BY

JULY, 1983

RESI DUAL STRESSES
I N ARC WELDED M LD STEEL BUTT JA NTS

VI ASH VA AGU

A Thesis Subnmitted to the Postgraduate School
Ahmadu Bell o University, Zaria, in Partial Fulfill-
ment of the Requirenments for the Degree of Master of

Engi neering (Production),

DEPARTMENT OF MECHANI cAL ENG NEERI NG
FACULTY OF ENG NEERI NG
AHMADU BELLO UN VERSI TY

SAMARU- ZARI A



"D Y LoD, 50D OF ISRAEL, THERE I35 NC CIIE
LIKE THEE, II7 HEAVEN ABOVE OR OIY EARTE DBLIEATH,
KEEPING COVZIANT AND SHOWING STE:DFACT LOVI TC
THY SERVANTS WHO JALK BEFORE THEE WITh ALL THEIR
HEART, WHO HATH KELT WITH THY SEXVANT DAVID, MY
FATHER (VIASHIMA ASU) WHAT THOU SIDST DECLARE TO
HIM; YEA THCU DIDST SPEAK WITH THY MOUTH, AND
WITH THY HAND 140U HAST FULFILLZED IT TiHis DAY .Y

I KINGS 8:23,24,



DECLARATION

I hereby declare that this thesis has been
composed by myself and that it is a record of my own
research worke

It has not been accepted in any previous appli-
cation for a higher degree. uotations are distine-
guished by quotation marks and the sources of infor-

mation are specifically acknowledged by means of

v1a'fs:‘lji3a AgQu

references,

6 July 1983



ABSTRACT

This thesis is a study of residual stresses in arc wel ded
butt joints and the effect of joint geonetry and el ectrode type
on the stresses.

Three joint designs, the single- v, the double - v and
square - butt joints have been considered. Two filler rods
selected for this study are E6012 and E6013 of the American
Voi ding Society ( AWS) classification. Each el ectrode type was
used to weld the joint designs, by the electric arc process.

The stress relaxation sectioning technique using electrical
resi stance strain gauges was used in taking the readi ngs.

The single - v joint was found to produce stresses of higher
magni tude than the double - v and square - butt joints. The
double - v and square - butt joints produced stresses of about
the sanme magnitude. This study however showed that the two
el ectrode types selected for the wel ding produced al nost the

sane effect on the residual stresses.

11



ACKHOWLEDGENSHE - o S

I would like to exvress my sincere gratitude to
Professor N, R. Fillzi and Dxr., K. P. Zacharich, my
Supervisors for their useiul suggestions ol corrections

concerning this research progromme,

My thanks also go to the departmental stafs in the
workshop and Materials Laboratory, for all their help
during the construction of the specimens and when 1 was
experimenting, " - .

I am also most grateful to Mr, J. Q. Ajayi for the
painstaking effort he took in typing the thesis.

My heart goes out to my darling wife, Rumun . Agu,
for her support and encouragement, especially when the
work was in crises.

-

I must not forget to thonk Professof 7. Y. Alu,
He2d, Mechanical Engineering Depaxtment, A.2.U.,, Zaria,
for reading through the entire script and for his valua-
ble suggestions which have resulted in marked improvements
to the contentge of this thesis,

Finally, I am thankful to God for the help and
strength He has given me toc complete this thesis,

~jq£2;£3
Viashi?r;.(.lvAgu .

June, 1083,

Jie
'.I-
e



AB3TRACT .,
ACKMOWLEDGEMELTT
LICT QF TABLZS
LIST OF SYM3OLS
LISY OF FIGUIEDS

LIST OF PLATES
CHAPTER ONE:

CHAPTER Tu:

CONEINTS

Page
.o ve .. ii
.o ;. ‘e iii
.o - - vi
- oo . vii
. e " R - -
.e - oo xii
IHTODUCT ICN . 1
wERIT0AL STRESSES, THEIR DISTRIZU-
TION AMD MBASURBMENT IM WELOMZNTS 6

2.1, Formation of Residual 3tresses in Weldments &

2.2, Effects of Residual Stresses in Jeldwents 14

2.3, Effect of External load on a 3ody
Conitaining Residual Stresses .o 19
2.4. Design and frocedures for Reducing

Residual Jtresses and Distortion |, 21
2.4.1. Reduction of Residual Stresses = ., 21
2.4.2, Control of Distortion e _} .o 22
2.4,3, Correction of Distortion .i 5 - 23
245, Measurement of Residual streséés . 24

2,5,1, Classificaiion of Technigues for

Measuring Residual Stresses - ,, 24

2,5.2, Measurement of Residual Stresses by

5tress Relaxation Techniques cea 27

2,5.3, Section Technique Using Elecirical .

Resistznce Strain Gauges . 27

2.54+%4. The Rosenthal-Norton $Sectioning Technizue 29

2.6, Selection and Use of Appropriate Measure-

ment Techniques and Evaluation of

Results

iv



2.6.%,

2.6.2.

2 .6 '3.

24644,

2.0645.

2.5.6.

Permissible Extent of Damage to the

>tructure .. .
Reguired Quality and Accuracy of
Measurement e

Effects of Vari~tion In Material

Properties .s
Field Application e
Cost and Time .

Choice of Residunl Stress Measuring Tech-

nigue for this Investigation

CHAPTER THREE: EX{FERIMEINTAL PIROCEDURE

3.1,

3.1.1, Selection of Basa Metal and Filler lMetal

Jslu2,

3.1.3.

Specimens Used .

Joint Design ae

Welding of the Specimens

3.1.,4, Preparation of Specimen Surface After

352.

Welding . .e

Experiment=l Set Un o

Page

31

31

33
33

35

8

35
36

33

CHAPTER FCUR: CALZULATICHS, RE3ULTS, AND DISCZUS3ICN 46

4.1,
4.2-

44241,

4‘2.2 -
4,2.3. Difficulties Faced in the Investigation

Calculzations and Results

Discussion ,. e
Joint Design i
Electrode Type .

CHAPTER FIVE: CONCLUSIONS ..

LN}

CHAPTER SIX: RECOMMENDATIONS FOR FURTHER WORK..

RBFBRENCES .- ..
APPENDIX A: TABL2S OF RZZADINGS AND RESULT3

APPENDIX B: DETERMINATIQI! OF MATERLAL CONSTSNTS FOR

THE MILD STEEL .
v

7
79

94



Table

Table
Table
Table

Bl at
3258
303.:

LIZY OF TABLES

- —

: Bffect of Variocu.s Procedures on Transverse

Shrinkagein 3utt Welds,
Material Constants of 3ase Metal,
Specifications of Electrodes Used.

Welding Parameters for Specimens Used,



8
N

<
)

3 ©
N

mé\? Hq

2O o oIS o

o] 1tirém tp ‘QQ

QWQ*J:'Q'(\}

"

"

K"

L, T
.o«

“

]
~

o

S
H 2)?" -
l L ]

-
i

LIST C&F SYM3OLS

Tensile stresg, : ' _ :;$f  .
Tensile stress in the direction of RK,Y,2Z,
respectively, , [
Maximum stress across weld region,
Maximum and Minimum principal stresces,

o

e

respectively,

s

Residual gtress.
3hear stress on x plane in y direction.

S3train,

Strain in the x and y directicus, resoectively,

Shear strain on x plane in y direction
Blastic strains. = &

Plastic strains, |

Elastic shear strain.

¥lastic shear strain, :: R
Strein change in the x-~direction,
Strain change in the y-~direction.
Shear Striin change

Strains in the direction A,3,and C

resLectively,

. ET

Principal strains,
Longitudinal strain.,
Transverse strain, R 4

Poissonls ratio. :ﬁ7 : :'}

Youngts Modulus.

vii



QZEZ’UbQ
oo/ = % >

o ¢

N

v
%

Moculus of rigidity,

Change in temperature,

Load (I)

flewtons {(unit of force),

Mililimetre,

Mewtons per millimetre squared,

Principal angle.

First differential with respect to x and y
respectively,

Second differential with respect to x and y
respectively,

Micre strain 33-6.

viii



LIST OF FIGURES

F IGURE : PAGE

2.1: Changes of Temperature “nd Ctress during

wWelding .. .o . .e 9
2.2: Mechanism of Formxtion of Residual Sires.es

in a Butt WJeld & .o .o 10
2.3% Typical Distribution of Residual Stresscs

in a 3utt Weld .o .o .o 11
2.4: Various Types of Weld Distortion .o 16
2.5: Increase in Transverse Shrinkage during

Multipass Welding of Butt wWeld os 18
2,6, Distribution of Residual 5Stress in Butt Jeld

when Uniform Tensile Loads are applied 19
2,7: Presetting of a EButt weld A 5 23
2,8: Arrangement of Clamp to prevent Angular

Distortion while permitting Transverse

Shrinkage i a's e 23

2.9: Complete Stress Relaxation Technigque applied

to a Plate oo .o P 28
2.10:Rosenthal=llorton Sectioning Method . 30
3.13 Joint Designs used in the Experiment ,. 36
3.2: Specimens drawn to scole P .o 37

3.3: Specimen used in the second set of Experiments 38

3.4: Specimen lMarkings showing Gauge Positions 42
3.5: Gauge Positioning on last Specimen . 43
3.6: Specimen showing positions of cutting.. 45

1X



FIGURE: PAGE
4,1: Gauge Positions in a three elerent
Rectangular Rossette o .e 46
4.2: Variation of Residual Stresses with Gauge
Position for Gauges Farallel (o Jeld
Direction . e .o 50
4,3: Variation of Residual Stresses with Gauge
Position for Gauges Parallel to Weld
Direction oo .e .o 51
4.4: Variation of Resitual Stresses with Gauge
Position for Gauges Perpendicular to
Weld Direction vie oo .o 52
4,5: Variation of Residual Stresses with Gauge
Position for Gauges Perpendicular to
Weld Direction .o .o - 53
4.6: Variation of Principal Residual Stress, ¢,
with Gauge Position e &id 54
4,.7: Variation of Frincipal Residnal Stress, f’;,
with Gauge Position - oo 55
4,8: Variation of Principal Residual Stress, Cf',
with Gauge Poscition o 0 56
4,9: Variation of Principal Residual Stress, (f;,
with Gauge Position oo o'e 57
4.,10:Variation of Residual Stresses with Gauge
Position for Gauges Parallel to the Weld

Direction - . - = - - 58



FIGURE:

4.11:

4.12:

4.13:

4,14:

4.15;

Variation of Residual
Position for Gauges
Direction .

Variation of Residual
Position for Gauges
Direction ‘e

Variation of Residual
Position for Gauges
Direction .e

Variation of Residual
Position for Gauges
Direction e

Variation of Residual
Position for Gauges

Direction -

Stresses with Gauge
Parallel to the Weld
Stresses with Gauge
Paraliel to the wWeld
Stresses with Gauge
Perpendicular to Weld
Stresses with Gauge
Perpendicular to Jeld
Stresses with Gauge
Perpendicular to veld

59

60

61

62

63

Distribution of Longitudinal Stresses along
the Transverse Line .o oo

4.17: Distribution of Transverse Residual Stregsses
along the wWeld Line _— oo

4.18: Distortion in unrestrained V-Joint .,

4,.19;: Schematic Explanation of Complicated Stress
Distribution on Welded Bead —

4,20: Distribution of Residual Stress in Weldment

of Low Carbon Steel aa v

xi



PLATE :

2:

3:

LIST OF FLATES

Specimen Sci-Up for Welding .e
The Specimen Counected Ready for workshop
The Connected Specimen Clamped in the

Milling Machine Vice leady for Slicing

xii

44



CHAPTER CHE

INTODUCTI I

Most welding processes involve loecal heating of
the material to be welded. The heat supplied produces
complex thermal cycles in the weldment and these in
turn cause changes in the microstructure of the heat-
affected zone, transient thermal stress and metal
movement, and result in the creation of residual stress
and distortion in the finished product.

wWhat usually happens is that the weld metal and
the base metal heat-affected zones are at a much highex
temperature than the unaffected base metal, When the
molten pool solidifies and shrinks, it exerts shrinkage
stresses on the surrounding base metal and the unaffected
heat zone area. The weld metal is relatively weak and
exerts very little stress on first solidification, ©Cn
further cooling to ambient temperatures, the shrinkage
of the weld metal exerts increasing stress on the weld
area and eventually reaches the yield point of the
weld metal,

Also because a weld is made progressively, it
causes the alreandy solidified portions of the weld to
resist the shrinkage of later solidifying portions., The
portions welded first are thus strained ia tension in a
direction longitudinal to the weld, An additional factor
in butt welds, is that there is transverse residual stress
as well due to the fact that little motion of the weld
is permitted in the transverse direction because of the
weld joint prepaeation and the stiffening effect of

under lying passes,



The types ond distribution of these residual
stresses are complex. A detaled anglysis of these
stresses can be found in literature; only & brief account
has been attempted in this thesis and this can be found
in Chapter Two.

Residual stresses have two major effects in weld-
ments. First, they produce distortion and can cause
premature failure in weldments. Non uniform contraction
of the heated weld is the cause of distortion, for by
causing shrinkage in one part of *he weld, they exert
eccentric forces on the cross-section. The weldment
then strains elastically in respogse to these stresses
and their non-uniform strain is gseen as distortion. Tnhe
distortion appears in butt jointz as both longitudinal
and transverse shrinkages and as anpgular change when the
faces of the weld shrink more than the root. Distortion
in fillet welds is similar to thas in butt welds but ean
be much more complex, because fillet welds are usually
made together with other welds. Also distortion in
fillet welds is an important factor in their use,
Distortion a2s related to butt welds has been discussed
in Chapter Two of this dissertation, under the effect
of residual stresses in weldments., Jontrol of distortion
can be achieved by the control of the geometry of Jjoint
before welding., Examples of techniques used to control
distortion include, presetting the workpieces prior to
welding so that weld distortion leaves them in the desired
final geometry (Fig, 2.7) or restraining the joint to
minimize distortion after welding. (Fig. 2.8) . The

-



welding process =nd welding sequence ~1lso influence
residual stress and distortion., If the finished member
is distorted it can be corrected by straightening mecha-
nically or by therm:l or flame straightening, after
welding., Chapter Two also discusses some of the proce-
dures for correcting distomtion in weldments,

Residual stresses contribute to buckling and
brittle fracture when these failures occur 2t low applied
stress levels. 3Buckling may occur at lower compressive
loads than excected when residual stresses and distér-
tion are present, Residual stresses may alsc lead to
high local stresses in tension, in weld rogyions of low
toughness and as a result, may give rise to running
cracks that can be propagated by low overall stresses
that may be present,

Residual stresses may be eliminated by both thermal
and mechanic2l means, Some of these means are described
in Chapter Two.

Various techniques have been devcloned and used in
determining qualitatively and quantitatively, the magni-
tudes of residual stresses in weldments., Chapter Two
also surveys the techniques available ior mexsuring
residual stresses in welded structures, These techniques
fall into four broad areas: stress relaxation techniques,
X-ray diffraction techniques, techniques that use stress
sensitive properties and cracking technigques. In each of
these, there are many vaeiations, The technique used in
this thesis comes under, "Stress Relaxation'" techniques.

3



Chapter three discusses in detail the techniques
used in determining the residual stresses and also otheé
factors related to the investigation carried out in thii
thesis, such as specimen preparstion, welding rrocess,
electrode type, etc.

In recent years, welding has replaced joining pro-

cesses like bolting and reveting in meny epplications.

It has thus become important to recognize the broad
problem of improving the reliability of welded metal i
structures. Engineers must not only consider the effects
of residual stresses and distortion, but also many othe
aspects including the reduction of cracks,; porosity and
other discontinueties; material degradation due to thermal

effects during welding; the extent of non-destructive

testing; and fabrication costs, to mention a few. Pracs
tising engineers must weight the advantapges of processes
and procedures from the various perspectives, :
A considerable amount of work has been put in to
study the causes, effects, elimination and the distortion
occurring in weldments. The highlights could be summa=-
rized as follows:-
it Reducing residual stress and distortion in the first

place by selecting propeéer processes and procedures,

2. Developing better means for stress relieving and
removing distortion,

3. Changing the structural design and thematerial so
that the effects of residual stress and distortion

can be minimized,

L |



The field of welding is quite vast and it is rather
difficult to cover all the aspects of welding in a project

|

of this kind. Hence this investigation was confined to|

the study of the residual stresses in butt joints and
the effeat of jcint geometry and electrode type on the |
same, Tphe results obtained have been summarized and
discussed in Chepter pour.

Chapter Five outlines the conci.isions while ChapteL

Six gives the recommendations for further work.




CHAPTER TWO

RESIDUAL STRESSES, THEIK DISTRIBUTION |
AND MEASUKEMENT IN WELDMENTS

Residual stresses are those stre:sses that would

exist in a body after all applied loads were removed,.

Residual stresses have beon referred to as internal

stresses, initial stresses, inherent stresses, reactiion
stresses and lock-in stresses. Residual stresses thPt
occur when a body is subjected to non-uniform temperature
change are called thermal stresses. ?
In metal structures, residual stresses occur fo#
many reasons during the various stages of manufacturing.
They may be produced during forming and shaping of meétal
parts using such processes as reolling, forging, casting,
shearing, bending, machining and grinding as well as
during fabrication by welding. .
Heat treatment at various stages of rroduction éan
also influence residual stresses. For example, stregs
relieving heat treatment reduces residual stresses while
quenching induces them.(z)
2,1, FORMATION OF RESIDUAL STRESSES IN WELDMENTS

|
Residual stresses produced during welding are

as a result of the uneven distribution of the non-elabtic
thermal strains generated due to local heating. Comptex
f

thermal cycles are produced in weldments by the heat

the welding arc. These cycles in turn cause chapges in

the microstructure of the heat affected zone which give
6



|

rise to transient thermal stresses and metal movement
and results in the creation of residual stresses in the
finished procuct. |
A schematic representation cf temperature and
thermal stresses during welding is shown in Fig. 2.].
A bead on the plate has been made along the x-axis.‘
The welding arc is at this instamt  located at O, ;nd
is moving at a speed V as shown in Fig. 2.1(a).

Fig. 2.1(b) shows the temperature distribution

along the corresponding sections shown in Fig. 2.1(a)
in the x-direction. [
Section A-A: ‘

This section is ahead of the welding arc, and [he
temperature due to welding AT, is almost zero. Thl
thermal stress due to welding is alsc almost zero,
Section B-B:

Section B~E crosses the welding arc. Consequently
the temperature change is extremely rapid and the dis-
tribution uneven., Because the molten metal will not
support a load, stress underneath the welding are i%
close to zerc. The expansion of regions @ short distance

from the arc are restrained by the surrounding metal

which is at a lcwer temperature, This gives rise to
compressive stresses in these regions. Ailso stressep
in these areas are as high as the yield strength of Ehe
material at corresponding temperatures. This is bec#use
at the high temperatures involved, the yield strengt# of
the material is low.(1) These compressive stresses ?ass
' |
I



|

|
through a maximum with increase in distance from the |
weld and therefore with decrease in temperature. Howeve+,
stresses in areas farther -away from the weld are tensilf
and balance with compressive stresses in areas near the |

weld; in other words,

fé; R (2.1)

across the section B=B.

Section C-C:

The distribution of temperature change across this
section, which is some distance behind the arc, is shown,
in Fig. 2.1(b)=3. The stress distribution across the
section is a}so shown in Fig. 2.1(c)-3. Here, the weld
and base metél have both contracted due to cocling, thus
causing tensi}e stresses in areas near the weld, As the
distance”fromlthe weiﬁ increases, the stresses first
change to cdmpressive then become tensile.

Section D-D: _
1 - “
The temperature change along Section D-D diminishes

V.

to almost zero, due to its being a long giﬁ'gfﬁs away
from the welding arc. Fig. 2.1(b)-l4. High tensile
stresses are produced in areas near the weld in this |
section, while compressive stresses are produced in |
regions away from the weld. The cross-hatched area M - *'

in Fig. 2.1(a) shows the repgion where plastic deformatioA

|
|
shaped region indicates the area where the metal is moltén.

occurs during the welding thermal cycle, while the egg-

Fig. 2.1(c)-L4 is the usual distribution of residual
8
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Pig. 2.1: g hanges of Twpa;& ture and Stress During Welding
After Masubuchi

stresses that remein after welding is comrleted, |E
These str:=ssc¢s are of two types:~ |

; {8 Residual welding stresses that are produced in tﬁé
welding of unrestrained members - these are &s a |
result of shrinkage of metal on ccoling and a
complex mechanism which involves plastic deformation
et a wide range of temperatures from room temperature
to melting temperature. These occur in a2l] three
dimensions irn the absence of any external load or

restraint.




tn
rn

&e Reaction stresses that are csused by external
restraint - these siresses are zdiiticons] stresses
irposed on weldments over the residuzl stresses
menticned in (1) zbove, when the latersl contrac-
tion of the Jjoint is restrained.

The mechanism of formation cof residusl stresses in
restrained butt joints is discussed in the followin
paragraphs and the present investigation is confired to

the study of stresses in such weldmrments.

Ji J) J

I*‘-'X,‘ x - x
_,T—-—‘

a b ¢

Fig. 2.2: Mechanise of Formation of Residual Stresses in a Butt Weld

It is assumed in Fig. 2.2(2) znd (t) that immediately
after welding, the weld znd the region z2djscent to it zre
hot and the remesirder of the plate is cold, Under this
assumption, the weld will contract on solidification
while the plate retzins its originel length as illustrated
in (t). In practice, however, the plate rectricts the
contraction of the molten material, thereby putting the
weld in high tension in & direction parallel tc the weld.

10
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', “'..
tn

Cempressive sires

sthown in Fig., Z.2(c).

trarsverse rezicual stresses resultinz in 1le weldnment
- s - = e
fram this set-un is shown in Fif. 2.3. The <tresces cof
1]

concern are tlcne parzllel to the weld di:ection designa-
ted 6:( £rd Tl ¢ tremsver:ze to it, designuied F.
Fig. 2.3(b) shrws the distritution of the longitwiinel

residual stress fr?. From the figure it c n be seen

Y
)

%

Y . Y
@ Listibution gf G5 olong Xx () Bmtinolion of (6) 2R (L)

Fig. 2.33 Typical Distribution of Residusl Stresses in & Butt Wsld
After Masubuchi ()
that tensile stresses of high magnitude sre rroduced in
the rezion necr the weld; these teper off ranidly and
become compressive after & distance of seversl times the

1M



width of the weld metal, The stress distribution is
characterised by two parameters: the maximum stress at
the weld region, 6. - and the width of the tension zone
of residual stress b.(1)

In weldments made of low=-carbon steel, the maximum
residual stress, dpm, is usually as hirh s the yield
stress of the weld metal.(1) The distribution of the
transverse residual stress, S'y, along the length of the
weld is shown on curve 1 in Fig, 2.3.(c). Comparatively,
tensile stresses of relatively low magnitude are produced
in the middle part of the joint and compressive stresses
at the ends of the joint.(1)

When the lateral contraction of the Jjoint is res-
trained by an external constraint, tensile stresses
approximately uriform along the weld are added as the
reaction stress (curve 2 Fig. 2.3.c). An external cons-
traint, however, has little influence on the distribution
of the longitudinal residual stress,tf;f(1'12)

If the welding is on a heavy plate of thickness over
25 mm, residusl stresses in thickness direction become
significant; otherwise they can be ignored.

The magnitude and distribution of residual stresses
in weldments have been found to be affected by the tempe=-
rature distribution in weldments, the thermal expansion
chargcteristics of the material and the mechznical pro-
perties of the material at elevated temperabares.(1)

The stress in the thickness direction of weldments in

plates less than 25 mm thick is negligible.(12) A plane
12



state of stress exists in weldments less than 25 mm
thick; the specimens tested in this thesis had a plane
state of stress, since they were all 15 mm thick or less.
The fundamental relationships in a two dimensionsl plane
stress ( (f; = {), residual stress field are riven below.

(i) Strains are composed of elastic =znd non-elastic

strains,
¢' ] : "
Sx = (,x + &x
' &
E v = iy + Uy ------------------ (2.2)
Xxy A }(Y' : z;)'"_}

The components of non-elastic strain c'n be plastic aor
thermal strain.
(ii) Hooke's Law relationship exists between stress

and elastic strain, thus:-

Ey = 1/E( S, - VO

- ¥
1 a0 y~ PSS SSCRY (
2&6; = /e T,

(iii) The stress must satisfy the equilibrium con=-
dition:

267 3T

4 ———X -
‘3x ?3Y
. . — (2.4)
B_:% 4+ _l...d:‘i = 0 |

3}: ay R
(iv) The totazl strain must satisfy the condition
of compatibility:

?szx' ',32&' E2Xx "l bg.gxu bgfn
R A Tl B - T ahie »-a

L -
= 0

’X
3

_ B; "
1



Residual stregsses exist when the value of R,
determined by the non-elastic strain so given in
equation (2.6) belew is not zero. _

5 = L V ii-T
E 2 ""‘}{" = e c Y"_ % 2 i

« Xy

R = = - + A v (2,6)
L a? -.Eixz -',}x&y J. . . .

R is the cause of residual stress znd is c¢yrlled 'in-

(1)

compatibility'. According te Masubuchi important
findings obtained from this analysis include:-
(1) When R = Q, residual stress will not occur.
{ii) Residual stress in & body cznnot be determined
by measuring the stress change that takes
place when an externsl load is applied to the
body, the body is cut to determine residual
stress. .JH_ _:f._
(ii1) Resicual séresées d{;, :ﬁ; and 'z;y can be
calculated when the elastic strain components
E, x? i';y' and E;y' are determined. However,
compeonents of non-elastic strains, éax“, Eﬂy"
and Efxy" which have caused residual stress
cannct be determined without knowing the history

of the formation of the residual stresses,

2.2, EFFECTS OF RESIDUAL STRESSES IN WLLDITINTS

The strains produced during heating in a weld
are accompanied by plastic upsetting. The strésses
resulting from these strains combine and react to produce
Internal forces to cause bending, buckling and rotation |

in the finished product. These displacements are called

W



distortion, and are the mejor effect of residual stresses
in welded structures. There are three main fundamental
dimensional changes that occur during the welding process,
giving rise to distortion. Thesc are:i=
(i) Transverse shrinkage perpendiculsr to the weld
line.
(i1) Longitudinal shrinkage parallel tc the weld line.
(11i) Angular distortion or rotstion zround the weld
line.
All the abnve mentioned dimensional chzpges are
shown in Fig. 2.4.
Fig. 2.4(a) shows a typical transverse shrinkage in
a butt weld, The shrinkage here is shown to be at rigat
angles to the weld line and uniform along the weld,
Transverse shrinkage is, however, not alwoys uniform in
butt welds especially when they are long. Actual struc-
tures exhibit complex transverse shrinkage, The major
cause of this non-uniform transverse shrinkage in butt

welds is Rotational distortion shown in Fiz. 2.l(d).

This takes place in long welds when welding is done
progressively, the unwelded portion of the joint moves
in as shown, causing rotational distortion.

Rotational distortion is affected by the welding
heat input and the location of tack welds. The weld
sequence and the distribution of restraint along the

weld also have a complex effect on 1otational distortion.
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Pig. 2.4: Various Types of Wsld Distortien Aftaer Masubuchi

Restrzint: The zmount of shrinkage thrt ccours in
a butt weld ie 2lso affected by the degree of restraint
arplied toc the joint, The amount of shrinkzcge decreases
as the degree of restrzint increases.

The mzjor portion of transverse shrinkage in a butt

weld is due to contraction of the base plate, The base

[

plate expands during welding; when the weld metzl solidi-
les, the expanded base metal must shrink, and this
shrinkage acccunts for the major part of transverse
shrinkzge., Shrinkazge of the weld metzl is only about
ten percent c¢f the total shrinkage,
16



Plate Thickness:

Investigations by Mhtsuitg) show thet, tronsverse
shrinkage in thicker plates starts earlier, but the final
value of the shrinkage is smaller than in thin pletes,

It is to be noted, however, that welding thicker plates
may require more than one pass which may change the whole
picture,

Materials:

The amount of transverse shrinkage is different for
various materizls because the material properties differ
from material to material., For example, 2luminium alloys,
because of their higher heat conductivity and thermal
expansion coefficients, shrink more thon steel, Phase
transformations in ferrous materials also pl:¢y an impor-
tant role since they give rise to a certain a2mount of

expansion/contraction,

Welding Procedures:

Kihara and Masubuchi(u’7), in their study on trans-
verse shrinkage that occurs during mutipass welding of
constrained butt joints in carbon steel, showed that
transverse shrinkage increases during multipass welding
as shown in Fig. 2.5. This is because the resistance
against shrinkage increases zs the weld gets larger,
Shrinkage was pronounced during the early weld passes,
but diminished during later passes.,

They further studied how various factors, including
Joint design, root opening, type and size of electrode,
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thet result after Loads are released After ¥asubuchi(l)

Curve O: Residurl Stresses in the as wslil=d cornditicn.

¢+ Streess Distribution at 6--.— 6-1
: Stress Distribution at §'= 67,

Distribution of stresses at gen:rzl ylelding.

Curve

o

Curve 1
P
Curve 3

T: Disiributicn of residual s.ress z=fter 6 - 5

Curve 7T:
is ajpplied 2and then released.
Curve 2':Distributionr of residuzl stress ~fter 6.. - 6'2

s arplied and then released,

fete

When 2 uniform tensile stress 6‘=- 6-.1. is zpplied
to 2 body containiaug resiiaii suiesses, chée uirform
stress is superimposed on the residuzl stress and the
resulting stress distribution =8 showr ‘r Fig. 2,6 or
Curve 1; when the uniform stress is relessec, the stress
fzlls to the level shown by Curve 1', in ithe sime figure.

When the uniform stress is 2pplied, thz stresses in
areas near the weld reach yield stress ~-rd rcst of the
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stress increase occurs in arcas away from the weld,

depending on the characteristics o{éﬁZteriﬁl. when the

applied tensile stress is increased to f;-, the stress
distribution will be as shown in Curve 2. uis the level
of applied stress increases, the stress distiribution
across the weld becomes more even, that is, the cffect
of welding residual stress on the stress distribution
decreases. General yielding takes place =2across the
entire cross-section when the level of applied stress

is further increased. The stress distribution at general

yielding is shown by Curve 3. The effect of residual

stress on stress distribution virtually disappears beyond
general yielding,

When the applied stresses are removed the stress
distribution evens out at a lower level then the original
residual stress distribution shewn by Curve O,

The following basic fact has been arrived at about
the effect of residual stresses:

55 Residual stresses significantly affect only
those phenomena that occur under low 2pplied stress
such as brittle fracture.

2. As the level of applied stress increases, the
effect of residual stress decreases.

3. The effect of residual stress on performence
of a welded structre is neglirible when the applied
stress has been increased beyond the yield point.

L. Residual stress tends to decrease as the struc-

ture is subjected to repeated loading.
20



2.4. DESIGN AlD PROCEDURES FOR REDUCING REZTIDUAL

STRESSES AND DISTORTION

In order to develop effective means for reducing
residual stresses and distortion, it is es=sentizl to under-
stand how residual stresses and distortion sre 2ffected by
design and welding procedures as has been daiscuszsed in the
preceding sections of this Chapter.

2.4.%7, Reduction Of Residual Stresses

The extent of the effects of residual stresses
on the service behaviour of welded structures varies sig-
nificantly, depending upon a number of conditions. It is
preferable generally to have less residual stresses (since
to some structures, a certain amount of residual stress is
allowable). It is advisable to take precautions to reduce
residual stresses to a tolerable level, particularly when

welding heavy sections.

Generally, a reduction in the amount of weld metal
usually results in a reduction in residual stresses and
distortion, since residual stresses and distortion are
caused by thermal strains due to welding, For exomple a
V-groove contains more filling space than a U-groove; the
use of a U-groove instead of a V-groove should thus result
in the reduction of the amount of weld metal., It is desir-
able to use bevel angles and root openings of the smallest
possible size, that will not restrict accessibility. In
general, a reduction of reaction stresses is accomplished
by a reduction in the amount of free shrinkage in a butt

Joint.
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2.1.2. Control Of Distortion
() Desimm: : |
The nmost édonomic desipgn fof a welded.féﬁrica-

tion is the one which requires the fewest number of parts
and a minimum of welding. Such a design ~lso assgists in
reducing distortion and is tc be recommended on that
account, For unregtrained butt welds the ftype of Joint
preparation is important since it can influence the amount
of angular distortion which will result from welding.

It is not possible to vary the Joint preparation
with fillet welded Jjoints, Thus all that a geood design
can achieve is To specify the minimum sizes of welds with
regard to strength requirements. In this wey, overwelding
can be avoided and distortion minimized. :

Good design end well-chosen Joint details”serve to
reduce the magnitude of the problem and make it easier
during menufacturing to apply practical measures to
achieve the desired results. They cennot, however,
solely control distortion,

(ii) Assembly Procedure:

It has become necesszry to consider how distor-
tion can be contreolled since distortion is inevitable in
one form or another. It has been seen that success may
be avhieved, not only in design, but by adopting cne or
the other of two assembly methods. ' -

(2) By estimating the amount of distortion likely to
occur during welding and then assembling the Jjob
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with the members preset to compenszte for the distertion

as shown below,

¢
Fig. 2,7: Presetting of a Butt Wsld

-

After welding the above specimen, the finished

product becomes straight.,

(b) By assembling the job so that it is nominally correct
before welding 2nd by employing scme form of restraint
to minimize the welding distortion after welding as

ghown below,

el [ { ]
’ 'f &lepden
a:ip?e
)
/ {
Pig. 2.8: Arrangsznent of Clamp teo Prevent Angular

Distortion Wnile Pormitting Transverse
Sirinkage

During welding the wooden wedge restrazins the curving-in
of the joint,

2.4.3. Correction Of Distortion

When dealing with a new fabricction, it is net
always possible to control distortion within sccepteble
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limits. There are instances where, despite the most care-
ful planning, the distortion becomes excessive, In such
circumstances, it is usually possible to ractify the
problem by producing plastic deformation ir the distorted
member or secticn.

There are various thermal and mechanicol methods
that can be used to obtain the required amount of plastic
deformation. These include: thermal straightening,
hammering of locally heated areas and jicking. Others
include preheat, peening, proof stressing and so on.

These methods are named above, detailed information
on them can be found in appropriate literature.(1’12)

2.5. MEASUREMENT OF RESIDUAL STRESSES IN ELDIMENTS

2.5.1, Classificakion Of Teckn!ques For Measuring

Residual Stresses

Several techniques have been used for measu=-
ring residual stresses in metals. A few that are appli=-
cable to weldments are discussed in the following section.

The available techniques used presently for measuring
residual stresses can be classified into four major groups:
i Stress-relaxation technicues.
II. X-ray diffraction techniques,
i & 1 8 Techniques by use of stress sensitive properties.
Iv. Cracking techniques.
In the stress-relaxation technique, residunl stress
is determined by measuring the elastic stroin relcase
that takes place when a specimen is cut into pieces or

has a piece removed from it. In most cases, electric or
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mechanical strain gauges are used for measuring this
strain release,

A variety of these techniques exist as there are
many ways of secticning a2 specimen to determine residual
stresses, Some are used in the study of stress in plates,
others in cylinders, tubes or three dimensional scolids.

The strain release can also be obtained by using
grid systems, brittle coatings, or photocelastic coatings
instead of mechanical or electrical strain geauges.

The main disadvantage of stress-relaxation techniques
is that they are destructive; the specimen must be either
partially or entirely sectioned., They, however, provide
reliable quantitative data and are the most widely used
for measuring residual stresses in weldments.

Elastic strains can be determined in metels with
crystalline structures by measuring the lattice parameter
with X-ray diffrection techniques. Elastic strains in
the metal can be measured non-destructively without machi-
ning or drilling since the lattice parameter of a metal
in the unstressed state is known or can be determined
independent of the elastic strains, Two main techniques
are available, viz:

(2a) The X-ray film technigque, and
(b) The X-ray diffractometer technique.

With the X-ray diffraction techniques, surface
strains can be obtained within a small area (0.0025 mm in
diameter) say, eand to a depth of 0,025 mm, X-ray diffrac-
tion techniques have disadvantages. They are time-consuming
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and not very accurate, espec’ally in sitgations w ere
high temperatures have distor .2d the cryétal structure
of tt - material,

/i ttempts have also been ~adz to determine residval
stress2s in metals by meésur131 their s .ress sensitive
properiies.(1) The techniquec which hav? been proposed
incluae - ' A

T

1. Ultrasonic techniques: Those include:

{a) The polarized ultrasonic wave technique which
makes use of stress induced chrAnge in the angle
cf polarization of polarized ultrasonic waves,

(b} The ultrascnic attenuation technique which
makes use of a stiress-induced change in the
rate of absorption of ultrasonic waves.

2. Hardness tocbhnigues which make use of stress-induced

changes in hardness.

Noriz of these tachnlques %ave éither been developed
beyond “he laboratory stage or sed successfully for
measuring residual stresses in w:ldments. These techniques
are th.s not discussed here.

Another technique developed “or the study of residuel
stresses involver the observation of cracks induced in the
specimen by hydiogen or stress coi~osion, These, however,
provide only aqualitative and not qiantitative data and
are thus useful when studying resicdual stresses in complex
structural models in which the resicual stress distribu-
tion is complicated.
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2.5.2. Measurement Of Residual Stresses By

Stiress-Relaxation Techniques

Stress-relaxation *echniques are based on
the principle that strains crested during unloading are
elastic even when the material hes underigcne plastie
deformation., This makes it possible to dctermine resi-
dual stresses without knowing the history of the loading
of the material.

' Over the years many methods have been developed
based.on this principle. These methods include: brittle
coating and drilling techniques; grid systems dividing
techniques; photoelastic coating drilling technigue and
sectioning techniques.

A detailed description of these techiigues can be

found in literature,(1'11'12)

2.5.3 Sectioning Technigues Using Electrical "

Resistance Strain Gauress

-

Electrical resistance strain gnuges are’
mounted on the specimen after the surface hos becn pree
pared to a surface finish suitable for the seating of V¥
the gauges. i smcll slice containing the gouges is
removed from the structure as shown ir Fig. 2.9 below.

In the resistance type bonded strain-gruge, the
resistance of the gauge changes as the specimen is
strained, the magnitude of the stroin is determined by

measuring the resistance of the gaupges. Information on
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Fig. 2.9: Complets Stress Relaxation Technigue
Ayplied to a Flate After Uasubushi(l)

electricel resistence strain geuges is avezilitle in
pumersus scurces including the 'Handbook of Experimental
Stress Analysis.'(S)
Changes in temperature tend tc cruse "n epporent
strzin; therefore some type of temperzture compensation
is needed. ~Freguently, a 'dummy gauge', which is not
sutjected to the strain, is expcsed to the s=':e tempe-
rature as the sctusnl gouge to provide & brsis for compen-
srtion. A temperature-comrensated gauge ¢ ~lso be used.

Various cements have been developed for biniing the

m

gauges securely to the specimen, The gnuges have to be
protected from metzl chips produced cduring machining, the
coolant used to ccol the specimen 2s well zs from humid

atmospheric conditions. ’

- —

.

- y
and ery’ thot teke place during the removrl of the slice.

Measurement is tzken of the strain chonges E%U
If the piece is smell enough, it is assumed thet residual

stresses no longer exist in the piece znd that the
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éx - - 2 I; gy = - Ey,: jx}, - o j::"-. T -(2-7)

x Xy

following holds good:-

The negative signs in equation (2.7) indicate that
when tensile residual stresses exist, shrinkspe not elon-
gation takes place during stress relaxatiocn, The residual

stresses are:

¥
E - =
y--r:—{,-z(ay-bl}gJ) ----------- (2.8)
?fxy- ¢ ¥,

It is advisable to measure the strain on both surfaces
since there may be residual stresses due to bending,

The mean value of the strains measured orn hoth surfaces
represents the plane stress components while the difference
represents the stress component caused by bending.

The method cnn be used any where with the working
surface placed in any position:;ia reliable and highly
accurate. The principle involved is also simple, It is,
however, a destructive method and gives only on rverage
stress for the area of specimen from which the piece was
removed and does not measure locally concentrated stresses.
Also the machining involved is sometimes expensive and
time~-consuming.

2.5.4. The Rosenthal-Norton Sectionins Technigue

The technique is used for determining resie-
dual stresses in heavy weldments,
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Two narrow blocks are cut with their long axes
directed along the a2xis of the weld and transverse to

the weld as shown below,

H
.

!
¥z

T
I:_-_- sEs=== a, I.

(0) Seetsgis, el ments (o fropace
Aaﬂyuﬁgz 2ng Toncverse 8locks

A3 EES

(B) barther Seclivning of Kock

Pig. 2.10: Rosenthal-Norton Sectioning Xethod
The blocks should be made narrow with respect to the
thickness; then it may be assumed that the operztion
has relieved prectically 211 of the residunl stresses
acting perpendicular to the long axis. At the s=me tinme
the blocks should be m~de long enough with respect to
the thickness (twice the thickness or mcre if possible).

To determine residual stresses still left in the
block, strain gouges are mounted on the sectioned tlocks

and it is further split into smeller scctions,

2.6, SELECTION AND USE OF APPROPRIATE MEASUREMENT
TECHNIQUES AND EVALUATION OF RESULTS

In determining residual stresses in metals and
metal structures, it.is important to select mezsurement

technigues that are most appropriate for e particular job.
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Factors to be considered include:-

(a) Permissible extent of damage to the structure,
() Required quality of measurement,

(c) Effects of variations in metzl properties.

(d) Applicability to field tests.

(e) Cost and time.

2,6,1. Permissible Extent Of Dazmage To The Structure

It is important to deeide whether destructive
or non-destructive techniques will be used for the tests.
Some methods reviewed in Section 2.5 are destructive, e.g.
those of stress relaxation. Even among these some can be
classified as semi-non-destructive. If no damage to the
structure under test is permissible, the only presently
available technique is the X-ray diffraction technique.
The ultrasonic technique for measuring residual stresses
is still in the development stage. The hardness technique
and cracking technique are not suitaple to be arplied to
actual structures.(1)

2.6.2, Required Quality And Accuracy Of Measurement

The residual stresses obtained should meet
the requirements of quality,‘*2ccuracy »nd completeness,
according to situaticnal demands must be provided by the
technique used,

Some techniques are more accurate than others and
scme are only qualitative., The accuracy of measured
values in actual cases depends upon various factors
including methods of cutting in the case of stress relaxa-
_tion techniques, condition »f measuring devices and equip-
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ment, surface condition of the specimens, the strain .
sensitivity of the gauges used and the skill end experience
of operators. Bonded strain gauges provide the best sensi-
tivity. Some of the techniques do provide information on
the stress components so that the magnitudes znd directions
of the principal stresses can be determined, while others
do not provide enough information on stress components.
Bonded strajn gayges, extensometers, grid systems, photo-
elastic coatings and the X-ray diffraction techniques are
techniques that belong to the first group which gives
information on stress components.

The gauge length used in the test must be short enough
for variations in the stress to be detected; however, too '
short a gauge length is not useful since one may not be
able to even fix the gauges on the specimen.

2.6,3. Effects Of Variations In Materiesl Properties

Variation in metal properties is common in

large fabricated structures. A welded structure consists
of the weld metal, the heant affected zone ond the base
metal having widely varying microstructures and properties.
Heat treatment 2lso changes material properties. These
variations in material prcperties cgn cause serious problems
especially when X-ray and ultrasonic techniques are used.

Literature has it that diffraction lines are broademed,
resulting in lower accurcey in strajn measurements when the
X-ray diffraction technique is used on heat-trented

materials.(1)
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2.6.,4, Field Application

In the techniques reviewed, some are appli-
cable to field tests, some to laboratory tests and some
to both, In selecting a technique, it sho:ld be deter-
mined before-hand whether readings can te taken under
field conditions or not and also whether Lhe structures
under test .y be exposed to z2nvironments other than
air, i,e, water and oil,

The use of bonded strain gauges is more appropriate
than other techniques in most respects.

2,6,5, Cost And Time

Factors which determine the cost and time
required for :he determination of residual stresses are
the shape and size of the specimen, the number of mea-
suripg points and the accuracy of measurement required,

Electric-resistance strain gauges are relatively
simple to operate and not expensive, but the cost and
time required for such stress relaxation procedures as
drilling or sectioning can be tremendous, 7The X-ray
diffraction technique is a slow process, because each
measuring point rejuires a time exposure of 20 to 30
minutes,

It can thus be seen fromt he foregcing discussion
that there is no single residual stress measuring tech-
nique that is quick, easy, non-destructive, sensitive to
high strain, applicable to field testing and low in cost.
Each technique does, however, present ceriain advantages
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over others and e2ach has its own appropriatn area or
areas of avnlication; for examcle, bonced cirain gauges
are widely used in residual stress measurzwment, since
they provide high quality data at lcw coct, They are
attached directly to the structure so ¢het strain
changes which take place during fahricat on can be
determined. Jhenever portions of the mctal are removed
during a fabricat’on process, such as by the drilling
or cutting of hcles, the stress relaxation that results
will be indicat=2d Dy the bonded strain gauges,

2,6.,6, Choice Of Residual Stress Measuring

Techniaue For This InvestiggtiOn

The stress relaxation sectioning technique
using electrical resistance strain gauges was selected
for this investigation., This is because reliable,
quantitative d-ta in terms of magnitudes of the residual
stresses was required at several points orn the specimen
surface, The method is also simple to use, The equip-
ment and materials required for the application of the

technique were also available,

34



CHAPTER THREE

EXPERIMENTAL I"HXOCEJURE

The specimens, strain geuges and experimental
method used in this investigation are discussed in
the following paragraphs,

3.1, SPECIMENS USED

The matexrials used in the investication were
chosen due to their importance in the construction
industry as well as their availability, while the
welding process and technique were selected due to their
popularity in the structural construction field,

3...1, 3election Of 3ase Metal And Filler Metal

Mild steel was selectec in tlis investiga-
tion as the base metal because it is the most common
structural material in industry and also because of its
easy availability,

The material was in plates, its chemical composi-
tion was not lmown, but the material constants were
experimentally determined and given in Tacle 3.,1. The
method and calculations used in determiining the constants
are outlined in Ac-nendix 3,

TABLE 3.1: MATERI/.L CONSTANTIS OF BASZ METAL

F QUANTITY VALUE
Yield Stxess 267 .40 i!/mm2
Ultimate Siress 394,70 M/mm2
Poissons Ratio 0.281
Young's Modulus 213000 H/mm2
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Two filler rods selected for this study are ES012

6013 oi the Aperican Welding Society (..435) clacsi-

1]

and
fication, Ctlier specifications and cdetails of the filler
rods are given In Tadble 3,2,

TABLEB 3,2: SrSCIFICATICHNS OF 2L=CTRO23S USEQ

o — -

—de e P
3 1 Typical
A“S.S?QCifi' 1 EIECtdee_HF Length (rm‘-j‘uwlging Cur-
cation Diametexr(mm) “ A r;nts(mml
e
E6012 3,25 50 95/130
E6013 4 350 - 130/190

3,1,2, Joint Desigg

Three joint designs were investigated: the

single-V, double~V znd square-butt, as shown in rFig.3.1.

- () Sngle -V it (6) Bobpe-y i Kk

Il

: &) Sjwm %4 /bmf

Pig. 2.1: Joint Designs Used in the Expsriment

Each piece wis carefully michined on a shaping
machine to desired size and bevel angle at the joining
end., The single-V and double-V joints vere bevelled
according to convention at an angle of 6¢° in all the

specimens tested,



Three scis of specimens were tested, the first set
containing twelv:2 specimens, the second six &#nd the
last one specimen, In the first set, four scecimens

with eaclhi of the joints designs were made, their actual

shape and dirensions are slio#n to scale in Fig, 3.2.

: .
t
O S — ] N e gg_f
l
= S — ik
| 160 - i
@) Single -V joint y
o) .
| s
1
|
. o » = » . B o

(6) Louble - l‘//a; af

= —g= e

8 mm .

(r] ."’lllf 6&“‘/M | Coale:

Pig. 3.2: Specimans Drawm teo Scale
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3.1,2, Welcing Cf The Specimens

The Tirst Datch of specimens -

following szecifications:

Serial No, LDF 5829
Ratc€ to =5 $38-1954~-Group i,
Primary Voltage Tappings 230 V; 40T
50 cls,
Maximum Conitinuous wWelding Current =
50 Volts or 75 Amps at 80 Vv, (6
Above 6 kVA the machine should be uc

niitent welding only,

iere welded

dritish Oxyoen Compary Limited, London, and has the

i ":’:‘ V I 1 F H ]

120 Amps at

LR

KUA)

¢ Tfor inter

welding current range is 20 - 130 Agps.

The second batch of specimens were made with a

thickneces of 15 mm throughout their lengt

in Fig. 3.3. QQ'

h as shown

l

using a 180 amps A,.C, Welding set, manufaciured by the

B0 mm. R

é
L

S ———— __.%0 mm.

Pig. 3.3: Specimen Used in the Second Set ef
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All the six specimens used in this batch were of
the same dimencions and were welded with 25013 electrodes.

For easy identification of these specimens, after
welaing,the two types of electrodes and joint designs
were classified as below:

B6012 = .1 E5013 = 2,

Joint Design:=-

Double-y = 1
Single-V = 2
Square-butt = 3

After welding, each specimen was identified by two
numbers; the first digit to indicate the clectrode and
the second toc indicate the joint type. For cxample, a
specimen marksd 1-1 would show that it had been welded
with electrode type 1, E6012 and joint design 1, that
is double-V., A specimen welded with elecirode type 1
and having a single-~V joint design was marked 1-2,

Three of the specimen in the second batch were
welded in one day, two on another day and the last ones
on yet another day by the same weldar, duc to powcr
failure, Therc was a variation in th: voltage on
these days of 3 volts betwoen the first day and the
last two days,

The c¢lectrode diamctir remains the same as that
‘stated in Table 3,3, for electrodec type 25013, ic.

3.25 mm, The welding current for the first five speci-
mens was 224 Amps while the welding voltage was 100
volts. The root gap and the arc length also remained
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the same at 3 mm,

The last spucimen was welded with a current of
170 Amps and 50 volts,

It is to e noted that due to the variation in
grid veltage mentioned above, the last two sypecimens
were full of weld imperfections due to improper melting
of the eleoctrede, Also the welding sueced varies between
1,5 mm/sec in the root passes to a maxirum of 3 mm/sce
in the later passes. This was because the root was
narrower than the surface of the joint,

During welding, the welding parametors were kept
as constant ag possible for each clectrode, To minimize
variations cazused by human error, all the specimens were
welded by one welder manually., Other parameters kept
eonstant for each clectrode included: welding current,
voltage, root gap, welding speed, arc length and the
number of runs for each joint design,

The two pileces to be joined fogether waere clamped
in a vice as shown in Plate 1, to restrain the transverse
expansion and contraction of the joint and thus minimize
distortion,

After welding, the specimen ﬁas left fblair-cool
to room temerature in the vice before removal, Table
3.3 gives details of the welding parametcrs for the

first batch of specimens,
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delding
A cut of 1 mm was takzn on both sides of each
specimen after welding to clear the weld mctal and then
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t.e surface ground geooth on a grinding machine,
The grinding oleration was Jdone to make the surface
smgoth ¢novgh for the strain gauges to ve sceated properly
when placzd in gousition, It is to be notad that the two
'
machining opcrations, that is shaping and grinding, might
introduce residuelstresses in the specimens, Lut accor-
ding to Macu uchi{*), thise stresses can: ot be recorded
by the strain gi.uges and therefore coansidered to have
negligible effect on the strain gauge reacings recorded
in this invcetigation,

3.2, BXPBRJINZITTAlL SET UP

fi{texr the surfaces of the specimcns were pre-
pared to the reguired surface finish, the surfzces of
the first cnd szcond sets of specimens werec marked as
shown in Fig, 2,4(3a) éelow and after cleaning with mythy-
lated sﬁirit, th2 gauges were placed at the 1 to 6 loca-

tions, shown in Fig. 3.4(Db).
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Fig. 3.4: Specimen Markings Showing Gauge Pesitions
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In tb: second batch of specimens, the gzuges were
placed on the under-side of the specimen cirectly bzlow
tha ones con top, to check for bendings.

In the lact specinen, gauges were ~lzced on the top

and under-side as shown in Fig, 3.8(a) and (b) below,
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Pig. 3.5: Gauge Positioning on Last Speciaam

All the g-uges here were single element gauges,

All the gauges used were placed with P-2 adhesive,
and left for zbout twelve hours to set Lelore new ones
were placed, After setting,the surface of the gauges
were covered with wax to prevent the coolznt from mois-
tening the gauge surfaces during the milling process
which was uged in slicing the specimens for taking
readings in this work, The gauges were then connected to
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The 7irst and second batches of syecimens were cut
at three posiilons as shown in Fig. 3.6. The last speci-

men was cut only at the middle position.
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Fig. 3.5: Specimans Sowing Positlions of Cutting

When the specimen had been cut, the sirain meter
was switched back on; it was balanced 2nd the réadings
for each channel were recorded, The orocedur? was
repeated for each specimen,

It is to e noted that the milling operation might
have inirotuced some machining stresses which the strain '
gauges woulld not record additionally, These stresses'
are due to vibrations &nd the heat producec by the milling
operation during sectioning of the specimen. To minimize
vibrations, thz cutting was done in steps through the
thickness of the specimens, at a siow rate of feeding.

A lot of coolant wis also used to cool the work during
the machining oneration and the gauges were used with

dummies to compensate the heating effect,
The readings have been recorded in Appendix A and

the calculations shown in thsz next Chapter,
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CHAPTER FOUR

CALC LATICNS, RESULTS AND DISCUS3ION

4.1, CALCULATICI'S AND RESULTS

All the calculations for the stresses were
based on Hooke's Law, as given by the following eguation:

-

6; = EE ----------------------- (4.1)

The principzl stress calculations were bascd on rela-

tionships in a three elen2nt gauge, rectangular resette

as given below, %

[ —

6=C
Bp=45"
ec=90'

Pig. 4.1: Gauge Positions in & Three-Klement Rectangular
Rcssite

The equations for t he principal strains i& and Eé

are given as:

g

€ -1€ ). P AE-€)% (2 & EA‘ %)

£ -uf g0 -4 lK!A' Zc) *{2 EB' EA' zc)

The principal angle ¢ is given by
6

--(42



28 - &, - €

A
tan 2¢ -
f_,‘.-_\ = ?/C

The stress strain relations rxelating princional strains

to principzl stresses are:

5 <
(""; = () + ) 32)

1=/
Ve T e (4‘.4)
N - S Y4 '
(f’z = ;1{(82 - ) £1} ] |
| -3
- Substituting &, and & in equation (4.4} gives the
principal stiresses
P R N L SR AN R
G, =8 2wy 0L ,1/{ Tym S (2 2= &= &)
- -

E. £ . -
- A C 1 2 -t £ 2
Sz 2(15y) ~ 2(Ty)) i/(EA_ E0%(28,- - &)

Teeveaeea(4.5)

Sample Calculations:

(i) Stress: |
For the double.V joint welded with EaQ12
electrods, the strain recorded parallel to the weld
direction, i.2. Thammel 1 on gauge 1, Table 4.1 is
245 x 107°,

Substituting this value in equation (4.1) we get

6. = 245 x 107® x 213000 = 52,19 il w2,

BExcept for the principal stresses, all the other values
of stresses recorded in this work were similarly calcu-
lated,
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(ii) Principal Stresses

Using the strain values recorded in Table 4,1,

Channels 1, 2 and 3 for gauge 1, the princinzl stresses
were calculated as follows:

Ch « =G e 107°

+ 677 x 10™°
b

W
I

E&Z = =« 85 x 10

213000 N/mm°

m
it

0,281

<
1l

Substituting these values in equation (4:5) we get

-6
(- 245) + (=~ 85)!:( 16
6312 - z"—§(1 - 0,281

. ~—

1
L 3(1+0.280) \/[( -245+83)x10.6 ]2+__[(2x6'/7+245+55)x10"6f

4

8. .=« 2.357 x 10°% 4+ 5.506 x 10™
1,2 +
>

6, = = 2.357 x 107% & 5.506 x 10

= 08,37 N/m°

il
4 - 5. S% X 10 =

6, = - 2,357 x 10
= - 183,78 N/mm°
All the other values of principal stresses recorded in
Tables A.1 to A,6 were calculated in the same manner,

(iii) Principal Angle:

Using equation (4.3) the principal angles werec
calculated and recorded in the last columns of Tables A.1l
to A.6 as shown below for the same set o rcadings used

in the other sample calculations,
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For same SA, 88 and E:C given the calculation of

principal stresses above, substituting in equation(4,3)

i -3 S
_ 2 %677 x 10°% 4+ 245 3 1¢™ 4+ 35 x 1079
tan 2g - .. il -3_ e ...6_
- 245 x 10”° 4+ 35 x 10

tan 20 = « 10.525
20 = 95,43°

.. g = a7.,72°

The same procedure was followed for all the calcu-
lations; and the results tabulated as shown in
Appendix A and then plotted as shown in Fig. 4.2 through

to Fig, 4.17.
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4.2. DISCUSSION
| The following discussion is <ivided into two

sections:

4.2,1. Joint Design  ° - e

| In their study on how various faetors
including joint design and electrode type affect residual
welding stress onad transverse shrinkage, Kihara and |

M'_Masubuchi as revorted by Masubuchi(13)

, showed that a
SSingle—V joint produces more stresses than the double-V
joint and that the influence of the joint design on the
residual stresses is large. The reasoms for this were,
:hdﬁ;vér, not given in their work.

This investigation shows that the single-V joint
produces stresces of higher magnitude in tension ox
compression than the double-V and sguar-butt joints.

This can be s2en in the results presented in the pair

of figures, Fig., 4.2 and Fig, 4,5, and Fig, 4.3 and

Fig, 4.4, which show the stress variation with gauge
position along the weld for the electrode types 26012

and 26013, xespectively, the only thing vaxying in the
set of figures being the joint design. There is an
exception in Fig, 4,2 in which the double-V joint produces
stresses of higher magnitude in tension than the other
joints, This deviation may be due to stress raisers,

such as slag inclusions playing a major rcle in this

a

joint than in the other two.
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Similarly the principal stresses plotted in Fig., 4.6
and Fig., 4.7 for the E6012 electrode and Fig., 4.8 and
Fig., 4.5 for the =Z6013 electrode show the sa-e trend.

This is to be expected since thg single-V joint
has a greater tendency to close when welding passes are

progressively made on cone side as shown in Fig., 4.18.

(o) Zéuwﬁéa’it}wa

) (b) Yorestraned ! ok with fird few pases

Fig. 4.,18: Distortion in Unrestrained V-Joint

Wwhen the joint is resirained as in this thesis,
tensile reaction siresses are set up in the joint in
addition to the resicdual stresses due to wzlding. (See
Fig, 2.3(b)). Also due to welding mairly on one side,
the weld metal, on solidification, tends to 5ull up the
rest of the joint as indicated by the arrows in Fig,
4,18(b),

It was further observed from the resu'ts of the
present investigation that the double-V anc the square-butt
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joints prodgce stresses of comparatively  -the same

magnitude. 7This is because the same number of passes

were depoosited on each side of the joints successively;

thus provicing an even pull on eiach si'e and nullifying

the effect of the pass deposited previcusly on the other
face,

The other thing that can ce seen in the results
discussed above, in the first batch o: the specimens and
that shown in Fig, 4.10 to Fig. 4.15 for t he second batch
of specimens is that there is lack of correlation in the
stress distribuiion in similar specimens., For example,
one would expect the double-V joint curves in Fig. 4.2
and Fig, 4.3 to remain of the same sign and magnitude;
but the picture is quite different from this, The stres-
ses in Fig, 4.2 are greater in magnitucde and all tensile
while the ones in Fig, 4.3 are of lower magnitude and are
compressive, Similarly, the variation in the other two
types of joints is not consistent. Also the results
plotted on Fig. 4,10 through to Fig, 4,15 were all taken
on similar specimens, but there is no correlation in the
results as can vbe seen in the plotted graphs, The lack
of correlation is due to two main reasons; viz:

(a) The gauges were placed on the weld bead. The
true picture of the stresses on the weld bead is
still under inﬁestigation as reported Dy Masubuchitl}
as the true picture is still uncertain and complica-
ted,
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(b) The superposition of residual stresses due to
multilayar welding, (The welds invastigated took
six passes to fill).

Investigators including Kihara and Hasubu;hi(l’ have

studied how m:ltipass welding affects resicdual stresses

and have siwovm that the picture is guite complicated as

shown in Fig, 4,1¢ below, which they could not adeqguately

N

¢\
« v ¥

Pig. 4.19: Schematic Bgplanation of Complicatsd Stress
Pistribution on Welded Bead

.

explain., Their attempted explanation is quoted below,
The measured value on the weld line are so
scattered that it is difficult to draw a
smooth curve. The scattering can be seen
in the specimen welded using the block method
as well as the complete multi-layer method.
This complicated distribution of residual
stress is probably formed during welding by
the superposition of the residual stress
produced by the weld of each bead,

The difficult picture is also due to partial
anealing off of residual stresses in earlicr passes by
later ones. This too is not constant throughout the
length of the weld,

Due to the above reasons no decisive conclusions

have been drawn on the effect of multi-layer welding and

residual stress.
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There are a few readings in most of the sSpecimeng
that fall sbove ithe yield point of the base metal maitew
rial, The yield stress of the base metel material is
267,40 N/mn®, so all the results that are above this
value such as 473,50 N/m° and 428,92 N/mi’ in Table
A.2 fall above the yield stress of the basce metal mate-
rial. As already stated earlicr in Chapier 2, investi-
gation by Masubuchi( } and othoers show that the stress
values are as high as the yield stress of the weld
metal, which is 413.80 N/mm2 in the weld metal usaed in
this work, The wvalues higher than this may be due to

gauges fixed at edoges of slag inclusion heles which will

Far

normally cause high concentration of stresses, -; s B

Hwang( 4] gtudied the distribution of residual
stresses in butt joints; his results are shown in Fig.
4.20, o |

The last results ploited in Fig.i4.15 #n& ﬁig.“4.17
were carried out to determine residnal stress distribu-
tion in butt joints along the weld and transverse to the
weld direction., More gauges were used on the base metal
in these caseg as can be se=n in Fig, 3,5.

Figure 4,35 shows the variation of residual stress
with distance fxoﬁﬁceﬁtre of the weld, that is, in the
transverse direction. The solid line curve is that got
from plotting the results obtained, while the dotted
curve is a nirror image along the weld line of the solid
curve, Both graghs were extrapolated to join on the weld

line.
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Pig. 4.20: Distribution of Residusl Siress in Veldment of
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Lowm Carbon Steel After Hwan

The rescvlts in Fig, 4,16 show a sinilar.trend with
Hwang's work,

Curves 1 and 2 in Fig, 4.17 represent the distribu.
tion of residual stress along the weld linze, Curve 2
being on the other side of the weld line from Curve 1.
Comparing this with the typical distribution of residual
stresses in a butt weld as shown by Curve 1 in Fig.2.3(b),
it can be seen thzat once again there is some resemblance,
The results as shown by in Fig. 2.3 and Hwang's work
shown above are uvsually taken on one sicde of the weld
with the assumgtion that the picture on the other side of
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the weld line is the same, The shift in the results

shown in Fig. 4,17 may be due to a sligit chiit in placing

the gauges which led to the unsymmetrical Jdistribution. :

Taking the avexrage value of the itwo curves and drawing a”

1ihe of best Fit between them gives Curve 3 which is

closer to that shown in Fig. 2.3{c}) Turve 1. |
4.2.2. Slectrode Type:

In the study of Kihara and Magubuch

L (13)

#

mentioned earlier, they have shown that the electrode
type has a minor effect on residual welding stresses.
This inéestigation also shows the same trend since a
comparison of the pair of figures 4.2 and 4,3; 4,4 and
4,5, for principal stresses shows that, of the two tﬁpeérfdl
of electrodes, 35013 gave stresses of highzr magnitude

than E6012. R

There is not much to De said about slag inclusions
and weld defects in this work since they hawve not been
investigated, Masubuchi(l) has it that weld defects in
the form of porosity, slag iaclusions, incomnlete penetra-
tion and cracks, reduce the strength of welded structures
for two main reasons. First, their presence decreases the
sectional areus, Second, stress becomes concentrated
around the defects.

In the welds tested, there were certainly stress
concentrations in some areas as can be szen from the
~results as mentioned eaxlierx., a
The conclusions are outlined in the next chapter,
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" 4,2,3, Difficulties Faced In The Ynvestigation

Any work has its set-backs and difficulties,
and this investigation was no eXcepition, From the out-
set thexre was tie limitation in the availability of
local materials such as the Dase metal and weld metal to
be used, The nunmber of electrode tyoes use’ was limited
mainly because of the difficulty of obtaining different
types for the sane type of metal, The welding processes
available were also limited as well as it was hard to
find good skill, The lack generally of facilities such
as automatic welding machines and non-destructive testing
machines, has greatly limited the scope of thiz work,

One major difficulty faced was the lack of small
strain gauges for use on the specimens, Bigger specimens
would have cost more in terms of time and money, Smaller
gauges have cnabled one to take more readings across the
face and hence one would have had a betitexr gicture of
residual stress digtribution, The lack of adequate lite-
rature on the subject of residual stresses was also.a'
consgtraint in the work since there was no adequate theo-

retical hasis for analysing the results.
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CHAPTER #FIVD

ZONCLUSIONHS

-

The following conclusions have bzon dimawn Ffrom the

results cnd discussions.

1.

2.

a.

4.

{2) The joint design of a buti weld nas consider-
2ble influehce on the residual givesces nroduced

in the joint.

(b)) Ths single-V joint produces sirasses of higher
magnituse than the other two - the double-V and the
square=hbuti joints.

The electrode type has shown a negligible
effect on the magnitude of residual stresses in
welded strucrures,

The author would lixe to recommend the double-V
jeint, not only because i produczs stresses of
lower magnitude than the single~V joint, but also
because of easy accessibility to the heart of the
joint. Also the single~7 joint should be avoided
as mach as nossible,

This investigatisn has shown thot residual stres-

ses of high magnitude do exist in welded butt joints.

Since this may cause premature fhilevre &t much lower
stress levels than is pormally expectzd due to inter-
nal failure resulting from residual stress, the author

would like to recommend that. design considerations for

welded structures should tsoke into account the original

level of residual stresses present in the structure.
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CHAPTER 3IX

RECCMMENDATICNS FOR FURTHZIR WORK

Thexre are various areas fhat if investigated will
give one a better picture of not only the nature of
stresses due to welding, but 2150 theix distribution,;
magnitwie and effect on service performsnce of welded
structures, |

welding residual stresses are as o result of
complex thermal cycles produced in the weldment by tﬁe
heat suppliecd by the welding arc. These cycles in turn

cause changes in the heat-affected zone and microstruc-

ture, cause transient thermal stresses and metal movement,

resulting in residual stresses and distostion in the

fabricated structure, -In ordexr to analyse the problem

of residual siress fully, one must start from the beginning.

The analysis can be divided into four parts:
(i} Heat Flow
(ii) Transcient Thermal 3trains (and Stress)
(iii) Transient Metal Movement and Distortion
(iv} R=sidual Stress and Distoxtion after Welding
is completed.
If therz arxe adequate facilities one would like to

begin by investigating heat flow in weluing and then

follow each step onto the residual stress in the finished

product, Some other possible areas of invesiigation that

one can purcue include: varying the welding orocesses and

seing how the siresses compare and varving the material

used for the murmose of seing which oncs produce greater

stresses, There is also the aspect of how to effectively

control distortion that arises from these stresses in
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order to imorove service behavi our,

If these croblems are solved or at le”st looked
into, it will go a long way in improving our welded
Products which have gained wide asvlication in recent

years,



4.

5.
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EMDIX

A

R

Tables of reasings and results are shown in this &

= -

~appendix.

R

TABLE A.l: ZIASUIGEG AND RESULTS FOR THME DCUSLE-V JOINT

WAL OED WITH E6012 ELECLRODI LT A CURRGNT OF

180 AMPS AND A VOLTA

L

[

.

OF 50 LTS

Gauge ? _ |STRAIN |STR3S3 | & T &, ?_E;inCi'
No. tChannel!x 10-6 i N/mm2 N /o : N/mmz [Angle @
| ‘ {deg.)

1 -245 |- 52,19

G, 2 | -677 |+144.20] 88.37 |-188,78] 40.56
3 -~ 85 |- 18,11
1 [ +985 +200,81

G, ) ~230 |-~ 48,991251.13 - 30.50| 68.21
3 ~260 |- 55.38
1 +125 + 26.63

Gy 2 +192 |+ 40,90| 28.02 {-146,03] 18,72
3 +697 +148,46
1 - 85 |~ 18.11

G, 2 -182 |- 38,77 9,88 l-104,20] 79,45
3 ~225 j- 47.93; - |
T +470 j+100.11 ‘

Gy 2, - 30 E+ 5.30! 61.25 :i34.28 4.34
3 710 |[-181.,23
1 +277 |+ 59,00

Gg 2 + 85 £+ 18,11 13,72 |~117.49] 32.41
3 +618 §+131.63
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I&BLE A.2: READINGS &ND RBSULTS FOR Ein _SINGLE-V JOINT
s .. #BLOSD JITH BGO12* SLOCTLODL .l A CURRBIT OF
ST 180 AMPS AND A VOLTAGE CF_50 VCLES |

g

Gauge Channelf?TRAzg STRESg ? f’& ! ‘OZ E §§§21
No. % 10 N/PE” N |1 /mm® |Angle @
| ._{geg,)
1 |4 257 i+ 54.74} E
e, | 2 |-63 f-135.26§130.81 -102.81, 53.61
3 |- 165 |- 35,15 -
1 [+ 185 |+ 39.41i
G, 2 + 315 i+ 67.10; 55.72 |~ 87,67 28,56
- 3 |- 200 - 61.77,
| 1 |+ 154 |+ 32.303
12Fﬁ:f- 2 |- 335 - 71.352156.31 - 25.16; 41,81
L, 3 + 277 |+ SQ.OOE
B 1 T; 314 |- 56.88|
, 2 |+ 560 |+121.201152.22 I~ 53,04 28,46
3 |+ 640 _+136.3af !
1 - 278 |- 59.21; f
Gg 2 |- 163 l. 34,72 428,02 !- 0.04| 20,72
3 [+1686 [+359,12 !
2 :#:_453 - 97.55 N
Gg 2 [+2223 {+473.50372.05 | -463.34 48,70
i 3 f+ 158 |+ 33.65}

* The electrode designation shown here is that of the
American Welding Society (AW3) and each of the symbols
stands for the following in E6012 clectrode. -

g¥ . designata2s an electrode as part of an clectric eircuit.
The first two uigits, '60' designate the minimum tensile
strength iq”thousand Psi of the deposited metal in the as

. 1




welded condition, The third digit indicates the welding

position fer whigh the electrode is suited, viz: (1) For

all positions; (2) For horizontal positions; (3) For

Flat positions only.

The last digit injicates the type of

covering on the electrode and the type of current with

which it is to bz used, whether direct current or alter-

nating current.

. TABLE A.3:

2B:OTNGE AND R3SULTS FOR TH? §LULRE-BUTT JOINT

JELDED WITH E6012 ELECTRODZ AT £ CURRENT OF

120 AMPS AND A_VOLTAGE OF 50 VOLLS
Gauge 'hhannelfsrRAfg ;srnzsg :5}2 "-fsz ? z;g:;
No. |~ x 107° 1 N/m® | N/me® | N/mo® |Angle 9
(deg,)
1 +266 '+ 56,66
G, 2 +263 |+ 56.02] 199.47| 96.60| 22.69
3 +707 _E+1ao.s9
| 1 |+ 51 1+ 10.86
Gz 2 +843 1+179.56| 132.53/-150.52 41.89
| 3 -143 i- 30,46
1 -320 |- 68.16
2 -674 -143.56] 71.92(~239.58] 41.81
3 ~231 [~ 49,20 )
1 +135 1+ 28.76 ’
G, 2 +216 5+ 45,011 108,56, 58,79] 11.43
3 +415 '+ 88.40 |
i - 6 - 13.85
Gy 2 -533 |-113,53]  4.63]-116.30| 54.36
3 -302 - 64.33
| 1 «503  {+107.14
N 2 +111 |+ 23,.64| 23¢,550 92,61! 43,09
3 | +550 _i+119.0?; t j -
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TABLE A,d:

il

READINGS AND RESSULTS FOR THE DOUILE~V JOINT

WELDED WITH 26013 ELZCTRCLDE 2

140 AMPS AND A VOLTASE OF 80 VOLTG
3 ) ) [} +
Gauge Ch::u‘meii.is:r"l‘-mfi;j‘Ir {S'II.E':EB;: g 6: ’ 2 1::;;21
No. x 10 N/ N/n;mz N /mn 3?3;3 _()a_l
1 - 590 -125.671
G, 2 - 687 |-146,33 227,56[-448,001 19.53
| 3 -1620 |-345.06, ?
1 - 200 |~ 42,60
G, 2 1620 |-345,06/ 196,33 -319,46 ; 48.75
3 ~ 530 |-112,89
1 ~ 564 |=120,13
. G4 T - 223 .« 47,50]|-153.32] ~417,95] 31.19
3 -1313 ' -279.67 |
1 ~1222 | -260,29
G, 2 | - 307 - 65,39 ~17:,36 ~402,87| 56,55
3 - 675 | -143,78 |
1 - 530 | ~112,89 : E
G 2 - 641 ' -136,53| ~133,56 -177.02i 40.84
3 | - 402 |-104.80 | ;
1 _E_- 863 .—183.82 i
Gy 2§ =338 |- 72.00'-110.34’-233.49 71.35
3 ; - 267 { - 56.87 |
H: ,
. B2
"




READINGS AND RESULTS FOR THE SINGLE-V JOINT

TABLE A,5:
WELDED WITE E6013 ELECTRODE AT A CURRENT OF
140 AMPS AND A VOLTAGE OF 80 VOLTS
Gauge |, |STRAIN 's*rr_z.:r,sg, & 5 17 i)
No. h x 10 N /i N/mm2 N/mm? Angle ¢
(deg.)
2 +1390 [+295,07
G; 2 +1712 [+304,60] 394,30;=123,.09} 26,064
3 - 498 | -106.07)
1 + 788 ;4167384
62 2 + 720 |[+153.,36] 199,83 8,01 20,14
3 - 105 | - 22,37
1 + 919 1 +195,75
G3 2 +1424 {+303,31| 437.22] 316.28] 74.88
3 41557 |+331,64 v
1 +1518 | +323.33
G4 2 +1045 | +222,591 492,041 365.871 53,10
3 +1305 {+277.97
1 + 107 |+ 22,79
G5 2 ~ 255 t = 54,32 22,231~ 51,78] 68,54
3 - 237 |- 50.48
1 + 112 |+ B7.76
G6 2 + 565 1+120,35| 146.23 84,111 39.91
3 + 345 |+ 73,49
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TABLE A.6: READINGS AMD RESULTS FOR Till S ULRE-SUTT JOINT

WELDED A4ITH E6013* ELECTROD:E AT A CURRENT OF

140 AM. o AND A VOLTAGE Cr 80 V_..IS

7 . = i — aei
Gaugef SIRAIN STRESS | &, | &, gzi;::l
|Channel| . .=6 | 2 '
No, ! x 10 N /mn N/m.mz TI/mmz Angle @
(deg.)
1 - 978 !-208.31] |
|
|
G, 2 - 750 |=159,75|=129.33{-251.64f{ 9,71
3 - 274 |~ 58,36
1 -1283 |-273.28
G, 2 | = 982 !-209,17;-127.251-322,49| 12,04
3 i - 195 |= 41,54
1
i | - 890 -189.57
G,y 2 ' - 680 -144,84! -255,85|-3¢9,88| 32.38
3 1265 | ~269.145
1 - 598 | -127.37
G, 2 I - 980 1-208.74!-122.17 -245,41| 45,46
_r i
3 - 610 -129.93|
1 -1027_1-218.753 :
|
Gg 2 ~ 850 ! ~181,05|-136,80| -259,12| 13.47
]
3 - 307 |- 65.39]
: § - 850 -181.05!
!
06 2 | = 325 - 69.23}-175.58 -354,79| 48.87
] |
|3 - 893  -190.21! !
—_— ] A g




TABLE A.7: READIIK

et

33 AND RECULTS FOR DOUBLZ-V _JOINTS

WELDED JITH 56013 ZLECTRODE AT ‘. CURRZNT
OF 224 AMP3S AND A VOLTAGE OF 100 VOLTS
I = T SRR ., 7|
i GAUGE NC. CHANNEL i TRAIN x 10 :JLiuub N /mm
§ 1 b e 120 { + 27.48
r 1 T % [
‘ ] 3 ! + 456 i + 97.1°
' 1 +1099 |  +234.09
2 —
i 3 [ + 198 + 42,17
1 + 355 + 75.62
3
[ 3 + 880 +187 .44
1 + 425 + 90.53
! 4
3 + 275 + 58,58
1 + 739 +157.41
5
3 + 880 +187.44
; 1 + 843 +179,56
] 6 -
, 3 +1805 +384.47
é 1 + 357 + 76,04
o
3 ' + 608 +129,.50
| 1 + 120 |+ 25.56
, 8 -
| 3 ! + 730 | +155.49
i + 500 . ®106 .50
9
3 i + 753 +160,39
1 } + 135 + 28,76
10 —
3 | +1830 +389,79
% 1 + 370 + 78.81
11
3 + 980 +208,.74
1 e 85 + 18,11
12 i __%
3 + 70: +149,
, ' ! 701 i 149,31
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TABLE 4.8: READINGS AND RESULTS FOR DOUBLE~V JOINTS

WELDED WITH E6013 SLECTRODE AT £ CURRENT

OF 224 AMPS AND A VOLTAGE QF 100 VOLTS

GAUGE NC.

STRAIN x 10™°

5TRESS N/mm<

CHANMEL

1 + 132 + 28.12
I  1 3 + 354 + 75,40
1 + BOO‘M + 22.60
> 3 “2100 +449,43
1 + 325 | =+ 69.23
3 3 4~ 65 ) + 13.85
. _ 1 + 405 + 86,27
4 3 + 325 + 69,23
i 1 +1365 +290.75
s 3 + 382 + B1.37
L 1 + 615 +131.00
¢ 3 ! + 287 + 50,48
1 + 60 + 12.78
! - 3 + 420 + 89,46
1 + 230 + 48,99
° 3 + 410 + 87,33
i 1 + 415 + 88,40
-9 3 ; + 945 +201.29
i T + 155 + 33,0"

‘10
. 3 + 830 +176,79
1 + 12 +  2.56

11
3 +18 36 +391.07
K 1 : + 463 + 98.62

12 :

i 3 1 + 530 +112 .89




TABLE A.9: READINGS AMND RESULTS FOR DOUALI-V JOINTS

WELDED »ITH E6013 EL

BOCROSI AT 4

CURRENT

QF 224 AMPS SND A VOLTAGE Ok 100 VOLTS

.-

2

GAUGE NC. CHANNEL STRAIN 2 1072 STRESS N/mm
1 . 170 ~ 38.13
1 s ol
3 - 325 - 69.23
1 - 13 - 2.7?’
2
= 3 - 163 - 35,78
. 1 - 530 ~112 .89
| 3
| ' 3 - 325 - 69.23
1 - 500 ~106, 50
I 4
3 ~ 305 - 64,97
1 + 320 + 68.16
5
3 ~1549 351,24
1 - 600 -127.80
8
3 - 615 ~131,00
1 - 317 - 67,52
7
3 ~1007 -233,66
: 1 - 85 - 18,11
8
1 - 476 ~101,39
9
3 ~ 667 ~142.07
1 - 73 - 15.55
10
3 - 986 -210.02
1 - 292 - 62,20
11
3 - 704 -149.95
1 - 135 - 28,76
12
3 - 431 -~ 91.80




TABLE A.10: RELUINGS AMD RESULTES FOR DOUBL.I-V JOINTS
WELDED WITH E6013 SLECIRCD:E AL L CURQEBNT
ofF 22 AMPS AliD A VOLTAGS CF 100 VOLTS

[ | -
GAUGE MO, ' CHANNEL 'STRAIN x 10 8! STRESS N/mme
[
| 1 i + 4020 +856.25
1
3 +2640 +562.32
ﬂ 1 E + 20 + 4,26
5
3 ~34630 -773.19
1 75 15.97
3
3
1 272 57,03
4
' 3 75 15,98
1 325 - 69.23
' 5
' 3 865 +184,25
1 235 - 50.06
6
3 425 + 90.53
1 330 + 70,29
7
3 590 -125,67
1 135 - 28,76
8
. 3 550 -117.15
1 209 + AL .52
9
3 370 - 78,81
1 150 - 34.08
10
3 290 - 61,77
1 360 + 76,68
11
3 390 - 83,07
1 339 - 72.21
12
3 930 +198,09
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TABLE A,11: READING3 ANOD RESULTS FOR XCUBLAI-V JOINT
WVELDED WITH ES013 ELECTRCIZ AT 4 CURRSENT :
OF 170 AMPS AND 4 VOLTAGSI COF 50 VOLTS

.

GAUGE

PARALLEL lﬁ?mazm x 10‘61 STREWS m/ypgq
TO WBLD 113, | |
1 [
2 | o
3 1196 25:.75 |
4 189 ! 39,62
5 T 270 i 57.51 |
6 197 41,96 1 |
7 293 62,41
8 357 76 .04
s . 147 31,31
10 108 23,00
11 600 127,80
12 1005 214.0?“_+
13 405 86,27
14 897 191,05 .
15 - 145 30.29 "
16 60 12.753
17 1512 322.06_4_,
18 720 153.36
19 -675 -155.93 ;
20 -420 - 97.02 5f
21 | - 15 - - 3.47 - i;a




TABLE A,12: 2BADINGS AND REJULTS FOR DQUILE-Y JOINT

WELDED WITH H6013 GLECTRODL LT A CURRINT

CF 1'7_0 AMPS AND A VOLTAGE OF 30 VCLT3

GAUGE PEREile !
3 ~— . Ju - - ”
3;T§L$§ﬂ§2_ STRAIN x 107%) stwEss 1/wm”
TION NO. '
1 -345 - 97,70
2 i 543 125,43
3 | 50 13.86
4 170 39.27
5 274 63,29
6 205 47,36 ‘
” - 33 - 7.62
8 - 5 - 1,16
10 93 21.48
11 175 a0,43
12 10 2.31
13 - 20 - 2,62
14 ~246 - 56.83 |




TABLE A,13: STREJSES PARALLEL TO WELD DIRACTION IN

SrdCIMaS WELDED WITH SLBECTIAODE 6012, AT A

A CURRENT OF 180 AMPD AITD VOL.. .28 OF 50 VOLTS

JoINT - ~ . s -
DES IGH DOBLE~V SINGLE-V S5LUARE-BUTT
ggmg N /mm® N /run N /mm®

1 - 50,10 +5:%,74 + 56,66

2 +209.19 + 39,41 + 10,86

3 + 26,63 + 32,80 - 68,16

4 - 18,11 =56, 88 + 28,76

5 +100,.11 =~359,21 - 13,85

TABLE A.l14: STIRESSES PARALLEL TG THE

NEL.D DIABCTION IN

SPECIMING WELDED WITH E6012 ELAZTRODE AT A

CUIREIL OF 140 AMPS AND A VOLTA3Z OF BO _VOLTS

o o UBLE-V SIIGLE-Y | SQUARE-BUTT
DESLGIT )
CAUGE N/ N/ N/
No -
1 -125,67 +296.07 -208.31
2 - 42,60 +167.84 ~273.28
3 ~120,13 ~195,75 ~189.57
4 -260.29 +323.33 ~127 .87
5 ~112.89 + 22,79 ~218.75
6 | -183.82 + 87,76 ~181.05

v

91




TABLE A.15:

STRESHES PERPENDICULAR To ¥dl 4rLy DIRECTION

IN SPECIMENNS WELDID W1tH EA012 ZLECTRODZ AT

A CURRENT OF 180 AMPS 4D JOL./.:o CF 50 JOLTS

JOINT DOUBLE-V | SINGL:-V SOUARE-BUTT |
DESIGH i
GAUGE N/mru2 ' N/:.’m:z N/rn:m2
Nol
1 - 18,11 - 35,15 +150,59
2 - 55.38 - 61,77 - 30.46
4 - 47,583 +136,32 + 88.40
5 ~151 .23 +349,12 - 64,33
6 +131,63 + 33,65 +119,07
TABLE A.15: STRISSES PERPEUDICULAR TO Tiid “alo DIRZCTION
Il SPECIMENS WELDED WITH 26013 GLECIRODE AT
4L CUDRENT OF 140 AMPS AlD VOLUAGE OF BO VOLIS
JOTITT f e o - o
133 N,-"nru'u2 N/mmz I\I/mrn2
2 =112 ,89 - 22,37 - 41,54
3 ~279.67 +331.64 =260 ,45
4 -143,78 +277 .97 -129,.93
5 =104, 80 - 50,48 ~65,30
& - 56.87 + 73.49 ~160.21
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TABLE A.17: STRESSES AT 45° T0 THE wBLD DIRICTION IN
SPECIFANS WELDBD JITH E6012 ILICTRODE AT
& CURRENT OF 180 4MPS AN VOLRACH OF 50 VOLTS

JOLINT T oy - -
gguca : N /mme N/nm N/mm°
1 L +3144w20 ~135,25 + 56,02
e e o e e - -
3 1 +40,960 - 71,36 ~143,56
4 | .138.77 . +121,20 + 46 .01
5 - 6.39 ' . 34,74 ) =113.53
6 +18.11 +473.50 4+ 23.64

TABLE A.18: 5TRESSES AT 45° T THE WSLD DILICTION IN

SPECIMENS WELDED WITH E6013 ELECTRODE AT

A CURRENT OF 140 fMPS AND VOLTAGH OF 80OVOLIS

FOINT ) ? - O
DBSIaL] DOUSLE-V | SINGLE-V SIJARE-BUIT
GAUGE ' - A o
NO . |
1 ~146,33 | +364.65 -1%9,75
3 - 47,50 | +303.534 ~144,84
4 - 65.36 . <Z2D.58 -208,74
5 ~136.53 = 54.32 ~181.75
6 - 72,00 1 +120,35 - 69,22
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APPEIIDIX B

{a) Deternination Of The Vield 3tress OF The Mild Steel

A tensometer was used to detefmine tie yiéld
stress and ultimate stress of the mild sieel material
used in this work, | |

A mild steel specimen of 5 mm dieametar made of thé
same material as the material of the specimen was inserxr-
ted in the tznsometer and the load-extension curve
traced out on a graph sheet. The specimen was then
removed and the curve for the rigid member traced cut
and used in correcting the curve of the specimen. The
corrected curve is shown in Fig. B.1,

From Fig, 3.1, the vield load and maximun load were
read off and from these loads the yicld suiress and

ultimate stress were calculated.

Diameter of specimen = 5.00 mm

Yield Lo2d * 5,25 kN,
' ' r” 2
i (5

Crogs=sactional area
S . = 19.635 mm

. 3
. 4 _ 5,25 x 10
o s Yield load = 15635

267.38 N/mm°

3
and Ultimate Stress Z*%%-%gég— T

.. 394,70 N/m°
s i . , Tﬁw
' 94 T

tl
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(b) Determination Of Young's Modulus And Poisson's Ratio

In order to determine the above constants, a

bar of rectangular cross-section made of th? same mate-

rial as the test specimen wos loaded ucing a 50 fonne

Denison testing machine,
portion of the spegimen in the longitudinsl und transverse

directions and connected to o strain metex,

Gauges were Zixed at the middle

was then loadzd in 400 N increments up to 2 kN and the

readings on the channels of the strain meter recorded

are shown in Table B,.1 below,

TASLE B.l: VALUES OF LOAD AND READING CIT METER %‘% S

LOAD (1d7) canﬁﬁéflﬁffi?e) CHASﬁSEIEf,§§Z)
0 | - -
4 R as
8 y 200 - 52
2 | 50 - 78
16 ] 400 ~106
20 455 136

Graphs of load versus readings on

Choennel 1 and

Channel 2 were plotted in Figs. B.2 amd 3.3, and the

gradients of the curves were obtained and :‘rom these, the

materinrl constants were calculated.

Specimen dimensions:-

Width

Thickness

31.22 mm

il

I

G.45 mm,

Lo ,96 

The specimen
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FIG B3 Varition of Load with Strain on channet 2



Gradient ML of Fig, 3.2 is given by

Moo= 1300 - 800
_ 100C
250 x n)“s
L ~6 5 y
= 4,00 x 107 N/Unit strain.

Gradient T‘W of Fig, B.3 is given by

_ 2200 = 600
My = {5372

1600
112.5 x 10"6

- 1,422 x 10’ N/Unit strain,

Calculations:~

Poisson's Ratio: P

from the graphs the slopes are:

Load P -~ Load F
MW = -‘-—Q.;:— and ML B GL
- P P
s o 2 = - cmd = e
w Mw i A HL
e
Hence, }) = - & =-'§‘-";"
L w

Substituting: -

Y o _ 4.0 x 10°
1,422 x 107

= 0,281

99



Young}s Modulus: -

The axi-l stress is given by
]

6 =

Maximum Load Applied
-ross-5ectionl Area

20000
31.22 x 6.45

= 09,3 N/mln2

The Maximun Veasured, e , is 4.65 x 10™°

. g

« « Ycung's Modulus, E =
“Lmax

99,3
4,65 x 10

-4

= 2,13 x 10° N/mm°



