlT rat b
TFrn a ^^FIf1 rRKPtItaTTnHS RFppF SFN T	 b

•I aHK SFerFi r+k TVRIIT C /IIt'S iVr a•F	 b
rci g T^G[^SS. ttxnRE ali tvtl• tCrPr1^ATT*K4. 	Z

1-1

TR/YSYFRSL nitTikCF F•rr wFir TA TK rs+fS ^`

TT rG 	I.1!'1	 t.0!1	 i«09A
ftECf*th41	 TCFkTFRLTkF)	 t•CTT^M C/kl	 IfnI;F}

C.tlr1
TFMpfp iTIIR FI r1f^, GiwR1 iP.dA 7R.^^ •R,9ry
STo fT r '1	 a w 	 t r F a41 O.A!r a.nn tt,•1A
STRIIA ^. trfa5l n.r, ^«n^ ^r,n^
STsTITN C. f rrail T.R1 ^r.+1R ^win
STRlIk e.	 ( rFCM} 1«Pn i,R9 1.44
STRlT +r 9.	 frrCr+l lwEn T.•n I.r9
Si^lTw C. trr Chl t.P^ 1.^^ t,a4
ST o ITN 7^w	 1"cfhl 1.g9 T^•n I.+rn
STRa1Y t, IMFfhi 1«i9 1.9n t.r7
f-arra xt. t rr Chl 9.A7 n,^9 n,n1
PRTkw c T R «l.	 i w { iw°A !,^R t«^9
PRTk.ST•,?•	 [" 1 T.r^ Iw°'^ iw4f
PHi	 7e	 [CTCa Ffii qr,M ^1.^^ ^'7,^''
STt:ra xs I wx Ll ry.!r1 's.^'t ^.^5
itf•MA TY	 ttc11 C.CI'f 7, ^l ti'w^

Ta[r	 xr	 1Kii1 R,R^ ^,nn n,n,
YtT'EC GTp tC c	iKSI} 47,^i9 )4,59 ZF,Sn^
t	 tKSf 1 Cr^Rplc - t11 n«7^141r-^1 7,^*4I^^'1 ^
t/1rtF1f1	 STPC 45 !'.ilgTe -0'r 1:.71C^r-'^3 C wT1Cir -^t



^ ^ ^ ^	 ^	 _ ^

i rf.cr	 1o.te
t FraF>r ►Tnactrrf a FAw+1	 T1aCn	 T7,i9	 +R• h7 	 FFrREIrATIfRFII'F[wfANk! 	 TR,M	 79anf1	 7q, C7	

iKr °iis^ A. t rrcc l 	 ti .M	 Yn,n^	 ^.n^	 STRlik A. i rF A51	 li.0i	 S.r,O	 111.On
STa^ry s, twracl iC.O? M.91 x.17tTrrlfk C.	 i^s aSi _15.ns} -)q,^'1 7a nn
ST4!{Y . l, {rFC}1 fR.RO ;1.9i laRq

ST a ItY *.	 1^Frwf li.*'1 71.'t7 }.^o
^T v ► 1^ E.	 f rrrMl -1'.11 -7^.!'t 1.94
cT^ark R.	 trrrwl -^a.11 -I^.t° !.R7
ctaAlh r, t yr ttl 1t.S4 21.'1' 1.97
f:lr^k TY•	 t vc^ r l 10.A7 h0.e7.} Q. C'1
en1^.ST4,1.	 [ r	 1 9S.ii 17,97 r.a7
a°iR.S*a,7,	 t^	 } -11.RS -7i.^A T.^n
PH1	 x	 trerarr5} 7b.Ta F1,94 ^n,'1n
[1rrL if ircTl -n.77 -1.17 ^•1y
C it rA rr	 1+til 7.74 -n.^a ^.r1
TNt sr	 lrtt 1 0.11 na77 ^, 7^
ct r l*!	 i TO °SS	 r rcll 1q.Qn an.111 ,h.99
t	 Ir c t 1 ^aTrts^ n1 ia'RT4{F n1 r1r^°;Ir'-^.1
t/1! t^[n	 t•vrcc r.iTSar-C1 n.71^a^-11[ G.T1t:"=-47

iS•.^
TF^Pf tl 6T r l^Ft/'Cf .r4F^°1 •9.f'1 7i.t:n yr,l'y
ST n 614 •.	 I rti +< y ;7.qa qq,^n n,nn
cTaat4	 t•.	 I^xtl 51 "!1.n7 •^.R7 15.1n
<Tde1M t. twrACl iC . tin -1M ,nq !a,dn
^r^eTh	 ll,	 r rFrH1 at•an ;1.R4 7.°•1
iT a li +/	 *.	 Irct•FI 9y.°'► s1.99 t'•.p*r

°a1k to	 {MCrYI il,}n -gR.lt !S•°a
tloatW x. i rFtr} -79.11 -Q°.tl t.pq
ST pA{w r,	 1^rFfM1 4i.°^ aiap7 ir.,*^
rArr4 xt.	 t rfr++l ^	 n.:1'1 li1.r}n -1^.n1
P g lkaCi#,1.	 (•	 1 r'l.Rq T4.Ra +r1,g7
PRtfia4Til.?•	 t" 1 -».il -177.11 -1.2'

..	 . Pkl	 r	 [CFto erc l 4±,fin hT,F'} t;7,SC
StS rA Xs r+ill ^.•A1 -^.75 7.C1
StfrA rY f+<+1 R.n1 7,;^T R. +n
TAIF	 1[Y	 IrCrE :1.rin 1.57 -'►.]r.
^l r lf* ^TRFCC	 Itl .SFi ^t.47 an,rn ia,cq
7	 tKS11 [.41Tif	 !l1 ^.1hn7r D1 1.1Trcr 19
T ►Yt r1P	 cT+<r; SS P.77'Qic_gi O.af74°-'il o.G+i7°- 11?

70aCf1
T.frnfs.AtITRF t^T..fAutl t T^r,n'1 79.nn 74,{"1
tftlalY i. {rFAt} 12'!•^^1 71'1.11'7 -ltc,^1
ST4E1M ^.	 T •^ASI 718.'1'1 -'i^.'17 ^l.^n
eTtlat*1 r.	 I r►rtl51 -+ n^..n7 -yfi , rt9 {a. 7n
tTa ► 1t/	 A.	 t,rrT+`} 1+1,^a 711.x7 -13x.11
Sfaelh r1,	 trFCMI '11.°^ -•7.11 it. a9
tTAa1Y C. I^rfwl -15°.lt -?l^.11 ei.^-9
5T p 11:11	 Y.	 t rr f,kl -r.b^.tl °1.49 -14^.l!

SToe1k !.	 t yFA^l 4ianrs ae.e+1 15.1'+1
iTPA1Y t. irF>i51 -Tr.RD -Saf10 iS.'1D
STRltTN	 t. {ry:{FI lr..i•9 b.aA 11.^d
STaA { k Ba	 f'<ffrf i1 .A4 >'1.9Z i^.MA
STali'r C.	 iMfCF) -1+1.11 -7.0? iti,R7
ST4a1k x.	 f rFrFl ••;?.11 - lR.n2 ll•if4
Sio^TY Y. 1 rFCMt a1.44 71a7A 1F.^4
t;Ar. re xY,	 r^ t El'1 Y4•e'1 !e.^.^ -'t.^C
Ow1*,cTa.l.	 t •	 1 45. s5 72.6^ 1T.^7
oatk.STa,a,	 [^ 1 -i6,S7 -iRad+ 1n.A5
°H[ X tCFMFFCI T9.tr1 87.79 hT.SC
S{t:rA	 xx tK5T1 -0."1 ^1.n7 :7.7'1
S1Cra YY	 IKS[1 1"r'^1 7.77 7.)i
Tali	 Yr	 1511 '1.17 n. n4 - r,r7
Y1 >=1T1 STAFSS	 I rStl ♦9. *1'1 ^9.?'1 74.gQ
1	 iRSr y [aR+7TF C7 a,s+stlf P^ ^,ari1G-tt
1/Y ifir STactS r.2R45^-e1 ^.12Ci^-11 ".TTI;r-'7i

15.e^
T z ^PFPAiIf°rlrFr, rawo l 79,^^ TOa'+n Ta,{10
<T°!t ►e	 a,	 IrCeei 25•r'^ 5.f!'1 t^.^^
iT^rfi*	 p ,	 i r F rltl llS.q^1 45.'!'S ^1.^1
STOr{+1	 C.	 IvGec) -75.1+'1- -45.^'1 `1.C7
ST°!1^ t,	 i rr CN1 7F.44 ti. ~'1 11. R9
iTotffi a. trcr}1 11r•9a pa^ga ^l.ai
<Ta a rN f.	 trrry+l -T^l.M -ii. ^>' ' 1. •n
ST4atk	 K.	 I rFfFI -1Ri.Aa -FZ.1^ 11. Rn
STO^IN Ya	 i y^t'H1 11^aR9 45.49 ^1.R^
rarra YY.	 t vr rFl IQ7.++^} So.^^ -!^.^^
otlt^.cTa,t.	 t' 1 125,h4 51.t^T •^.7h
btl 1^,cTr.^.	 ("	 } -171.f° -47.dh a. •9
°r+l	 x	 fCFr^«il RC.IT T9.4• '.T,Sq
S1rr A	 Xx	 1 + 5t t - 1 - ?1 -^7.5T 1,»
51fr8 Yr I r Sll Z.^1 ^.41 1. T1
Tait/ xt	 tsSti r.tR A•17 -^.^4
Y1GLC STR C tS	 { rtCit *9.09 zR,77 +q.9a
1	 tRCfl [.211 As ei ^.1tYaF r! C,]lCtr	 Gn
Tfrifl0 CTQI:SS GS742f -!+1 q.7+117F-^l ?.'S7s7r-K7

7r,.C^
TFrGfrR TiraF t rcr ^ caun { T^.n1 T4. R'1 7a-i;'1
S Ta al ti	 6. t YZ AC 1 4^•nl i5.nn 7^,n^
tT°!1^ p .	 t +r AS) a7C.n'1 1a5.1h an, nn
GT^al^ f.	 r rr lc! -7+!n.o1 - IhS.^^ "1, C'1
iT°A1fi a.	 I wc f}1 e1.^; :A ,7• sl^an
STaetW p ,	 r rr rtl 771.4'! l3F.9! t1.4%
ST°T1N f.	 i M"f♦1 -19q,f^] -16*.77 7!•aQ 

^

ct°a1v X.	 t vOrrl -7+4.^° -7hi,i17 C.Jtl.•Q N



11R.'1F
inn,nn
}5.59

-]Rh.6J
71i. 7 f
-2,76
n.7S
A.7S
;9.no

nw^lbnf °1)
q. 7751E-C!

T9,f1n
95.'1D

IRS.'f0
-29n.n^

^+4.nR
lgti.gx

-7aR.^s
-37*.^^

1Qr+.^1
'145,x?
7^ Fi .xx

-431. ^ T
7T, at
-f ^»
^,ee

1.45
14.^Q

'I.+.iCpc ^.1
9,) ti'^ c n^

r^ , n'T
t55.^^
71'1. ^^•

-41 q.1n
Is^.4a
7T1.^;

-i13.nT
-iR4,77
' 1 1.:¢
5T'1,rr
iTS.hs

-5rt,hT
^'7 .'1 T
- q ,'+q
7.AI
l.li

l q , :9
^^s.gnc Z1

11, fl'7
^.r^l

1 }. ♦ja
}1.R4
'l0. R G
t1.2S
a.#n
4. R^
lq,gn

n,tS4'1F fin
0. t•f50F-C2

!'^
t,J

is.t

^ ^	 ^ ^	 ^	 ^

73.C^
TF^FFp 4^r la c trF^, F aMf }
ST a etb +^. irce<1
eTuiTV P, !*'erl

STaeTh e, iref,F)
ST op 1N p . iriffrl
S'Ra1^ T'. trFfFl
STa eTH M. (rGf^i
STa41y v, !'^^fw!
:err6 xr, f^rra•1
pR}u^C1QrT. !" 1
an T5.ST 4 .?. T" 1
a..T r trrrocFii
<ir.r^1 rr [tS11
Sirs e yr tx',tl
Tst1 kl	 tK4T1
rr c fr ST-T55 1r CT)
F ixcil

43PATM Y, E+crwl 71}.ao

R4+an tl YY.	 lrirw} 4^C.f 0
pp flr.STa,1.	 f` 1 ')Ra,al

o y l	 x	 lCtt,+Af^SI T },nn
t,T.rrA xY Ir ST 1 -4,7h
STC. rA YY iKS1} C.Tf
T4`i	 rT	 tK S1 I 1 rR1
Y1Fin CTa Fic	 11tiT} '19,gn
!	 srST1 h.S2^7c nl
Tlrl fl^ troc4t r,t3ntc t+l

)l.C"
T ^rPFF^ T1lF Clf`L ^,[;M!} 1^,n'1
4T a Atk	 A,	 T rt 44{ ES't.nn
STwRTN r • 	 IMffSI 2La.An
ST o rt }fr t.	 Trc iSl -7TZ,^T1
Stu/Tk	 A, !MF*H1 T5trP9
tT p AIY •. t MC Ct• 1 ^il.An
CTaA }k f, T •rrw} -M R.}T
Srarf4 *. t rrrw l -xY•.it
ST^+1t^4	 r,	 t++rr^} T11+*4
Y,rirrR Y^.	 TrFtN} ♦7 '1,15'1

nNf	 Y t^sr p i[SI 71.hb
it :rA rY lKSt1 -1r'dl
ST^•A Vt t+;Sf l 1.1^,
tats	 • Y 	r K ST 1 t.ka

rTtiln STOC SS	 T n 4}} '^q.p9

tSfesSc/YTf.t11 f,,II:STc	 Afl

+cam T7,OG
rr5 ^ TFrCr/! rr)ptlPf^r. , fff+V} ^t!af`t1
I'"	 + STF t(q A. t ++c sST TR'^.nr
^^ ^ STaITV F. trF4S} 2A^,O1

^"' ►̂ ST711}M t, Ircet} -1T5.^'7
S ra eTM •. T +1FfN} tat.a4

STaITY t. l riral -lYx.Tf
ST y ll}M	 Yr	 I rF ^t• 1 -ila.lt
iTaMTt► r. Trrrrl 7;t. n ^l
f,F rRA xY, : wr fwi K;t.C1
pal.fi.ST*.}.	 f •	 1 lit.li
FTriV.4Tft,7.	 ! R	 i -S1?.55
PHI	 r itil:afft} TC.in

^trr4 YS* 1K CT1 1- ln
TAit iY	 lKSf 1 ♦, ^?
41fTT1	 ST4cCS	 lK4t1 f9.rt^

-nx.1T#t'1.CR
?7 A.'i!1

-2as,tn
1i.71
^,Sq

-^.a9
1.R7

19.^n
'1.2<f.4 c 7}
1, 51 hhx-'T I

T^, 77
1 i'l,n'f
..t ^,^ry
-1h^.h1
2't.a9
-^.ii

-158, 1}
-15,1!

-K.11
40•l. Rn
23t.gt:

••2S'ir th
44.5'r
- ^, +1
-r.lh
T.9#

19,n^
7.+1(=t c M
C, SQC7 F -'i 1

v4,^0
?Sn,n'+
-S^.+s^

-^Ti1 ,'!'1
751.4
-;R.IL

-7R^.lt
11.49

-ve.1}
ssrt,n^
T5i.n5

-7T}.#T
i^.Aa
{1.}1

-^. 4 ^
T ,'iti

^^,aa
1,^a e't^ 71

2?1.9^
2R'T.rn
iS^,Cz

-17t.a7
it.Ti
-T.7l1
T.#3
t.OF

39,49

L.1 CJ'+F n'!

^q ,[^^
}S9.n0
7K`.ft^i

-315,t<n
15T.iS
^pG.c^

-;^a,r}?
-itiR.n+
7uF.dR
4aF.^T
15,14

-519.?'I
'► • , R;"
-4.^t
1.h7
}.a+

1Q.q^
L.S^6zc nl
^T.19a3c til

rn,Cn
715.^'S
xC;,n^

-ih;.^]
i15,QM
frl.«

-#y,,n,

-Fi3,n^
fnt .t^
S'f^.^^
6 ?l ,7ti

-R4 T,eq
7r,h7
-i,FS
T.SS

r ^.

;'',90
^,^,if^NF ^!

	x1.47	
StaAIA Y, T nFfw}

	-TS 7. n'+	 t.AMrA xY. trF(:Hi
5 9.'11

	

-TTc.2s
	

vRr^.5i^.7. ! n 1

	

7^.} n
	

pat; x iT. FCaFFi}

	

-1.55
	 CTG f•A xx trSTt

	

-^. rq	 SI^rA r^ 1KSt1

	

-^.RS
	

T411 xr	 s+ctt}

	

;9,9n
	

Yl^t n STFiSS tK4T}

	

n.E67TR *^
	

! Ix511

	

^.I^T^r-flt
	

1/Yfcin STot^,c

2].00
TF+1FFt+aT11a G frfC. F 4NO t
ST p t1H A . [rc4c}
STQeTN ^. trFAS!
[Tae1R f. trF4S}
ST p i}k !, l.rcC41

iT a e1N f, lrfCf•1
41 a 4TT+ x, trFrw}
cTRe11► r, l rrtN)
^tlrrly xY. I^FCfI
Pie 1i,,5TR,1, t` 1
ps TK,ST # . v r / r }
pw} r iCcr,^crc}
Sif--^^ rk IRCt l
STr r e •Y IK^tI
T4U Tr	 ErGtl
Yirin St aG St t+ST}
} TrST1
} /Y ► Ft i) cTFrK4



T/YiFLR STRFSi C.ib01c OT

7;.Ot1
TF^FFP + TelPC ;1!ff, cA1+4 t

ST9 AIM1E A. Er; At)
ST a I{k P, trcdcE
STPIIIN f. ;++°tSi
[TPtfN 1, frtfFl
STat1k P, {rcrNl
STPiik [. (^Ff.f•E
STaAIN t, f+la=r1+1
cTaalr r. Ircr,Ft
f.A^^6 xr. fMFrwl

PRfk.cTR,7. 1" 1
DM1 X fLFfpFSSi
S1Gra xx 1*S11
51^re rY IKS11
TSL' xr	 i+rS11
Y1Fl r STaFSC iKSt}
i fKST1
/rIFLC c^DFSS

a n,n}}
^ts.n4
4CC.nn

-ac5.nn
11 T.09
1d2w09

-x47.91
-fi.'7. °1
107.ng
9tin.m
S^ 5. va

-Ri1,lI
a T. 05
-5.56
1.44
Z.FI

gr,,14
f;.7144 t 01
C.17aSF +'11

75.rr
TF r PFA A TI[prinFr,FAMat
'Staa[M •, lrcllST
S Ta llti R. [rc^cl
ST 9 2TV C. {yrlCl
SToPi^ /, tMCChI
S1Rait p . t..Frul

cT9 r;lk C, frrrri
STaI{ +ti x. [^Frrl
STOr{*r v. fNCrti•1
r. M1rrd rr. f"^rFl

Pa1k.Si q , y . !" 1
vw{ x ;FFforccl
circa x,< IK511
Sir ra rr fK511	 .
Tail rr	 ttcTl
YtFln ST^r S c IxST1
1 1K Sl t
f lv i t l n cT1>=Sc

>, ^.^4
41s,n•^
7^4.n1

-hs^..nom
h1T.17
31^,^T

-hy7,R7

-417.1
747,1T

1R95,fi1
SI;. iF

-7?4.7'
F ,.7T
-3.1.'
1.s1
4,3'

1'i.R 1
r,5'7fiF 31

1/r iFtn STet SS	 n.Ttlsc Cry

?5.00
TFNf^Nbt11`ftT}Ff:^i4M11!	 79.R^
S T*till a. iPC ><St 77,,Af!
Sra s1K ^. trFlr l 7i'+.n7
STRtTM f. t yFAtt -4^O.OJ
STAaTr; t.	 f rFCMI ^T1.9a
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po. s	 c^nprri^n^c : 3.QO n^cN t^	 vaacs^ nest	 ^aM ^^ ca^rt^it.^:1	 ^r^ or r rE

^lt^ ^S^cotids) ?a^ratur^: {°^?	 rGx(lie^sur^d) ^ (t^easwrad^ E^(li^chanical? ^tM^thae#Gti)
.^.^^^.^l^,gcro^xtraia„^ .,.'̂(Mf ̂.^,^^^rfi^ ^K#ero^train^ ^Mias^o,^^traia^

Owad 7d00 •39.1 x1.00 •32.0 ^ 27..17

^^	 ,10,00 7x.00 .50.0 5.00 .36.03 - Q,03

15.00 Id^00 ^-dS.00 X24.00 ^39.a3 •36.5.5

2QM00 - 7d.OQ 23.00 •x9.110 30»17 •1l13.1^3

2S.fl0 7s.00 125.00 •39.00 170..17 •e33.e3

20;Q0 76.00 155.00 76.00 208.17 51.1.7

27,00 78.04 153.OD 116.00 2D0.17 I01.17

2sl.oa ^ x4.114 190.00 115.00 ^^s.00 ^oi.o^

3D00 x8.00 270.40 31.00 - 315.110 35.00

. 32..00 67»00 395.00 34.40 634.94 +.44.816

33.00 101.OD 410:00 •89.00 afiS6.9ir •102,05

48;00 `12T.00 13^i.00 .04.00	 ^ 211.20 ••07.00

45.00 ^i3O0 •90.40 34.00 •25.4$ 29.48

50„DO 132.00 •25o.Oq 15,0© •191.31 24.59

58.00 .. X55.110 -125.00 41.00 •3!14,06 75.94	 ~
+v



,..

Time ESe^a^ds} Tespsratura (°t^) x(l^avred) y(M^as^ersd} x(l^f^chanieal) y(Methastieal}
(Microatrsfn) (Micr°strai'n) (Microstrain} (Hierostrain)

7^.D0 169.00 .475.00 - 9l.00 .397.55 l08.4S^

100.04 !67.00 -430.00 4b.00 ^ •353.55 1l2.4S

200.00 143.00 .220.00 96.00 .lSS.99 100.01

300.00 127.00 •!50.00 96.OD .93.x0 92.20

b00.0E^ 104.00 -100.00 91.00 •32.3! 78.b4

904.00 44.00- .85.00	 - 81.00 39.39 bb.bl

1200.00 89.00 •70.OD 81.00 .24.94 bb.06

1800.00 85.00 -70.00 76.rD0 .25.12 60.88
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