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RESIDUAL STRESSES IN WELDMENTS IN HIGH-STRENGTH STEEIS

by

JYE-SUAN HWANG

Submitted to the Department of Ocean Engineering on February 5, 1976,

in partial fulfillment of the requirements for the Degree of/Ocean

Engineer ? ' 

ABSTRACT

The systematic results of series experimental studies on thermal

strain changes, temperature histories, deflection changes during

welding and residual stresses existed in weldments after cooling

were presented. Investigations were conducted on simple weldments

made with several types of materials including mild steel, 308

stainless steel, T-1 steel, HY-80 steel and a Ti-6A1-2Cb-lTa-0.8Mo

alloy. Comparisons on experimental data were made with the results

of one-dimensional computer program that have been developed in

Department of Ocean Engineering, M.I.T..

The one-dimensional analysis appear to be sufficiently accurate

for temperature predictions. Better agreements were obtained in

strain changes and deflection changes in GTA welded plates than

that in GMA welded plates.

Residual stresses are about 50 % yield strength of the material

in high-strength steels such as HY-80, T-1 steel and Ti-6211 alloy.
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The accuracy of the analysis is limited due to lack of knowledge

of the variation of the material properties with temperature and that

of the heat losses during welding.

THESIS SUPERVISOR : Koichi Masubuchi

TITLE Professor of Ocean Engineering & Materials Science
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I.INTRODUCTION 13

A. GENERAL

Residual stresses due to welding are thermal stresses remaining

when the material has cooled to ambient temperature. Thermal stresses

have been investigated both by analytically and experimentally for many

yesrs. In 1936, Boulton and Lance Martin first presented analytical

and experimental results and shown that welding induced plastic deform-

ation of material in and near the weld and that the residual stresses

resulting after cooling were due to these plastic deformations. Fujita2

studied the thermal and residual stresses arising in a center welded

plate by both experimental and theoretical means. His tests indicated

that the temperature distribution of a plate can be assumed to be that

of an infinite plate if the width of the plate is wider than about ten

inches. After that a number of research programs have been carried out

on residual stresses and distortion in weldments, several reviews and

books have been written on various subjects related to residual stresses

and distortion in weldments.3 '4 Until recently, however, almost all

studies were on residual stresses and distribution after welding is

completely and only limited studies were made on transient thermal

stresses and metal movement.5 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 deformation, temperature

dependency of the material properties and/or phase transformations, and

complex boundary conditions resulting from conditions of geometry and

multipass welding. With the advancement of the computer technology,
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it is possible to analyze thermal stresses and metal movement with

reasonable cost and time. Hence, investigators at M.I.T. and some other

laboratories in the world are currently developing computer programs on

thermal stresses during welding.

B. DEVELOPMENT OF ANALYTICAL STUDIES

Based upon the earlier work by Prof. Masubuchi et al. of Battelle

Memorial Institute, researchers of M.I.T. first developed a one-dimension-

al program of thermal stresses during welding.7 In the one-dimensional

program, it was assumed that: (1) The longitudinal stress o' is a
x

function of the lateral distance from the weld line, y, only and (2)

ty and are zero. Then, two-dimensional programs were developed -1 0

y xy

Recently, efforts were made to improve the two-dimensional analysis to

cover butt joints as well as bead-on-plate welds. Complex boundary

conditions must be considered in calculating transient thermal stresses

during welding a butt joint. The portion of the joint ahead of the

welding arc is separated, while the portion of the joint behind the

arc is connected. The complicated boundary conditions keep changing

as the welding arc travels.

In order to analyze thermal stresses with an reasonable accuracy,

it is essential to conduct an accurate analysis of heat flow. Hence,

an elementary three-dimensional finite element method program has been

developed on heat flow during welding at M.I.T. A limited effort has

been made to analyze transient heat flow during multipass welding of

heavy plates, it has been found that a general three-dimensional
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13
analysis of transient heat flow is expremely costly. From the results

of recently studies at M.I.T. and other laboratories, an approximate

analysis of thermal stresses and residual stresses in heavy weldments

is possible by using current 2D plane stress programs properly.

C. EFFECTS OF METALLUJRGICAL TRANSFORMATION ON THERMAL STRESSES AND

RESIDUAL STRESSES

It has been well established that in a weldment in low-carbon

steel, longitudinal residual stresses in regions in the weld are tensile

and almost as high as the yield strength , several investigators have

also found that residual stresses in weldments in some high-strength

steels are considerably lower than the yield strength of the base metal.

Several investigators thought that metallurgical transformation during

cooling could have important effects on these stresses.

Recently a study was made at M.I.T. by Toshioka, results of the

analysis are shown in figure 4,5,6 of Reference 11. The results

clearly indicate that metallurgical transformation has significant

influence on the distribution of residual stresses in weldments in

high-strength alloy steels. It must be mentioned that the analysis

by Tosioka is somewhat incomplete in handling welding situations and

he used the exxisting two-dimensional plane-stress program. A further

study is needed to assess the effects of metallurgical transformation

in residual stresses in weldments.
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D. PREVIOUS EXPERIMEITAL STUDIES

Several investigations have studied experimentally on residual

stresses in weldments in high-strength steels. Masubuchi and Martin 4

investigated residual stresses in butt welds 5/8 inches by 38 inches

made in low-carbon steel and in SAE 4340 steel oil quenched and tempered

at 500 F. Figure 1 shows distributions of longitudinal and residual

stresses along the transverse line. Residual stresses were tensile in

areas near the weld and compressive in areas away from the weld. The

important finding obtained in this investigation is that residual stresses

in the low-carbon steel and SAE 4340 steel weldments were similiar

despite the considerable difference in the yield strengths of the base

metals and the weld metals used. The differences were as follows:

Low-carbon steel base metal --------------- 35-40 ksi

E 6010 weld metal ------------------------- 60 ksi

SAE 4340 Q & T' steel ---------------------- 224 ksi

E 15016 weld metal ------------------------ 150 ksi

the maximum residual stress to mean yield strength ratio in low-carbon

steel is significant higher than that in SAE 4340.

Similar results were made by Kikuchi and his research group15

on welded plates of 80 kg/mm2 high tensile steels (HT80) and 50 kg/mm 2

high tensile steels (SM50), i.e. small ratio of tensile residual stress

to yield stress of HT80. See figure 2 

Figure 3 summarizes experimental results by Kihara, et al and

Yada, et al. 17 The ratio of the maximum residual stresses to the yield
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strength decreases as the yield strength of steel increases.

18,19n a recent study conducted by Klein , measurements were madeIn a recent study conducted by Klein

of transient thermal strains during welding butt joints in several high-

strength steels. Results are summarized in Figure 4 which shows the

relationship between the yield strength of the material and residual

strains( measured after welds cooled to room temperature ) at locations

one inch from the weld center line. Strain decreased as the yield streng-

th increased.

Experimental results obtained so far indicate that residual stresses

in weldments in high-strength steels appear to be not as high as the

yield strength of othe material.

E. THE PURPOSE OF PRESENT STUDY

In studying thermal stresses during welding, it is important to

maintain a good balance between analysis and experiments. A series of

experiments were conducted at M.I.T. during the last several years on

weldments in various materials and thicknesses, and experimental data

were compared with analytical predictions. Although a number of studies

have been made of the residual stresses on weldments in high-strength

steels, there has been not even a single study which covers three

subjects, (a) experiments on transient strains. (b) experiments on

residual stresses. (c) comparison of experimental data with analytical

predictions. Hence, a comprehensive study will be made of thermal

stresses and residual stresses in simple welds in low-carbon steels



18

and in high-strength steels in present work.

The study in this paper covers the following two tasks:

Task 1: Experiments on transient thermal strains in simple

welds and analysis.

Task 2: Experiments on residual stresses and analysis.
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BUTT WELD IN LOW CARBON STEEL AND 4340 STEEL.
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II. MATERIAL CHARACTERISTICS

A. MATERIALS SELECTION

In order to obtain conclusive evidence for current study on the

transformation effects, experiments should be made on several materials

with different metallurgical characteristics. The following is a

combination of material used in present study:

1. Low-carbon steel.

2. T-1 Quenched & Tempered high-strength steel.

3. HY-80 Quenched & Tempered high-strength steel.

4. 18-8 Stainless steel.

5. Titanium alloy Ti-6Al-2Cb-lTa-0.8Mo.

Since the results of the temperature calculation are affected both

by the thermal properties of the materials and by the welding conditions,

while the results of the stress calculation are determined by the tem-

perature distribution and by the mechanical properties of the materials,

the mechanical properties which govern both heat flow and stress

analysis may vary considerably between room temperature and melting

point of particular material. Hence, both the physical and mechanical

temperature dependency properties of the material should be considered

for experimental data analysis.

B .TEMPERATURE ANALYSIS

In order to calculate thermal stresses during welding, it is first

necessary to calculate temperature changes. The temperature distribution

is calculate from the two-dimensional solution for a line source in an
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infinite plate. This solutions;

vq -- w
T = T+ e 2K K( ) ...... (1 )0 2s O 2K

where r = ( w2+ y2)1/2

K (z) = the zero order modified Bessel function

of the second kind.

w = x - vt = moving coordinate.

T = temperature.

TO= initial temperature of the plate.

s = thermal conductivity.

K = = thermal diffusivity.
cg

c = specific heat.

g = density of the material.

q = eff x V x I/ h = heat source intensity.

eff = arc efficiency.

h = plate thickness in inches.

V = arc Voltage in Volts.

I = welding current in ampares.

From the equation shown above, the temperature distribution is of

course controlled by the welding conditions and thermal properties.

While the problem of thermal stress analysis is more complicated than

the calculation of temperature distributions. There are two important

ways in which the temperature distribution affects the plastic deform-

ation, The first of these is obvious as a result of the increased tem-

perature, the material near the weld expands. The second effect involves
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the variation of yield strength with temperature. At elevated temper-

atures the yield strength of the material is considerably reduced and

large plastic deformations occur for the same total strains.

C. EFFECTS OF MATERIAL PROPERTIES :

Comparing temperature distributions for different materials is much

more complicated, since the variations in properties with temperature may

be difference for different materials. Figure 5 shows the thermal con-

ductivity and the product of density and specific heat for steel and alu-

minum ( Reference 20 ), these properties will affect the accuracy of analy-

sis like welding conditions do. The problem we have have is lack of suffi-

cient data of material properties at elevated temperature that used for

analytical calculations.

D. MATERIAL PROPERTIES USED FOR THIS STUDY

1. Mild steel: Mild steel is an ABS class B type steel, most of the mater-

ial properties were taken from Reference 20.

2. T-1 alloy steel: T-1 steel, an ASTM/A517 steel produced by the US steel

corporation, is a low carbon, Q & T alloy steel which exhibits a combination

of high yield strength, excellent tougness, high resistance to impact abra-

tion and good weldable. T-1 steel is commonly used for commercial appli-

cations including pressure vessels, storage tanks and merchant ships.

Compared with HY-80, T-1 steel contains less nickel and is less costly,

The chemical compositions and the heat treatment mechanical properties

were shown in Table 2-1, 2-2 and 2-3, these data were taken from Ref. 21.
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TABLE 2-1 Chemical Composition of T-1 alloy Steel

C Mn P S Si

0.10/0.20 0.60/i.0 0.035 max 0.040 max 0.15/0.35

Ni Cr Mo V Cu B

0.70/1.00 o.45/0.65 0.40/0.60 0.03/0.08 0.15/0.50 0.002/0.006

TABLE 2-2 Mechanical and Physical Properties of T-1 Steel

Mechanical Properties

Yield strength min. Psi 100,000

Tensile strength Psi 115,000/135,000

Elongation in 2 in min % 18

Reduction of Area % 45

Physical Properties

Density, Pci 0.2833

Electrical Resistivity, microhm-cm 24.0

Modulus of elasticity

Tension, Psi 28 to 30 x 106

Compression, Psi 28 to 30 x 106

Coefficient of Expension 6.5 x 10 ( -50 to +150 F)

7.74 * 10- 6 ( 70- 1300 F )



28

TABLE 2-3 The effect of elevated temperature on modulus

of elasticity

Temperature F Modulus of elasticity Psi

80 30,300,000

200 28,600,000

400 27-,400,000

600 27,400,000

800 25,600,000

1000 22,700,000

1200 14,600,000

Figure 6 shows the short-time Tensile properties of T-1 at

elevated temperatures.
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3. HY-80 Steel:

HY-80 is a low carbon alloy steel which acquires strength and tough-

ness through quenching and tempering. It is a material suitable for sub-

marine pressure hulls which have modest resistance to corrosion and rela-

tively stable physical properties in the range of temperature from -30 F

to 120 F, its modulus of elasticity is fixed at about 30 x 106psi and

22
density at about 0.283 lb/cu.in. The chemical composition of HY-80

is shown in Table 2-4.

TABLE 2-4 Specification Limited of HY-80 Chemical Composition

C Mn P* S* Si Cu

.18 max 0.10/0.40 .025 max .025 max 0.15/0.35 0.25 max

Ti Mo Va Ni Cr

.02 max 0.20/0.60 0.03 max 2.00/3.25 1.00/1.80

* On both Ladle and Check Analysis the per cent of P and S

together shall not be more than 0.045.

The material properties for HY-80 at elevated temperature were

obtained by either from the data of T-1 steel or that of HY-130 in

J. Schrodt's thesis.2 3

Table 2-5 shows the temperature dependent properties of HY-80 used

for analysis.
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4. Titanium alloy:

Titanium metal is finding many uses. It's alloys are of great

significance in strength/weight ratio, corrosion, marine and aerospace

applications. Ti-6Al-2Cb-iTa-lMo is a near alloy type having inter-

mediate ultimate strengths from 125-150 Ksi, strengthed principlally by

Al and small amounts of carefully formulated beta phase. It's chemical

composition is shown as followed:

Table 2-6 Chemical Composition of Ti 6211 alloy

N C Fe Al Cb Ta Mo

.o5 0.1 0.05 5.9 2.2 1.0 0.8

Figure 7 shows the thermal expansions of Ti-6A1-4V and Ti-6211

which is used for strain compensation of strain gages that mounted in

Ti-6211 specimen during experimental study.

6.0

5.0

m 4.0

3.0

t 2.0

1.0

0.0

200 400 600 800

Temperature ( F )

Fig 7 Expansion coff. vs Temperature
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Table 2-7 shows the material properties of Ti-6211 alloy that were

prepared for experimental analysis.

5. Stainless steel:

308 Type is one of 18-8 stainless steel which representing chromium

contents from 17 to 20 percent and nickel contents from 8 to 13 percent.

It is available in the form of sheets, strip, plates, bars and tubing.

308 type stainless steel is a higher alloy steel having higher corrosion

resistance and heat resistance, primarily used for welding filler metal

to compensate for alloy loss in welding. Table 2-8 shows the chemical

composition of 308 type stainless steel.

Cr Ni C Mn Si P S

17/21 L0/12 0.08 2.0 1.0 0.045 .030

Table 2-8 Chemical Composition of 308 type
Stainless steel.

Table 2-9 shows the physical propertiesof 308 type of stainless

24
steel.

Table 2-9 308 Type physical properties

Melting point, F 2550-2650

Density, lb/c-u.in .287/.29

Specific gravity 7.86/7.94

Coeff. of Expansion 9.2 x 10_ 6 ( 68-212 )

in/in/ F 11.Ox 10 (68-1600 )

Thermal conductivity 9.4-12.4 ( Btu/hr-ft- F)

Specific Heat( Btu/lb/ F ) 0.12
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Table 2-10 shows the comparaison of steel, aluminum and Titanium

in physical properties.

The material properties of each specimen that used for input data

of one-dimensional program were shown in appendix B.



Table 2-10 Comparison of some physical

between steel, aluminum and
properties
Titanium.

Materials Steel Aluminum Titanium

Density, lb/in3 0.234 0.1 0.163

Young's modulus

E x 106 psi 30 10 17

Yield strength

C x 103 psi 35-150 30-50 40-150
ys

Strength/Weight
Qr/Wp x 103 123-150 300-500 250-920

Thermal conduc-

tivity, 26.2 130 9

BT/hr/f t2/ft/F

Coeff. Linear
thermal exp. 6.8 13 4.7

0 x 10-6 /F

Electrical
resistivity 9.7 2.7 42

10-6 cm

Melting point 2800 1220 3040
OF

Melting point Fe Al2 03
2400 3

of oxide OF3700

35
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III EXPERIMENTAL INVESTIGATION

A. OBJECTIVES

The objective of the experimental investigation was to obtain a series

experimental data of thermal stresses and residual stresses in simple weld-

ments in various strength-level materials. The study covers :

( 1 ) Experiments on transienl strains.

( 2 ) Experiments on residual stresses.

( 3 ) Comparisons of experimental data with analytical predictions.

Experiments were conducted in two phases. The major objective of

experiment phase 1 was to measure temperature and strain changes on test

specimens during welding. Temperature changes during welding were measured

by thermocouples, while strains changes were measured by strain gages

mounted on specimen surfaces, The specimens were welded by either bead-

on-edge with GMA process or heat-on-edge with GTA process. The major

objective of experiment phase 2 was to measure the residual stresses exist-

ed near the welded line of the specimens. In order to do that, electric

resistance strain gages were used, this is one of stress-relaxation tech-

niques for residual stresses measurements. one or two inches wide piece

containing the gages were removed from the specimens and the strains were

measured by viscorder and so the residual stresses were obtained by simple

calculations.
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B. EXPERIMENTAL PROCEDURES

1. PHASE 1 EXPERIMENTS

Specimen Preparation. There are five different materials uesd in

this study, among them, two pieces of Mild steel, 308 Stainless steel

and T-1 steel were prepared for bead-on-edge and heat-on-edge weld studies.

Figure 8 shows the specimens which were 48 inches long, 6 inches wide

and 1/2 inch thick. Three single-strain gages and thermocouples were

mounted on the center of the specimens, two more gages were mounted on

12 inches away from the center of the specimen to measure strain changes

at different locations along the lengthwise direction. Figure 9 shows

the specimen of Ti-6Al-2Cb-lTa-lMo Titanium alloy, two rosette strain

gages were mounted. HY-80 specimen which was prepared for butt weld was

shown in Figure 10.

Types and characteristics of the gages and thermocouples were shown

as follows.

STRAIN GAGES:

Materials Gage type gage factor

T-1 steel
T-1 steel BLH TYPE FAE-25-12S6 2.06 + 1 %Mild steel

308 Stain-
308 Stain- BLH TYPE FAE-25-12S9 2.02 + 1 %less steel

HY-80 steel BLH TYPE FAER-18B-12S6 2.00 + 1 %

Titanium BLH TYPE FAER-18B-12S5 2.02 + 1 %
alloy
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THERMOCOUPLE : BLH TYPE GTM-CA ( Chromel/alumel )

They were manufactured by BLH Electronics, Inc., Waltham, Massachu-

setts.

The strain gages were mounted with the BLH EPY-550 cement which is

compatible with all phenolic and polyimide SR-4 strain gages.

The specimen area to be gaged must be chemically clean and free of

all grease, oil, scale or oxidation. In order to obtain best results,

following steps were recommended :

SURFACE PREPATION

1. Remove all foreign matter ( oil, paint, oxide, scale, etc.) from

surface with disc sander, grinder, or mill file, leaving surface

smooth.

2. Clean surface with gauze saturated with Methyl Ethyl Ketone.

3. Dip one-inch strip of Silicon carbide paper into metal condi-

tioner, lap surface, and remove residue with clean tissue.

4. Indicate gage locations by using blade or 4-H pencil.

5. Apply metal Conditioner to surface with cotton swab and remove

with one stroke of clean tissue.

6. Clean fingers with Neutralizer and cotton applicator.

7. Apply Neutralizer to surface with cotton swab and remove with

one stroke of clean tissue.

GAGE PREPARATION

Clean the bonding side of the gage with a clean MEK saturated
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cotton swab. Avoid recontamination by handling the gage with

tweezers following this operation. As gages were installing

on the specimens, a liberal coating of the cement was applied

to the gage bonding surface and smooth to a uniform thickness.

Position the gage and press out any trapped air bubbles. Thin

Teflon film of .ool" to .003" should be placed between the gage

and neuprene rubber pressure pad for easy removal after curing.

A bond pressure of 15 psi will insure intimate contact between

the gage and the specimen during the curing cycle.

Instrumentation and Recording : Figure 11 shows the outline of

the experimental set-up used. Change of temperature and strains during

welding, a subsequent cooling were recorded on an oscillographic paper.

Figure 12 shows the thermocouple circuit, and Figure 13 shows the strain

gage circuit.

Welding Procedures And Conditions : Table 3-1 shows welding pro-

cedures and conditions used in phase 1 experiments.

Experiments were conducted on three specimens first, on these spe-

cimens three strain gages were mounted at different positions along the

edge to be welded with the same distance ( 1 inch ) from the edge, to

see if the one-dimensional program is available for analysis.

Two pieces of mild steel, stainless steel and T-1 steel were welded,

one was heat-on-edge ( i.e. the three specimens just been mentioned ) by

using GTA welding process and the other was bead-on-edge weld by using

GMA welding process. Butt weld was made of HY-80 by GMA process.
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It is important to note that the wire used for bead-on-edge weld

and butt weld of HY-80 was one that used for ordinary steel and not for

high strength steel. This is due to the lack of appropriated wire, but

is it thought that it will not have a big effect on the resulting residual

stresses.

For Ti-6Al-2Cb-lTa-O..8Mo alloy specimen, bead-on-edge weld was made

by GMA process with matching wire of Ti-6Al-2Cb-lTa-0.8Mo alloy.

2. PHASE 2 EXPERIMENT

In order to measure the residual stresses of the weldments that had

been made in previous experiments, we used electric resistance strain

gages. This is one of stress relaxation techniques for measuring resi-

dual stresses. It is saed on the fact that strains take place during

unloading are elastic, even when the material has undergone plastic

deformation.

Principle of Stress-Relaxation Technique Electric-strain gages

are mounted on the surface of the test specimens, a small picec of metal

containing the gages is removed from weldments. As the specimen is

strained, the resistance of the gages changes, the magnitude of strain

is then determined by measuring the resistance changes, the strain changes

,' y' xy that take place during the removal of the piece are then

measured., The residual stresses are then calculated by using following

expressions :



x= 1 

xy= - C

Specimen Preparations

in this study :

.E v2 ( x +V gy) ........(2)

E ( y + x) ........ (3)

....... .. (4)xy

There are six specimens that are available

Specimens

Mild steel

Mild steel

T-1 steel

T-1 steel

Titanium

alloy

HY-80

Type of weld Size of specimens

48"

48"

48"

48"

Bead-on-edge

Heat-on-edge

Bead-on-edge

Heat-on-edge

Bead-on-edge

Butt weld

x 6" x 1/2"

x 6" x 1/2"

x 6" x 1/2"

x 6" x 1/2"

56" x 7.5" x 1/2"

29" x 15" x 1/2"

308 Stainless steel specimens weren't used in this

to their smaller width ( 4inches ) that higher residual

not be obtained.

this study owing

stresses could

Types and characteristics of the gages were shown as follows :

Gage factor
width of
piece removed

Mild steels
T-1 steels
Titanium

BLH TYPE

FAER-18B-12S-6
2.00 + 1 %

42

Specimens Gage type

2"



43

BIH TYPE
HY-80 steel FAET-18D-12S-6 1.98 + 1 % 1"

The strain gages were mounted with EASTMAN 910 ADHESIVE. Curing pro-

cess is not necessary for this type of cement, following procedures are

useful for gage installation :

GAGE INSTALLATION

1. Prepare surface ( Same as that descript in last section )

2. Place gage face up on clean surface anf position terminal

strip at end of gage.

3. Apply cellophane tape over top of gage and terminal strip.

4. Carefully lift assembly from working surface and clean back

of gage and terminal with cotton applicator slightly moistened

with neutralizer.

5. Place gage in position on specimen.

6. Starting at one end of cellophane tape lift gage assembly,

leaving other end of tape attached to specimen.

7. Apply thin film of blue 910 catalyst to back of gage and

terminal strip and allow to dry.

8. Apply EASTMAN 910 ADHESIVE to gage area of specimen.

9. Feed gage tape onto surface, holding free end of tape above

surface with one hand and using ball of tissue in other hand

to quickly force gage assembly into place with one stroke.

10. Within one second press gage firmly into contact with sur-

face using thumb or finger. Maintain pressure for approxi-

mately 30 seconds.
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11. Wait few minutes before removing cellophane tape from top of

gage and terminal.

12. Wire gage to terminal with copper jumper wires ( No.34 ) as

shown Figure 14.

13. Apply gagekote No. 1 or other suitable protective coatings.

3 2 1

1. Strain gage. I /
2. Terminal.

3. Connecting
wire.

Figure 14. Strain gage installation for experiments.

Residual Stresses Measurement Figure 15, Figure 16 and Figure 17

show the strain gage arrangement on specimens of steels ( mild steel,

308 stainless steel and T-1 steel ), Titanium alloy and HY-80.

As we contact the strain gages through terminals by connecting wires

to the amplifier and the counter, everything is ready for cutting of the

small piece of the specimens with the strain gages on it. The procedures

in this experiment are recommended as follows :

1. Connecting terminals of the strain gages, and let the specimen

free.
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2. Taking the readings from the counter for each terminal of the

gages before cutting.

3. Putting the specimen on the plateform of the metal cutter well

in position to be cut and fixed it tightly.

4. turn on the switch of the metal cutter and start to cut.

5. Let the specimen loose as one side was cut and take the readings

from the counter again.

6. Position the specimen by putting the other side of the small

piece well on the line for cutting.

7. Fix the specimen and start to cut.

8. After 1 or 2 inches wide specimen has already cut, put this

on the working table freely.

9. Take the readings again after the temperature of the small piece

was cooled to room temperature.

The results before cutting, after one side cutting and after both

sides cutting were recorded and were shown in' Table 3-2 to Table 3-7.

C. EXPERIMENTAL DATA ANALYSIS

1. The principle of the strain gages is based on the physical property

that a metal strained in tension or in compression will change its re-

sistance. Both mechanical strain and thermal strain changed in speci-

men may cause the resistance changein strain gages, the mechanical strain

may consist of both elastic and plastic strain, hence, the resistance

change R is made up of the following :
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AR = R(0¥) +R( ) +R(IF) + R(T)

Where

AR = Total resistance change

AR(01) = Resistance change due

in specimen.

6 R(ge) = Resistance change due

A R(f ) = Resistance change due

R(T) = Resistance change due

gages.

to temperature induced thermal strains

to elastic mechanical strain in specimen

to plastic mechanical strain in specimen

to thermal resistance characteristics of

Since AR(T) and the difference between the based plate IT and the

gageC'T will generate error, a curve of apparent strain versus temperature

was made by gage manufacturer to compute this error. Hence the gage read-

ings recorded during the experiment can be corrected by subtracting the

apparent strain which corresponding to the temperature measured at gage

location. These apparent strains for gages used in present experiments

were shown as follows :

Strain gages used on Mild steel, T-1 steel and HY-80 specimens :

Gage : EAP = - 107.84 + 2.90 T - 2.58 x 10 -2T2 + 6.79 x 105T 3 - 4.90

x 108T4 ..... (5)

Rosette :

EAP = -77.04 + 2.56T -2.52 x 10-2T2 + 6.72 x 105T 3 - 4.64 x

10-8T4 ..... (6)

The sample specimen used is 1018 steel.
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Strain gages used on 308 stainless steels :

Gage : EAP = -158.79 + 4.13T - 3.20 x 10-2T2 + 7.67 x 10-5T 3 -538

x 10-8T4 ..... (7)

The sample specimen used is 316 stainless steel.

Strain

Rosette :

gages used on Ti-6Al-2Cb-lTa-0.8Mo specimen :

EAP = -156.08 + 3.37T - 2.18 x o10-2T2 +3.79 x 10-5T3 - 1.26

x 10 -8T4 ..... (8)

The sample specimen used is Ti-6A1-4V.

Since the difference in (T between sample specimen and specimens

used in study of steels and stainless steels is small, it is neglected

for lack of accurate data. For titanium alloy specimen, the difference

in T between Ti-6A1-2Cb-lTa-0.8Mo and Ti-6A1-4V was shown in Figure 7.

hence the apparent strain correction between room temperature and T F

for gages should be made as follows:

ET 2

AP T (Ti-6 21) dT ............ (9)
1

For T < 400eF :

LEAP = 103.92 - 1.87T + 7.25 x 10 - 3T2 - 6.945 10- 6 T 3

For T > 400 F

A EAP = -60.12 + 0.8T -2.5 x 10 T 

The true apparent strain becomes :

EAP = EAP - EAP .............

(10)

(11)
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Test Specimen
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FIG 11. Outline of Experimental Set-up
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eelco Potentiomete

lel No. 320P

On-Off
Close to Calil

Chromel-Yellow (+)

Switch Open to
Calibrate

Type 100

Calvanometer

Honeywell

No.1508
Visicorder

2 F Reference
unction

FIG. 12. THERMOCOUPLE INSTRUMENT CIRCUIT

(1)

Plate



Junction
Box

FIG. 13. STRAIN GAGE INSTRUMENT CIRCUIT
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Table 3-2 Residual Stresses Measurements on GMA welded

Mild Steel.
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Table 3-3 Residual Stresses Measurement on GTA welded

Mild Steel.

Readings
before cutting

, 

31750

31498

30464

31542

31500

31513

32545

30508

30204

30776

31222

30384

31266

30397

30096

One side cut
Readings

.,adir~s

31000

31621

30494

31640

31336

31364

32721

30673

30224

30760

31300

30427

31319

30389

29932

Readings
After cutting

j _,.

30878

31373

30528

31854

31566

31215

32827

30584

30146

30784

31218

30412

31326

30357

29930

Element
No.

,,

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Net
Readings

.

-872

-125

64

312

66

-298

282

26

-58

8

-4

28

60

-40

-166

I

I w - I _
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Table 3-4 Residual Stresses Measurement on GMA Welded

Specimen of T-1 Steel.

Element Readings One-side Cut Readings Net
No. Before Cutting Readings After Cutting Readings

1 30583 29216 29060 -1523

2 31321 31592 31076 -245

3 31600 31822 31744 144

4 30848 30920 31420 572

5 31030 31448 31411 381

6 29410 29238 29134 -276

7 29623 30070 30158 535

8 29825 30001 30164 339

9 29354 29432 29287 -67

10 32124 32271 32279 155

11 31636 31410 31399 -237

12 32706 32821 32749 43

13 31088 31180 31093 5

14 31759 31296 31440 -319

15 33054 32480 32480 -574
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Table 3-5 Residual Stresses Measurement on GTA Welded

Specimen of T-1 Steel.

L L L o Lo 
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Table 3- 6 Residual Stresses Measurement on Butt-welded

specimen of HY-80.

Element Readings One-side Cut Readings Net
No. Before Cutting Readings After cutting Readings

1 30283 30494 30705 422

2 29905 30271 30083 178

3 31105 31022 30889 -216

4 30436 30718 30774 338

5 31540 31849 31745 205

6 31056 31108 30851 -205

7 30333 29207 28994 -1339

8 29142 29244 29476 334

9 30484 30448 30516 32

10 29583 29506 29436 -147

11 29560 29596 29679 119

12 31070 31175 30907 -163

13 29351 29514 29651 300

14 29920 30163 29765 -155

15 29459 29794 29972 513

16 30304 30421 30056 -248
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Table 3-7 Reasidual Stresses Measurement on GMA Welded

Specimen of Ti-6Al-2Cb-lTa-0.8Mo Alloy.

Element Readings One-side Cut Readings Net
No. Before Cutting Readings After Cutting Readings

1 30495 29495 28626 -1833
2 31671 30810 31299 372
3 34100 34236 32224 -1876
4 30958 30945 31184 226
5 31824 32255 31436 -388
6 30725 30589 30376 -349
7 32930 33249 33450 520
8 34916 34874 34952 36
9 37414 37320 37272 -142

10 29574 29873 29934 360
11 29644 29783 29809 165
12 29493 29475 29426 -67
13 31764 31964 31976 212
14 31412 31459 31514 101
15 30019 30005 29924 -95
16 30134 30076 29974 193
17 30486 30581 30511 25
18 29471 29536 29664 -160
19 29368 29404 29353 -450
20 29326 29038 29211 -115
21 26993 26626 26568 -15
22 26993 27331 27789 796
23 27788 27749 27884 96
24 27900 27704 27668 -232
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2. Residual Stresses wexe obtained by using equation (2) and

equation (3) and were summarized in Table 3-8.
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IV. RESULTS AND CONCLUSIONS

A. RESULTS REPRESENTATIONS

In order to check if one-dimensional computer program is avail-

able for analysis in present study, strain gages were mounted along

the welding edge to measure the strain changes in each specimen at

different positions along the welded edge. Figure 18,19 and 20- shown

these strain changes at each points during welding for mild steel,

stainless steel and T-1 steel. It is obvious that the history of

strain changes at each point are similiar, that is, the results pre-

dicted by 1-D program may be used for analysis.

In order to compare experimental results with that predicted

by 1-D program, exact heat input should be determined first. Figure

21 to Figure 28 show the maximum reached temperature at different

distances from the welded edge for various specimens, and the effi-

ciency of heat input were determined as follows :

Materials Welding Method Efficiency

Mild Steel GMA 0.55

Mild Steel GTA 0.55

Stainless GMA 43
Steel

Stainless GTA 0.51
Steel

T-1 Steel GMA 0.55

T-1 Steel GTA 0.48

Ti-6211 GMA 0.35

HY-80 Butt Weld 0.69
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As thermal effeciency have been determined, we compared the history

of temperature changes and strain changes during welding for both experi-

mental results and that of one-dimensional computer program. Figure 29

to Figure 45 show the comparisons for both longitudinal strain and temper-

ature changes. Deflection changes were also measured by extensiometer

at the center bottom of the specimens, and were shown in Figure 46 to

52. Since 1-D computer program is developed by assuming the plates were

heated during welding with no deposit metal, hence the comparisons for

GTA process plates are similiar but that are poor for GMA process plates.

Residual stress distribution predicted by 1-D computer program based

on the assumptions that the aera bounded by tension stresses and that by

compression stress are equal, and the melting point was reached during

welding so that maximum residual stresses equal to yield strength of the

plates could be obtained in the welded line. Residual stresses measured

for GTA plates are less than that for GMA plates due to less heat input

during welding. From Table 3-8, the residual stresses measured in lower

strength materials nearest the welded edge were higher percentage, while

the residual stresses measured in high strength steels were about 50 %

Of yield strength. Residual stress distributions were shown in Figure 53

to Figure 58.
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FIG. 18 Strain Changes for Mild Steel ( GTA ) at Different Points

Along the Welded Edge.

66

el



i0

FIG. 19 Strain Changes for 308 Stainless Steel ( GTA ) at Different

Points along the Welded Edge.
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FIG. 20 Strain Changes for T-1 Steel ( GTA ) at Different Points

Along the Welded Edge.
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FIG. 37 Stress Changes For Titanium Alloy-6211 Observed

on the Gage at 0.625" Away From The Weld Line.
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FIG. 38 Stress Changes For Titanium Alloy-6211 Observed

on The Gage at 1.625" Away From The Welded Line.
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B. CONCLUSIONS :

1. In comparing temperatures measured with analytical predictions

by using 1-Dimensional program, good agreements were obtained

if sufficient informations of temperature dependent properties

of the materials were used.

2. In comparing strain changes and deflection changes with one

dimensional computer program results, it is found that the

comparisons are similiar for GTA welded plates but not so

good for GMA welded plates.

3. In most cases, the analytical predictions for strain changes

by using 1D computer program are tensions when arc just passed

over, few seconds later the strain changes become compressions.

This may be acceptable for lower yield strength steels ( Mild

steel and 308 stainless steel ) but might be not for high

strength steels such as HY-80 and T-1 steel.

4. The residual stresses measured in mild steel and 308 stainless

steel weldments are almost as high as the yield strength ( GMA. )

while the residual stresses measured in HY-80, T-1 steel and

Ti-6Al-2Cb-lTa-0.8Mo alloy weldments would be about 50 % of

their yield strength.



REFERENCES 107

1. Boulton, N.S. and Lance Martin, H.E. "Residual Stresses in Arc-

Welded Plates" Proc. Inst. Mech. Engs. (London) 133, 295-347 (1936)

2. Fujita, Y. "Built-Up Column Strength" Ph. D. Dissertation, Lehigh U.

August, 1956.

3. Masubuchi, K. "Control of Distortion and Shrinkage in Welding"

Welding Research Council Bulletin 149, April, 1970.

4. Masubuchi, K. "Residual Stresses and Distortion in Welded Aluminum

Structures and Their Effects on Service Performance" Welding Research

Council Bulletin 174, July, 1972.

5. Hibbit, H.D. and Marcel, P.V. "A Numerical Thermo-Mechanical Model

for the Welding and Subsequent Loading of a Fabricated Structure"

Dept. of Navy, NSRDC Contract No. N00014-67-A-0191-0006, Technical

Report No.2, May, 1972.

6. Masubuchi, K., Simmoms, F.B. and Monroe, R.E., "Analysis of Thermal

Stresses and Metal movement during Welding", Final report under

Contract DA-01-021-AMC-14693(z) from Battelle Memorial Institute to

Redstone Scientific Information Center, RSIC-820, July, 1968

7. Andrews, J.B., Arita,M. and Masubuchi,K., "Analysis of thermal

stress and metal movement during welding", NASA Contractor report

NASA CR-61351, prepared for the G.C. Marshall space Flight Center,

NASA, Decenber,1970.

8. Masubuchi,K., and Iwaki, T. ,"Thermo-Elastico-plastic analysis of

orthotropic plates by the Finite Element Method", Jounal of the

society of Naval Architects of Japan, Vol. 130, 195-204 (1971).



108

9. Muraki, T. and Masubuchi, K., "Analysis of thermal stresses and

Metal movement during welding," Phase report under contract No.

NAS 8-24365 for the G.C. Marshall space flight center, NASA from

M.I.T., June 1973.

10. Masubuchi,K., Andrews, J.B., and Urushihara,A., "Finite Element

Analysis of thermal elastoplastic deformations in Butt welding,"

I.I.W. Document X-692-73, 1973.

11. Toshioka, Y., "Deformation of quenched steel bar" at M.I.T., March,

1974, unpublished.

12. Toshioka, Y., "Effects of material properties on residual stresses

and deformation of welded part", at M.I.T., June, 1974, unpublished.

13. M. Nishida, "Calculation of welding thermal stress and distortion"

at M.I.T. summer, 1974.

14. Masubuchi,K. and Martin,D.C., "Investigation of residual stresses

by use of hydrogen cracking," Part I and part II, The welding

Journal, Vol. 40, No.12, Research Supplement, pp. 401s-418s, 1966.

15. Studies on the characteristics of the residual stress distributions

of high strength steels" by Y.Kikuchi and his group. Jounal of

welding society in Japan. pp. 24, sep. 1974.

16. Iketa, Y. and Kihara,H., "Brittle fracture strength of welded joint"

Welding Research Supplement, Welding Journal, Vol.49, p. 106s, 1970.

17. Akita,Y and Yada,T., "On brittle fracture initiation characteristics

to welded structures," Journal of society of Naval Architects of

Japan, 117, p. 95,1965.

18. Klein,K.M., "Investigation of welding thermal strains in marine steels

" Thesis for M.S. degree, M.I.T., May,1971.



109

19. Klein, K.M. and Masubuchi,K., "Investigation of welding thermal

strains in high strength steels for marine structures," paper

presented at the second international ocean development con-

ference held oct. 1972, in Tokyo, Japan.

20.J.B. Andrews, M. Arita, and K. Masubuchi " Analysis of Thermal

Stress and Metal Movement During Welding" MIT. NASA CR-61351

Dec. 1970.

21. USS T-1 Constructional Alloy Steel Handbook.

22. Mckee, A.I., "Recent Submarine Design Practices and Problems,"

Trans. SNAME, Vol. 67, 1959, pp. 623-652.

23. C. J. Schrodt., " Fracture of High-Strength Welds In High Strength

Q & T Steel" O.E. Thesis MIT. May, 1974.

24. "Metal progress Databook" 1974.

25. "Military Handbook -- Metal Properties" Aeronautics and Astronautics

Department Library.



110

APPENDIX A

Experimental Data Reduction Program

Input Data
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