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= 4D — Joint Design
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Module 4 — Welding Design

Module 4 Learning Objectives

= Basic understanding of heat flow, heat flow with moving heat
sources, estimation of cooling rates and HAZ

= Basic understanding of residual stress and distortion
principles and mitigation methods

= Understanding of weld design, weld joints and welding
symbols

= Basic understanding and purpose of different types of
destructive tests
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Module 4 — Welding Design Heat Flow

= Conduction
= Radiation
= Convection P2

air

Qnui 4c0nv. 6ﬁ
1 1 /

qcond.
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Module 4 — Welding Design Heat Flow

Fourier’s Law of Conduction

Heat flow
Yy — .fz_ — Cié? Temp.
q. = y — d “— gradient
/ i ’
Heat v
flux Thermal

conductivity
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Module 4 — Welding Design Heat Flow

1-D Conduction

dx

Heat generation per unit

volume
o
qx 4 c qd x+dxA
PL,
T Cross sectional Area
dx A
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Module 4 — Welding Design Heat Flow

Conservation of Energy

= Internal energy = energy in — energy out

Specific heat

Density /'
Y
pC a—AdX— QAdX + qu — qx+dxA

t N\ ) N\ ) )
b — ~ ~

/) N

Internal Energy change = Internal heat generation + heat in — heat out
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Module 4 — Welding Design Heat Flow

Conservation of Energy

But using Taylor series expansion,

. . 0q
xtdx =4qx +——dx
ox
pC, 90 yav= Oddx + g A - qu—aqx dxA
t 0x
20 - o
C _ _ X
P ot = ¢ ox
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Module 4 — Welding Design Heat Flow

Conservation of Energy

Using Fourier’s law of conduction

%4 _ 9 [_28_9]

ox  ox 0x
Thus,
00 0 00
C —= —| A —
Por o ax( ij
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Module 4 — Welding Design Heat Flow

1-D Conduction

To make problem manageable, assume
no internal heat generation
00 d( ,d0
pC,—= A—
ot Jdx\ ox

A is constant, not dependent on x or temperature

00 A [azej_kaz_e (mz]
- - k=thermal —

diffusivity
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Module 4 — Welding Design Heat Flow

Conservation of Energy (Con’t)

=0, 6=6, ' - 0=06
T t=0, 6=6, -
X
A
o,

t t = oo —steady state

/




Module 4 — Welding Design Heat Flow

1-D Conduction

Steady State without Internal Heat Generation

, 0 .0
8_9 —C _|_l_ General Solution
ox’ ot
Giving, 8_.9 =,
ox
2
076 _ 0

2
ox 0=cx+c,
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Module 4 — Welding Design Heat Flow

Concept of Thermal Resistance

Hl '
q
5 )
Rthermal — :
q
0,
=n
AVAVAV,Va V) Relectrical — :
—X l
)
Vl V2
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Module 4 — Welding Design Heat Flow

Concept of Thermal Resistance

. 6, — 0 0, — 6
but q:—/IA?)—H:—/iA 2L L=24 1L 2
X
" _ 6-6, L

L
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Module 4 — Welding Design Heat Flow

Composite Walls

— X
01
6, 6,
L L, 1
Ry R,
0, ) 03
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

= Consider an extrusion process

die
X

g v
L —
dx

p CVex R IOC p C R 9x+dx
qx R Q q.):c+dx
dx
X xX+dx
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

Applying conservation of energy to the control volume

pCaa—f Adx=QAdx+4 . A—q. A+ pCVO A—pCVe.,, A

Using Taylor series expansion and simplifying

0 - % 20
c2_p_%:_ ,op9C
PCo =8 o TP o

Using Fourier’s Law of Conduction

20 . 0°6 06
c2%-0+22% per??
P ot O+ ox* P 0x
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

In this case if you look at some location x with respect
to time, the temperature at that location will remain
constant (assuming we are past the transients from
starting the process). Therefore, we can model this as
a Quasi-Steady problem.

0
%) 0°6 06
A——pCV —
/Bé O+ ox” P ox
0= Q+/la—9—pCVaH
ox” 0x
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

If the cross section of the rod is small, we can assume
that the temperature is constant at every cross section.
In that case we can consider the heat loss due to
convection as a negative internal heat generation rate.

Consider some cross section of area A and perimeter P

P
/

QAdx =—hPdx(6-6_) = Q:—%P(e—e )

oo
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

0°6 00 hP
Therefore, A——_pCV _ -0 )=0
ox* P ox A ( °°)
060" 00 0°0' 0°6
Lt 9=(0-6.), —=—,and =
( °°) ox Ox i ox*  ox’
Giving, 0°6' B V 08 B hP 9=0
ox* Kk ox AA

Solving,

P0G p[[;\/(;)ﬁ]Jc {[;ng”
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

Applying the boundary conditions.

As x — oo then 0'=0

0 oo
/ /
v hP 4 ©ohp
O0'(x=00)=C — = — | +—— | |+C — — | +— oo
s B CE e
Since the second term goes to infinity than C2 —
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Module 4 — Welding Design Heat Flow

1-D Conduction with Mass Movement

At x=0 then @'=(6, -6.)=6

1
g
V hP
0'(x=0)=60", =C,exp|| ——+— — 10
Therefore, C1 — gvd_ giving,

4 '\ hP
0'(x)=6", exp [E_ \/(;) + ﬂ]x
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

= Consider a very large and very thin plate — thickness (h)

Y y dyg

w ¥V
> >

[EN—
NS P
[99)
AN
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

+ 0-0, quasi - steady
3 4 5 6 7
, final
transient
2
1

\

»

time

Moving with the welding arc in quasi-steady region, the temperature is
constant with respect to time. Form a new moving coordinate system:

w=x—Vt
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

dy h

w+dw

<
<«

(pC,V6) dyh (pC,V6)

" Qyt+dw

G
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

Balance heat flow in y direction,

Balance heat flow in w direction,

w+dw

(4= Gura )y h+| (PCV0)  =(pCY0) |dyh=

4 gy dy h+ 2 (pC V6) dw dy h
ow ow
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

Conservation of energy for control volume

.Y 3 J
pCpgd/clw/ﬁ o-% W—a—gv@dﬂ+a—w(/)CPVﬁ)W

Using Fourier’s Law of Conduction

pc, 284 (ae}ra(ﬂae] a(prs?)
ow

Y ot ow) dy\ dy ) ow
. —~— AN ;
Conduction Convection
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

Assuming constant properties and constant heat source

velocity.
00 . 0’6 0°6 00
C —=0+41 +A —+pCV—
POy 3 T8 A Gt G T PEY S,

For quasi-steady,

2’0 0V 36

ow’ T dy” k ow
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

3-D Solution for Semi-infinite Plate

Assuming constant properties and constant heat source

velocity.
00 . 0’6 0°6 0°6 06
C —=0+41 +A —+A4 —+pCV—
PC 3 Tl g T T T PEY G,

For quasi-steady,

%0 0 0 V96

ow’ +8y2 +822  k ow
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

3-D Solution for Semi-infinite Plate

Define r= \/WE +y°+72°

w=Xx-Vt
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

3-D Solution for Semi-infinite Plate

Boundary conditions

Very far from the heat source. lim 26 _ 0

r—=% ¢ér

No heat losses from top surface
co P

z=0and r20 —=0
Wm—

o
lim 2;@2[—/15 ]:P

Rosenthal’s point source » —0 or

/ S:Irféce T

4,
area of
hemisphere
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

3-D Solution for Semi-infinite Plate

General solution:

P V
9—9{} = mexp[—g(ﬁ’ +?")]

For arc welding P =fE]

Where, P s input power
/is arc efficiency

E s arc voltage

/

IS arc current
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

2-D Solution for Thin Plate

Consider a very thin plate =Wty

The temperature is the same through the thickness
Of the plate.
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

2-D Solution for Thin Plate

General solution:

P A Vi
0—-6, = Pw exp[—z—E)Kﬂ[i]

Kﬂ(z) is the modified Bessel function of the

second kind and zero order.

| exp(—=z7) T

K. z)=
o -1
A
For z large K,(z)= 1/; exp(— z)
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Module 4 — Welding Design Heat Flow

Cooling Rate Equation

Need to know location and temp for which we
need Cooling rate (slope).

fime
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Module 4 — Welding Design Heat Flow

Cooling Rate Equation

Consider the semi-infinite plate solution:

6-6 = P E}{p[— V(w+r)]
2aAr 2K

Notice that 6 is not a function of time in the Eq.

But wis a function of time w=x-7T7%

. cl ¢l ¢
Therefore, we can use the chain rule = v.ow
ct ocw Cf
cw ce ce

Where —=-1V Giving, —=-1—
cr cr cw
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Module 4 — Welding Design Heat Flow

Cooling Rate Equation

Consider the semi-infinite plate solution:

o_p - P EKP[_V(W+F)]

21 2K

Notice that 6 is not a function of time in the Eq.

But w is a function of time w=x-77

. cd cf ¢
Therefore, we can use the chain rule =7V
ct ow Ot
ch . co co
Where = =-7 Giving, —=-V—
ct ct cw

cl P —V(w+1) w W
_:_V .Exp == 1_|__
ct 2TAr 2K r 2K r
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

Peak Temperature Equations

At the peak temperature the slope of the temperature
time curve must be zero.

6-6, 4

at peak 8—9 =0
ot
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Module 4 — Welding Design Heat Flow

Heat Flow with Moving Coordinate System

Peak Temperature Equations

We previously derived 3_49
ot

.
a_H:_V P ez’f(wr) —M;—V(1+Kj =0
ot 2T Ar ro 2K v

Therefore, W 4 (1 +Kj =0

rr 2K 4

Find relationship between w and r when the point
of interest reaches the peak temperature and then
use thick plate solution to find peak temp.

P —L(w+r)
-0 = e ¥
peak 0 272«' ﬂ, ¥
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Module 4 — Welding Design Heat Flow

Peak Temperature Equations

= \WWe force the eq. to fit experimental results by specifying a
known temperature 6r at known location rr. Then,

1 %(@ " (rz _r”z)) I

+
o 60 Mq El Hr - 60
V

" For example, at fusion boundary 6m is the known peak
temperature and r=d/2 where (d) is the weld bead with is
known location. Then,
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Module 4 — Welding Design Residual Stress and Distortion

Linear Elastic Material

6 stress strain Equations

1 - -
£ =— O'x—V-(O' +0'Z)
E g ]
E - modulus £, = l :O-y -V (O-x 0, )
E
1
E,=— O'Z—V°(O'x+0' )]
E Y
T
> o, =—
E G
, .. i O, _ 5
Hook’s Law Uniaxial Loadinge, = 0,.= G
TZX
- . O-x O-x O-zx =
Poisson’s ratice, =—V e, =-V G
E E

4-43



Module 4 — Welding Design Residual Stress and Distortion

Typical Material (Metal)

yield stress

Use linear elastic

perfectly plastic model
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Module 4 — Welding Design Residual Stress and Distortion

Thermal Strains

el=¢e=el=aA0=a(60-6,)

X

o = coefficient of thermal expansion

== =0

total strain=elastic strain + thermal strain

e =eg"+g?
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Module 4 — Welding Design Residual Stress and Distortion

Linear Elastic Perfectly Plastic Material

g =€ +e? +¢?

LN

clastic plastic thermal
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Module 4 — Welding Design Residual Stress and Distortion

= Steel Bar between two rigid walls

y
E =20%x10° psi

< F,=50x10> psi
o:=3.8><10‘6L

Heating - Elastic Range F

8;:0:01:;+0(A9

o =—0 EAG=—1 1413—;Ae
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Module 4 — Welding Design Residual Stress and Distortion

Simple Distortion Example (Transverse Shrinkage)

= Restraint and Temp. Distribution

heating A6 Heating

o
VWY £, =—= L;C+0(A9+gp

[

O'xA=—kAl%Al=—(;;xA

at heating (thermal stress) o o
.o xA:( X+0:A¢9+£pj
VWV & £
Ekl(aA6+e")
. O =—
Al * E A+kl
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Module 4 — Welding Design Residual Stress and Distortion

Small A6

No plastic strain gp — O

Then,

EKI(c-AB)
’ EA+ Kl

Q
1

At the end of cooling there will be no
residual stress and no distortion.
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Module 4 — Welding Design Residual Stress and Distortion

Large AO — at end of heating

Assume el =0

Calculate o =_EKI(06~A(9)
’ EA+KI
f |o|>F, then, gr,q and o, =-F,

v =Fy(%+%j—a-m9
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Module 4 — Welding Design Residual Stress and Distortion

Large AO — at end of Cooling

Assume no additional plastic deformation
occurs during cooling.

EKI(e” )
O =
" FEA+KI

If O, < Fy then, no plastic deformation occurred

Calculate

EKl(e” )
o =
" " EA+KI

If o,.> Fy then, plastic deformation occurred

during cooling, and

during cooling, and o,.= F &l =— i_l_i
g "\KI E
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Module 4 — Welding Design Residual Stress and Distortion

Three Bar Analogy

= Suppose we have 3-bar which have the same cross section
area A and same material properties.

Illeating

O-m
o, o,
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Module 4 — Welding Design Residual Stress and Distortion

Three Bar Analogy

= Jig or fixture used (restraint) during heating
e Small heating

o
S m S S E, =—24+aAO+ED, £7=0
E
S0, =—aAO-E comp. spring case

el =0

gtx = O
4-53



Module 4 — Welding Design Residual Stress and Distortion

Significance of Residual Stress and Distortion

= Residual Stress
e Degraded Structural Performance
e Reduced Service Life
e Dimensional Instability

= Distortion
e Dimensional Tolerance and Fit-up Problems
e Reduced Strength
e Reduced Structural Stability
e Inadequate Appearance
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Module 4 — Welding Design Residual Stress and Distortion

Welding Processes and Their Consequences

= During Welding

Localized Heat Source (heating, melting solidification, and cooling)
Non-uniform Temperature Distribution (thermal/mechanical mismatch)
Fast Cooling Rate (phases with volume expansion)

Weld Shrinkage (shrinkage strains created in weld & surrounding
metal)

e Restraints (internal rigidity and/or external constraints preventing
shrinkage)

e Initial Stress Condition (influence thermal strain and residual stress)

e Properties of Parent Material (temperature dependent yield stress and
Modulus of elasticity)
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Module 4 — Welding Design Residual Stress and Distortion

Residual Stresses & Distortion Flowchart
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Module 4 — Welding Design Residual Stress and Distortion

Factors Influencing Residual Stresses & Distortion

= Physical Material Properties

e Coefficient of thermal expansion, [o (1/°K)]
+ As o increases distortion increases

e Thermal conductivity, A (W/(m-°K))
+ As A increases distortion decreases

= Mechanical Material Properties

e Yield stress, F, (ksi), modulus of elasticity, E(ksi)
= Welding Process Variables

e Heat input, travel speed, welding sequence
= Jigs and Fixtures or other Clamping Devices

= Geometrical Properties

e Moment of inertia, weld cross sectional area, weight of weld metal,
plate thickness, joint geometries, weld length
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Module 4 — Welding Design Residual Stress and Distortion

Comparison of Material Properties

Properties

Materials

TITANIUM
TI-6AL-4V 1170 1100 10 114 2.33 6.7 1660 | 1660

STAINLESS
STEEL 304
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Module 4 — Welding Design Residual Stress and Distortion

Non-Linear Distribution of Temperature and

Resulting Residual Stress

DT=0 I Stress =0

. Section A-A

Tension
elted region |
reteg e

Plastic deformation Compression

\ 2. Section B-B

occurs

—g-
3. Section C-C
| DT=0 Residual stresses
4. Section D-D

Reference: Welding Handbook, Volume 1, AWS, 1991 4-59



Module 4 — Welding Design Residual Stress and Distortion

Residual Stresses in Butt Joint

Compression ‘ (A) Distribution of G, Along YY

Tension
“— M Tension
- X
GX
Longitudinal
. Tension
s residual stress -
A 33
GY
—|— —curve 2
Reaction ,/ Tension curve 1\‘
stress
LTI
M)ompression (b)
l Transverse
residual stress Reference: Welding
Handbook, Volume 1,

AWS, 1991

(B) Distribution of 6, Along XX 1t



Module 4 — Welding Design

Residual Stress and Distortion

Fundamental Types of Weld Distortion

(a) Transverse Shrinkage

——————————————

el L S —

(d) Longitudinal Shrinkage

|

|
|
i
purrrrewreseoenss|
1
]
|

(e) Lonaitudinal Bending

=

e ——

LTy g—ym————

(f) Buckling Distortion

~—

Reference: Welding Handbook, Volume 1, AWS, 1991
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Module 4 — Welding Design Residual Stress and Distortion

Compatibility
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Module 4 — Welding Design Residual Stress and Distortion

Compatibility

2-D Elastic Compatibility

azgx N azey B azjfxy
dy>  ox  oxody

R=

2-D Inelastic Compatibility

2 7 az 4 82 / 2 » 82 ” 82 ”
R'+R" = aix+ iy— £ + aﬁ;er iy— £ =0
dy ox~  odxady dy ox~ odxady
N AN

Elastic Inelastic
(thermal & plastic)
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Module 4 — Welding Design Residual Stress and Distortion

Rotational Distortion in Butt Joints

W}

Unwelded Portion of

the Joint Closes

Back Weld to Maintain Joint Opening

W

Unwelded Portion of
the Joint Opens

In-Plane Distortion Due to Cutting

Reference: Masubuchi, K. Analytical Investigation of Residual Stresses and
Distortions Due to Welding. Welding Journal 39 (12): 525s-537s (1960) 4-64



Module 4 — Welding Design Residual Stress and Distortion

S
R

)
1
|
1
]
1
1
1
1
1
1
1
3
|
3
1
b

l""l"'\ e
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Module 4 — Welding Design

Transverse Shrinkage (in.)

Residual Stress and Distortion

Effect of Groove Detail and Joint Thickness

on Transverse Shrinkage

/\/
zh L
m 1200

900

P

600

e |
EE{X}

900

Area of Weld (in.?)

Reference: Design of Weldments, Omer W. Blodgett, 1976

0.15 y ;
60° Single V ~
/-
//
0.10 ——
e
/ //< 60° Double V
0.05 ]
/
0
1/4 1/2 3/4 1

ugere"

1-1/4

Plate Thickness (in.)

1-1/2
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Module 4 — Welding Design Residual Stress and Distortion

Effect of Weight of Weld Metal on Transverse

Shrinkage

€ 1.5 1.5
E p/f
E]
> 1.0 1.0
2
E &
£ .
wn =
@ 0.5 0.5 /
@
&
c
g
— 0 | 0
O 5 10 1S 20 25 ®) 05 1.0 1.5
Weight of Weld Metal per Unit Log,o W

Weld Length {w},gr/cm \
b. Relationship Between log w and u
a. Increase of Transverse Shrinkage in

Multiposs Welding

Increases of Transverse Shrinkage During Multipass Welding of A Butt Joint

Reference: K. Masubuchi, Analysis of Welded Structure, Pergamon Press 4-67






Module 4 — Welding Design Residual Stress and Distortion

Moment of Inertia Effect on Angular
Distortion in Butt Joint

Balancing the Multi-pass
Weld Decreases Angular

~— Distortion of Butt Joints
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Module 4 — Welding Design Residual Stress and Distortion

Moment of Inertia Effect on Angular Distortion in

Tee-Joint

Throat—

CG of weld
_. 7 rMoment arm

N I T—————
Neutral1i
axis

(a) Fillet Weld T- Joint

Throat—

l“CG of weld.7 {Moment arm

Neutral axis (b) Deeper Penetration Weld

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-70



Module 4 — Welding Design Residual Stress and Distortion

Angular Change in Fillet Welds — Unrestrained

Angular Change of Unrestrained Fillet Weld

(A) Steel (B) Aluminum

6 6
n 2
o g 5
O 5t = 5|
: 5
s 4 S 4
w W
% 3} % 3L

I LOG w-(05?}

T onl 5 Vi
@ {-0.79)
3 (-0.99) : -087
| 1— ) 1"‘ - (7097}
o) (-1.19) z X/ 107

0 1/8 1/4 3/8 1/2 5/8 3/4 7/8 1 0 1/8 1/4 3/8 1/2 5/8 3/4 7/8

PLATE THICKNESS, in.

Determination of the Angular Change of Unrestrained Steel and Aluminum Fillet
Welds by Plate Thickness and Fillet Weight per Unit Length of Weld

Reference: Welding Handbook, Volume 1, AWS, 1991 4-71



Module 4 — Welding Design

Residual Stress and Distortion

Angular Distortion in Fillet Welded Framing
Structures

o %

1kl

> » »
< »

X

(B) Restrained Joint

Reference: Welding Handbook, Volume 1, AWS, 1991 4-72



Module 4 — Welding Design Residual Stress and Distortion

Longitudinal
[distortion (in.) K

L6ngitudina| Bending
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Module 4 — Welding Design Residual Stress and Distortion

Effect of Fillet Weld Size on Longitudinal

Deflection
i mm
£ 71 88 109
é --0---|-0-— 4 x 4Iin. T-beam f S —

AXIS

. ————

-ty — 4 X 6 in, T-beam

_ X

¢ 50.8

25.4 Effect of Fillet Weld Size on

Longitudinal Deflection in T-
Section Beams

Aluminum

OL_4 l | ! |
.16 0.280.32 0.350.40 0.43

FILLET WELD SIZE, in.

LONGITUDINAL DEFLECTION,

Reference: Welding Handbook Volume 1, AWS, 1991 4-74



Module 4 — Welding Design Residual Stress and Distortion

Distortion Comparison Between Steel and
Aluminum Weldments

4-75



Module 4 — Welding Design

Residual Stress and Distortion

Distortion Comparison Between Steel and

Aluminum Weldments

Angular Change of a Fillet Weld Al < St

mm ' mm
3 6 9 12 3 (? ? 112
I T I
PLATE THICKNESS 1S | PLATE THICKNESS IS |, 4 w D bt w
4001 0.236 in. (6 mm) 400 0.393 in. (10 mm)} JLJ//"L\LJL,
Dy | b '
——ALUMINUM ——ALUIVJINUM —18 f
3001 » L |
£
)i r
. :
E 200
© o 4
-
100 1>
U N A N
1/8 /8 1/4 3/8 1/2

D; in.
Reference: Welding Handbook,Volume 1, AWS, 1991
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Module 4 — Welding Design Residual Stress and Distortion

Reduce the Amount of Welding Decrease Weld

Deposit

Reduce bevel ""' /4 30 °
} angle and use large

™ /\ root opening ‘ \ ! / \

i/ ] |~ 1732710 17167

r U preparation

>{<—— Double-V preparation l l ‘J

Example: Edge Preparation and Fitup
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Module 4 — Welding Design Residual Stress and Distortion

Reduce the Amount of Welding
Using Intermittent Welding Technique

Decreasing Length of Weld by Using
Intermittent Welding Technique

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-78



Module 4 — Welding Design Residual Stress and Distortion

Reduce the Amount of Welding Decrease Leg Size

Decrease Leg Size of Weld Decrease Shrinkage Force
and the Tendency to Distortion

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-79



Module 4 — Welding Design Residual Stress and Distortion

Minimize Welding Time

Variance of Welding
Technique. In Each Case,
Surface Isotherm of 300°F is
Shown Surrounding Welding
Source

(c) 340 amp 30 volt 6 in/min Thick Plate Solid Curve
310 amp 35 volt 8 in/min Thick Plate Dashed Curve (Same size weld)

S 52 1'“} -"“’lf“' ‘--alj\'\;‘\“);;) ‘ﬁ;) S M
- z 3 4 5 6" 7 g L %

(d) 170 amp 25 volt 22 in/min Sheet (t=0.1345 in) Reference: Design of Weldments, Omer W. Blodgett4‘|_§6



Module 4 — Welding Design Residual Stress and Distortion

Presetting the Joints

Before After
Welding Welding

\ A 4

€L LUK
| —>

The net effect of weld shrinkage pulls the member or

p—

—

connection back into proper alignment.

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-81
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Examples of Presetting the Joints

(b)

(a) (b) Girder, (c) Plate, (d) Fixing of Groove Gap by Wedge
in Single Pass Gas Welding
Pre-welding Position Traced in Solid Lines
Post-welding Position in Broken Lines

Reference: D. Radaj, Heat Effects of Welding, Springer-Verlag, 1992 4-82
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Preheat the Joint

Z (A-s'2/cm?)

200 400 600 800
i y |

7p) (0)
i 1,251 v
(0
G,
‘-5 1.00
w Effect of Preheat and
S 0.75+ Welding Variables on
g Angular Change of Steel
= 050 — Fillet Welded T-Joints
g o
§ 0.25 ZOOI
< 0 145.26 J|_|r—- 400; -

1000 2000 3000 4000 5000
Z(A-s12/in?)

Reference: Kihara, H., Watanabe, M., Masubuchi, K., and Satoh, K., “Researches on Welding

stress and shrinkage distortion in Japan”, 60th Anniversary Series of the Society of Naval
Architects of Japan, Vol. 4, 1959
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Prestrain the Joint

||

(a) Elastic Prestraining

(b) Plastic Prebending

Reference: Kumose, T., Yoshida, T., and Onoue, H, Prediction of angular distortion
caused by one-pass fillet welding, The Welding Journal, 33, 945-956 (1954) 4-84
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Example of Elastic Prestraining

AL

Apparatus for Welding T-Joints Submitted to
Elastic Prestrain by Bolting Down Both Free Ends

Reference: Welding Handbook, Volume 1, AWS, 1991 4-85
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Examples of Plastic Prestraining

a) Roof Shaping of Girder Chords

b) Plane End Section of Cylindrical Shell

c) Outward Bulging of Spherical Shell with Block Flange
d) Outward Bulging of Pipe with Circumferential Weld
e) Inward Drawing of Pipe at Plane End

P e e e e

Reference: D. Radaj, Heat Effects of Welding, Springer-Verlag, 1992 4-86
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Use as Few Weld Passes as Possible

Figure (a)

Good \ Figure (b)

Minimum Number of Passes

4-87
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Place Welds Near the Neutral Axis

Welding near Neutral Axis

4-88
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Plan the Welding Sequence

Welds are Symmetrical about Neutral Axis

No. 4 y No. 1 Y No.1 No.1
== == ==
T : o I 4 i —_
3/16” to 3/8”
mild steel ™ ' |
channel - X - X
== —
No. 2 No. 3 No.2

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-89
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Plan the Welding Sequence
Welds are Symmetrical about Neutral Axis

\ J \ __J - )
{ \ ]
\, | K/ L_[ I Y, ! <
No.2 No.3 No.3

(d) (e) (f)

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-90
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Plan the Welding Sequence

Long and Thin Box Sections

H
i % (a) During Welding, Top Expands
“ I e - Center Bows Up
Temperature

Distribution - Cross (Turn the Members
Section Quickly to Protect the
Weld from Cooling)

D
‘o ’ (b) Shortly after Welding -
Still Bowed up Slightly

(c) After Cooled - End Very
Slightly Bowed up due to
Contraction of Top

27
2

;"lll”””,
V%

%

Z

Reference: Design of Weldments, Omer W. Blodgett, 1976 4-91
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Residual Stress and Distortion

Place Welds Near the Neutral Axis —

Three -Member Column

Neutral

0.556"

et — 9” e

— ~1-3/4”
|

Neutral ”
-1/2” .682
el | | e
1 4 o
: A r u

5/8” CG of welds

(a)

Reference: Design of Weldments, Omer W. Blodgett, 1976

axis J

—t—

!

CG of welds

(b)
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Plan the Welding Sequence — Multi-Layer Welding

An Example of a Double V-Groove Butt Joint. Suitable Welding
Sequence in Multi-layer Welding can Reduce Angular Distortion

4-93
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Reference: D. Radaj, Heat Effects of Welding, Springer-Verlag, 1992 4-94
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Plan the Welding Sequence — Backstep Welding

Direction of D
each bead

4-95
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Plan the Welding Sequence — Backstep Welding

hTack weld sequence
9 6 3 7 8 9

s ¢ Backstep 2
b welding sequence

Cover pass
-— -
.’!(((f(f((’/ffffff/f/fffffff/ﬂ(

Reduction of Transverse Shrinkage as well as Groove Gap
Distortion by Back-Step Welding: Tack Weld Sequence (a), Back-
Step Welding Sequence in First Layer (b) and Cover Pass (c)

Reference: D. Radaj, Heat Effects of Welding, Springer-Verlag, 1992 4-96
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o

hﬂ-_--d

(C) Built-up Sequence (D) Cascade Sequence

Reference: K. Masubuchi, Analysis of Welded Structure, Pergamon Press 4-97
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Methods of Removing Distortion —

Flame (Thermal) Straightening

= Line heating

= Pine-needle heating

= Heating in cross section
= Spot heating

= Triangular heating

= Red-hot heating

Reference: Analysis of Welded Structures, Koichi Masubuchi 4-98
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Methods of Removing Distortion —

Flame (Thermal) Straightening

X X X
X X X ||

Line Heating Pine-needle Heating Heating in Cross
Directions

v

Reference: Analysis of Welded Structures, Koichi Masubuchi 4-99
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Methods of Removing Distortion —

Flame (Thermal) Straightening

Spot Heating Triangular Heating  Red-hot Heating

Reference: Analysis of Welded Structures, Koichi Masubuchi 4-100
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Methods of Removing Distortion —

Flame (Thermal) Straightening

AL
\\\

\\ ‘5\
Al ()
™ v
\\
Y

(a) Spot Shape (b) Strip Shaped (c) Wedge Shaped
Application of Flame Straightening

Reference: D. Radaj, Heat Effects of Welding, Springer-Verlag, 1992 4-101
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Methods of Removing Distortion —
Flame (Thermal) Straightening

Flame Straightening by Means of Heat Strips and Heat Wedges in
Different Arrangement on Bending-Distorted Girders

Reference: Vinokurov, V. A., Welding stresses and distortion, Wetherby:British Library 1977 4-102
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Module 4 — Welding Design Fatigue and Fracture

Linear Elastic Fracture Mechanics

For a perfect solid, the tensile strength
o, can be related to Young's modulus

for the material E.

For glass, this would be o, =10° psi
while actuallyitis 5x10° to 10’ psi

4-104
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Brittle Fracture

= Griffith — glassy materials contain crack like defects which act
as stress raisers.

R RERERERR

o = 2Ey.
\/ Tt C

y. = surface energy

of fracture

4-105
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Brittle Fracture

For long sharp cracks

SCF51+2‘/£ 52‘/£
a a
E

For o, = 0’ one gets

E |a . . : o
o= 50 /— — gives similar results to Griffith's Criterion
c

Back calculating crack lengths in glasses,
one gets lengths of order 25 to 2500

atomic distances or 100-10,000 A°

4-106
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Linear Elastic Fracture Mechanics

= Mode |

4-107
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Linear Elastic Fracture Mechanics

l l l l l l l ::sotrhrizor::;z,st?:; are infinite!
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Linear Elastic Fracture Mechanics

< y
X
//7
y

<
e/\ /

Mode Il Mode llI
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Stress Intensity Factors

Stress intensity factor is used to find the stress distribution
and magnitude near the crack tip. It is a function of:

o = applied stress
c = half crack length (full crack length for edge cracks)

w= characteristic dimension for the part

K (o cw)= f(ij e

w

Determined analytically or experimentally as well as by
finite element analysis.

4-110
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Fracture Toughness (Kc)

= Kc is a material property which indicates the stress intensity
factor above which crack extension will occur

= KIC (the plane strain value of Kc) is a linear elastic facture

mechanics parameter which can be used for brittle fracture

e For real materials, some plastic deformation will occur near the crack
tip.

Linear elastic

Real material

\~~
—
T T —

P 4-111
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Fracture Toughness

For plane stress, the size of the plastic zone is found from

S

where for 6=00

K 2
F =~ I , 1 K[
y Fya -
( 27 rp ) P 27T Fy
2

For plane strain, - I | Ky
P erx| F
Y

For LEFM the size of the plastic zone must be small
4-112
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= Fatigue failure resulting from cyclic deformation with large
plastic strain amplitude is called low cycle fatigue
e Failure usually occurs in ten to several hundred cycles

" Fracture resulting from many thousands of stress cycles
below the elastic limit are called high cycle fatigue

= Phases for Fatigue Failure
e Crack initiation — stress concentrations at grain boundaries or flaws
e Crack propagation — The crack propagates on every cycle of loading

e Fracture — crack long enough for fracture to occur when maximum
stress is reached

4-113
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S-N Curve

Ferrous O-mN — C

a

Non-ferrous Fatigue Limit

Stress amplitude

LogN

4-114
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Nonzero Mean Stress

o .
Stress ratio R =N Tension-compression R=-1
0}
max
Stress 4
0)

iawam
i YN

min

> Time

4-115
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Goodman Diagram

0] 0]
O . @y -m =1
d 10° cycles
O-ao O-ult
10 cycles ey
constant life lines
/
10° cycles
100 cycles
Mean
tress
O-ult O- m

4-116
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Goodman Diagram

A

0) max constant life lines
103 cycles / (0}
S ult
104 C
105 cyeles
109 cycles
>
O-min
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Fatigue With Varying Stress Amplitude —

Miner’s Rule

Miner’s Rule — each cycle uses a fraction of the fatigue life.

i=1 j

For fully reversible tension-compression loading from S-N curve one gets,

4-118
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Fatigue of Welded Joints

= The presence of welded member usually results in drastic
reduction in fatigue life or stress

= Causes: Stress Concentrations — generally a weld introduces
stress concentrations

1 \Steel

)

4-119
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Module 4 — Welding Design Joint Design

Common Design Requirements

= Proper Weld Design to Meet Following Requirements
e Strength against rupture (excessive yielding)

e Toughness against fracture, especially under dynamic or impact
loading (brittle fracture)

e Ductility (ability to stretch) to prevent welding-induced cracking or
cracks due to excessive deformation

e Fatigue resistance against cyclic loading

4-121
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Essential and Related Design Factors

= Proper Weld Design to Meet Following Requirements

e Materials
+ Base Metal (e.g. ASTM A36)
¢+ Filler Metal (e.g. AWS A5.1)

e Joints/Welds

e Welding Process(es)/Procedure Qualification
¢ Joint Thickness
+ Pipe Outside Diameter
+ Welding Position
e Welder Qualification (per qualified procedure)
e Workmanship (including distortion control, heat treatment)

e Inspection

4-122
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Aspects of Weld Design

= Structural Connection Design Elements

= Types of Joints and Welds (AWS A3.0 - Standard Terms and
Definitions)

= Welding/NDE Symbols (AWS A2.4 — Standard Symbols for
Welding, Brazing, and Nondestructive Examination)

= Design for Strength

= Design for Fracture Resistance

= Design for Fatigue Resistance

= Effect of Residual Stress and Distortion
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Structural Connection Design Elements

= Connection Types = Basic Weld Types

e Nontubular (i.e., plate) e Groove (CJP, PJP)

e Tubular * Further classifications see AWS
= Basic Joint Types Az4and ASO

e Butt Joint » Fillet

e Tee Joint (including skewed-T) ) Plug_and slot :

e Lap Joint e Continuous v_s. Intgrmlttent

o Corner Joint e gg;enr]s for Thin Joints: Spot,

e Edge Joint

= Welding Positions
e Flat (1-G or 1-F)
e Horizontal (2-G or 2-F)
e Vertical (3-G or 3-F)
e Overhead (4-G or 4-F)
e Combination (5-G, 6-G, 6-GR)
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Basic Joint Types

= Butt joint

e Continuity of section
= Tee joint

e Flanges or stiffeners
= Lap joint

e No joint preparation
= Corner joint
= Edge joint

e Two or more parallel, or nearly
parallel members
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Joint Type Examples

Weld Face
Reinforcement

Corner

4-126



Module 4 — Welding Design Joint Design

Basic Joint Type Extension — Flanged Joints

| m ] Flange T-Joint

) L

Flange Butt Joints l ]

=

Flange Edge Joints

Flange Corner Joint

Flange Lap Joints
Q DS A AN

4-127
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Butt Joint Extension — Spliced Joints

Single-Spliced Butt Joint Splice Member

Joint Member

Double-Spliced Butt Joint Joint Member

Splice

Member ot Filler
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Edge Shapes of Members

% Square I
: Double-J

% Single-Bevel

Flanged Edge

Double-Bevel > C Round Edge
% Single-J \. Q Egggd

4-129

<




Module 4 — Welding Design Joint Design

Joint Design Variables

Centerline

Included Angle
[ N & ]
Root Openi"g/
Feather Edge
Q-/Q = Root Opening
= Groove Radius
T~ Backup Strip Included Angle

Groove Radius = Root Face (Land)

Dihedral Angle

4-130
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Module 4 — Welding Design
Basic Types of Weld

R‘ Double-U
U Groove

N\ Fillet

Single-Bevel
Groove

Square Groove

Double-Bevel
Groove

Single-V
Groove

L~
N

(=)

Groove

Double-J
Groove

Double-V ] Sci;;g'oe';
\V}

Single-U
Groove

1)
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Basic Types of Weld

Flare-V
Groove

Flare-Bevel
Groove

Flange Plug
L ¥

Spot or
Projection

Braze

Corner-

Flange Slot

4-132



Module 4 — Welding Design Joint Design

Single-V-Groove Weld Single-V-Groove Weld
(with Backing)
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Groove Weld Examples

Single-Flare-Bevel-Groove Weld  Single-Flare-V-Groove Weld
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Groove Weld Examples

Double-Square-Groove Weld Double-Bevel-Groove Weld

Double-V-Groove Weld
| Double-J-Groove Weld
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Groove Weld Examples

Double-Flare-V-Groove Weld

Double-Flare-Bevel-Groove Weld
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Flare and Edge Welds

%

Square-Groove Weld and
Flare-V-Groove Weld in a
Flanged Butt Joint

Edge Weld in a
Flanged Butt Joint ﬁk

1

Edge Weld with Melt-through in
a Flanged Butt Joint
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Fillet Weld Examples

Double Fillet Weld Single Fillet Weld
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Weld Quantities Comparison

(a) (b) (c)
Area = 0.56t2 Area = 0.25t2 Area = 0.50t2
S =0.75t
S
Double-Fillet Weld Double-Bevel- Single-Bevel-
Groove Weld Groove Weld
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Estimated Relative Costs

Relative Cost

0 0.5 1.0 1.5 2.0
Plate Thickness, in.
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Fillet Welds

Slot Welds
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Module 4 — Welding Design
Weld Joint Nomenclature

1

SN
2

|4

1 - groove angle 1 - throat

2 - bevel angle 2 - weld face

3 - root face (land) 3 - depth of fusion
4 - root opening (root gap) 4 - root

5 - groove face 5 - fillet leg length

6 - weld toe
4-142
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Groove Weld Nomenclature

Weld Face

Face
Reinforcement

Weld Toe

Root
Reinforcement

Root Surface

' Weld Root
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Groove Weld Nomenclature

Groove Weld Made
Before Welding Other Side

Face
Reinforcement

Face
Reinforcement

Back Weld

Groove Weld Made
After Welding Other Side

Weld Root

Backing Weld
4-144
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Fillet Weld: Convex and Concave

Convexity

Actual Throat . .
Leg & Size

Effective |

Throat 9 & Size
P
A Z Concavity
7
Theoretical Throat Actual Throat Leg
Effective throat

Pd
Theoretical Throat
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Effective Weld Throat for Design Calculations

SURFACE OF VERTICAL MEMBER
THIS DISTANCE NOT TO EXCEED X"
CONCAVE FILLET WELD

SURFACE OF VERTICAL MEMBER
THIS DISTANCE NOT TO EXCEED X;"
CONVEX FILLET WELD

THE WELD
THROAT

THE WELD \

THROAT Convexity

SIZE OF
WELD

SURFACE OF HORIZONTAL SURFACE OF

MEMBER HORIZONTAL MEMBER
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Welding Technique

Stringer Bead

Weave Bead
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Weld Beads
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ASME Section IX -

Joint Design

Joint Procedure Variables

Supplementary
Paragraph Brief of Variables Essential Essential Nonessential

.1 | ® Groove Design X X X

.2 | £ Backing X X

4 |- Backing

.5 | + Backing

.6 [ > Fit-up Gap X X

.10 | ¢ Root Spacing X
QW-402 .11 | + Retainers X X
Joints .18 | ¢ Lap Joint Configuration X
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ASME Section IX —

Base Material Procedure Variables

Supplementary
Paragraph Brief of Variables Essential Essential Nonessential

2 Maximum T Qualified X
3 | ¢ Penetration X
.6 T Limits X
8 | @ T Qualified X

QW-403 9 |tpass>1/2-in. X

Base

Materials .10 [ T Limits (S. Cir. Arc)
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ASME Section IX —

Technique Procedure Variables

Joint Design

Supplementary
Paragraph Brief of Variables Essential Essential Nonessential

¢ Stringer/weave X

¢ Oscillation X

¢ Multiply to Single Pass/Side X X

21 1 vs. 2 Sided Welding X

QW-410 .26 | £ Peening X
Technique | .37 | @ Single to Multiple Passes
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Block
(Unwelded spaces
filled after welding of
intermittent blocks)
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Staggered
Intermittent
Fillet Weld

Boxing
(End Return)

Chain
Intermittent
Fillet Weld
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Welding Position

F - Fillet weld
G - Groove weld

1 - flat

2 - horizontal
3 - vertical

4 - overhead

4-154
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Module 4 — Welding Design

Welding Symbols

Standard Location of Elements

FINESHING DESIGRNATOR

= Key Elements

°® Arrow GROOVE WELD SIZE

L: SIZE LEMGETH QF WELD
Reference Line cwwwans—l /[ SPACIG) OF WELDS

DEPTH OF BEVE

OR STREMGTH FOR

SPECIFICATION

Tail ﬂ;ﬂmﬂﬂm—\\

GROOVE ANGLE; INCLUDED AMGLE

OF COUNTERSIMK FCOR PLLG WELDS

CONTOLR E'I'HEDL

FOOT OFENING, DEFTH OF FILLING

BOTH l:}‘.l'HEFl

S(E) / SIDES  SIDE

Weld Symbols

Other Details e e

= Only the REFERENCE
LINE and ARROW are
required

Supplementary T Shee Sne
Svmbol et
ymbOS (N} F\EFEFI:EM:E

HIJHEEFl OF SP0T, SEAM,

STULE, PLUG, 5LOT,
OR PROJECTION WELDS

ELEMENTS IN THIS ARER
4 AEMAIN A5 SHOWN WHEN TaiL
AMD ARROW SHE REVERSED

WELD SYMBOLE SHALL BE CONTAIMED WITHIM
+———— THE LENGTH OF THE LINE AMD SHALL MOT BE ———+

= Reference line are
always horizontal

FLACGED AT EITHER EMD OF THE REFEREHCE LINE

= Symbol without L-P denotes continuous welds

FOR PLUG AMD SLOT WELDS

PITCH [CEMTER-TO-CENTER

CONNECTIMNG
REFEREMCE
LIME TO ARRCW
ZIDE MEMBER
OF JOMT OF
ARROWY SI0E
OF JOINT
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Module 4 — Welding Design Welding Symbols

Symbol Dimensions?

= Tolerances, if required, are to be placed in tail

= Welding Symbols are usually drawn without dimension units
such as inches or millimeters

= But, Welding Symbols to be used for publications or those
requiring high precision should be dimensioned and have the
dimensional tolerances noted within the tail.
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Weld Symbols

NOTE:
SOIMRE BCARE v
(1) The reference line is (““‘"> v Q-' > FLARE - [lunzmai

shown dashed for

illustrative purposes. . | ..,/.4,./.. AV I B i T A Y D P
(2) Symbols with a “‘”" "7)'“ AN TN "(1:" '-R-- ——yr==|==1¢=-

perpendicular leg shall have
the perpendicular leg drawn
on the left side of the

symbol (fillet, bevel-, J-, or | i BAK
flare-bevel-groove) l@ PLUG SLOT STUD OR SEAM OR  |guAFaciNg| EDOE

PROJECTION BACKING

) O .=
B N 1) Y e O |- |- NIl

o |5 ur

MOTE: The ralorences lins i@ shown as a deshed line for Susirative purposes.

Figure 1—Weld Symbols

Source: AWS A2.4:2007
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Supplementary Symbols

COMSLMARBLE BaCHING COMTOUR

WELD ALL MELT | ar _
ARCUND FIELD WELD THROEH IMSERT SPACER F"ﬂ"f'ﬂEH CONVER | CONCAVE

|SAUARE] | {BEGTANGLE] FLAT

/ e — e

ﬁ‘/b-?/‘\f-\\\

= Significance of arrow
e Arrow side below reference line
e Other side above reference line

QTHER SIDE
OTHER SIDE ARRCAY $JEIE'_
ARROW SIDE ARROW SI0E
g s ARRCWY SIDE
OTHER SIDE (, QTHER SIDE g = <’
ARROW SIDE GTHER SIDE
OTHER 2i0E ARAROW SIDE

é , g 4-159
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Arrow and Other Side Convention — Examples

N

Below reference line

Weld Cross Section ~ Symbol Above reference line

NS
N

Both sides of
reference line

Weld Cross Section Symbol

Weld Cross Section Symbol
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Break in Arrow of Welding Symbol — Examples

Weld Cross Section Symbol [/

0N

Weld Cross Section Symbol

Weld Cross Section Symbol
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Combined Weld Symbols

Combined Weld Symbols

3rd OPERATION AN
/ @ /\\/ v

/ 2nd OPERATION ~N

/ 1st OPERATION
1st £ /\ /
. / AERNVANS
™\
3rd / /\
L/ W

Multiple Arrow Lines
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Combined Weld Symbols — Examples

Weld Cross Section Symbol Weld Cross Section Symbol

Weld Cross Section Symbol

R 9

Weld Cross Section
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Specification of Extent of Welding Use Multiple

Arrows
vV
N L N\
Welds Symbols
— e - I/ —
e N
Welds Symbols
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Supplementary Information

Hidden Members of the
Same as a Visible Member

2 ANGLES

Supplementary Data

PROCESS
DATA
\ (CO STD) --

Yare \ P

Omission of Tail When No References are Required

/ L
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Field Weld and All-Around Symbol

* Flag indicated field weld

= Circle indicates that the is to continue along the entire joint
length (i.e., weld all around)

F

uT / /\
AN / 4\
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Specification of Extent of Welding Using

Weld All-Around Symbol

Vel

I 1
o — SYMBOL

VA SYMBOL

WELDS
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Extent of Welding Denoted by Symbols
Using Weld All-Around Symbol

A SECTION A-A

WweElDS Weld in Several Planes SYMBOL

> > >

Weld Around a Shaft 7
"l 5.

WELD SYMBOL
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Location and Extent of Fillet Welds

WELDS
Size
Length and
Pitch
SYMBOLS ' :|
e ,
N & S
X
SYMBOLSW SYMBOLS\1_/472_
Welds Approximately Welds Definitely Located

Located
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Welding Symbols

Length and Pitch of Intermittent Welds

Chain
Intermittent
Welds

Staggered
Intermittent
Welds

WELDS

SYMBOL

3-10

3-10

SYMBOL
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Dimensions of Plug and Slot Weld

5/8 6
60°
7)
Partially Filled -
Plug Weld
WELDS (7 REQUIRED) SECTION A-A SYMBOL
XOFHENTATION AS SHOWN ON DRAWING
2 A~ 3 3 3 2 |
........... |-__-______-.. |.._________-
| ) D
Partially Filled .73 AN |
Slot Weld N - a8
34| 3/8 Bl

A EIAN
DETAIL B SECTION A-A
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Welding Symbols

Melt-Through Symbol

WELD CROSS SECTION

G S

WELD CROSS SECTION

SYMBOL

-~

SYMBOL
1/8

WELD CROSS SECTION

SYMBOL
4-172
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/—WELDED FROM THIS SIDE

—_— - 1- il
aaaPunas
casssrgassanafr
D D O O
SRR EEELEEL “EEEEED
sutinppanriaarginarrraatrrarnrs
- a1 L)
.
rarvew -
(X L
o mkkbua ETEETILY)
-
agw o i
BadERtAIERIAR
WL AR PR

Edge-Flange S | <I

WELD CROSS SECTION SYMBOL

WELDED FROM

THIS SID7
r—=T=19
| I |

SYMBOL SYMBOL
JOINT DETAILED JOINT NOT DETAILED

N
WELD CROSS SECTION

Corner-Flange
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Application of “Typical” Welding Symbols Using

Tail

3/8 l\ TYP EACH END

\TWO FLANGES
3/8

— |
\ L A
9;2 [I> <vp BOTH ENDS
;XE4ST|FFENEHS> ::: D <

5116 E
/ <Y P BOTH FLANGES
/ 5/16 §

V22222222

SECTION A-A 4-174
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Specification of Extent of Welding Using Tail of

the Welding Symbol

/AL
//' ”3l// ‘\QwEU)

-l SYMBOL

........................
----------------------------------

WELD
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Specification of Completed Weld Using the

Welding Symbol

= The weld tail can specify the final contour of the weld as well
as any addition processing steps require to achieve the
contour

Weld Contours and Finishing of Welds

/ % ;hd\ /C— Chipping

G - Grinding

Weld Contours C H — Hammering
\/ Flush M — Machining
AN Flat R - Rolling
L Convex U-U ified
U Concave nspec
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Supplementary Information

= The weld tail can also include supplementary information
important the welder/supervisor
e Welding procedure
e Additional/specific welding dimensions or tolerances

Tail of the Welding Symbol <Jm
/GTAW—AU \
\ Details of Special\
Welding Process Spec. Types of Welds \SK NO 52
<A.2 FILLET LEG  + 1/8
1/4 TOLERANCE -0
/ References / R\
. SEGMENT
/ <TYP - 5 PLACES [\ 28 LEﬁGTH o
(Veld Dimension\ TOLERANCE
Designated Typical Situations Tolerance
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Flush and Convex Contour Symbols

WELD APPROXIMATELY FLUSH
WITH THE BASE METAL AN

Arrow side flush contour symbol
WELD CROSS SECTION _c_ SYMBOL

Y
N

P ;

REINFORCEMENT REMOVED

BY CHIPPING Other side flush contour symbol
WELD CROSS SECTION SYMBOL G
FINISH TO CONVEX CONTOUR |\
BY GRINDING '\-.__G_/

b )

Both sides convex contour symbol

WELD CROSS SECTION SYMBOL 4-178
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NUMBER OF EXAMINATIONS

REFERENCE LINE LENGTH OF SECTION
( ) TO BE EXAMINED
SPECIFICATION OR
OTHER REFERENCE R @
_\T T {% O EXAMINE IN FIELD
\ 5 &
g L
TAIL O w T EXAMINE-ALL-
= 0 AROUND
EXAMINATION METHOD x w &
LETTER DESIGNATIONS ARROW
EXAMINE FIELD RADIATION

ALL AROUND EXAMINATION DIRECTION

o F b
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Standard Location of NDE Elements

= The NDE Key elements are similar to the welding key

elements
e Reference Line Examination Method Letter
e Arrow Designations
e Examination Method Letter
Designations Acoustic emission AET
e Extent and Number of Electromagnetic ET
Examinations Leak LT
e Supplementary Symbols Magnetic practical MT
e Tail (specifications, codes Neutron radiographic NRT
or other references) Penetrant PT
Proof PRT
Radiographic RT
Ultrasonic UT
Visual VT
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Combined Welding and NDE Symbols

= Welding and NDE symbols can be combined on the same
reference line, or on separate multiple reference lines

= Combining welding and NDE symbols on multiple reference
lines often clarifies the exact sequence of operations required

<

uT 4

N
N

4-181
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NDE Locations

N\, \ TN

VT O\, \\ TN

LT+PRT
— ET —\ RT j
— UT
PT
— AET —\ — UT+RT \ >< \

NDE Combinations Welding & NDE Symbols

/ i " %
Field Examination
\ MT % PT

L Examine-All-Around 4-182




Module 4 — Welding Design Welding Symbols

Examples of NDE Symbols

MT6 MT&

Number of | 10 i
MTB MT6E
Examination \ (@ l L £
uT ¢ / /
RT 8 \
(3) MT symbol, both sides for 6 inch length

RT symbol, with 45° . g .

angle of radiation Specifications, Codes,

incidence and References PT /354

RT \
A-12 /

RT \
- Length to be Examine(\ PT 250
éé MT 8 \
NRT \

Partial Examination MT 50%

AT 25%
4-183
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Examples of NDE Symbols

Area of Revolution
Plane Areas

@/ _____ . _ _ _/®wz
& i

5 o6

c:e— ------------- ei) | |3

Acoustic Emission RT

AET .
Area of Revolution

YA A o A o o e e A, p

ET
PRT

L L A A 777
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Module 4 — Welding Design Welding Symbols

Complete Joint Penetration with Optional Joint
Geometry

é ; : é

WELD CROSS SECTION SYMBOL

(1/2)

(EEELEEEELEY)
T
FA R R Rl R
EEELE LY
LD

WELD CROSS SECTION SYMBOL

1/2 —
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Groove Weld Size & Depth of Bevel Not Specified

WELD CROSS SECTION

3/4
L

WELD CROSS SECTION
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Specification of Groove Weld Size (E) Only

-'-—T—H--

TRIf# %\ NOTE: TOTAL WELD SIZE
e CANNOT EXCEED T
Er — [r—-—

WELD CROSS SECTION SYMBOL

Double-V-groove weld with root opening
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r 1/2
$ I { *
WELD CROSS SECTION
— 3/4
* ( ]
11m‘$ r
{ {
WELD CROSS SECTION L 3/8

WELD CROSS SECTION

Welding Symbols

(1/2) ‘ ‘

SYMBOL
(3/8)
(3/4)

\ )

SYMBOL
(1/2)
(1.'2)><
|
11/4
i i

SYMBOL
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Specification of Groove Weld Size (E) and

Depth of Bevel (S)
3/4 —‘ — b/8 58 (3/4) /\

é ) 5

WELD CROSS SECTION SYMBOL

3/4 . —7/8 718.314) N

=Y 3 5 5

WELD CROSS SECTION SYMBOL
3/8 (3/8) | ’
L e
WELD CROSS SECTION SYMBOL
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Combined Groove and Fillet Welds

916 —= o

~— 9/16

/ NOTE OVERLAP

3/8
r

Welding Symbols

3/8
1/4 (9/16)

1/4 (9/16)
ag |/

1

- 1/4

WELD CROSS SECTION

SYMBOL

NOTE: TOTAL GROOVE WELD SIZE

CANNOT EXCEED 1
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X
Y )

WELD CROSS SECTION SYMBOL

7

¢ SR !

| 178

0
WELD CROSS SECTION SYMBOL H’j

WELD CROSS SECTION SYMBOL 4-192
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Groove Angle of Groove Welds

WELD CROSS SECTION SYMBOL
5_00
50°
WELD CROSS SECTION SYMBOL

Groove angle is placed just outside the weld symbol
4-193
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Groove Angle of Groove Welds

90¢

N/

//eo}
S

SYMBOL

N

20°

WELD CROSS SECTION SYMBOL
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Back or Backing Weld Symbol

Welding Symbols

V-GROOVE WELD MADE BEFORE
BACK WELD FROM OTHER SIDE

.............

BACK WELD

WELD CROSS SECTION

V-GROOVE WELD MADE AFTER
BACKING WELD ON OTHER SIDE

\-«— BACKING WELD

WELD CROSS SECTION

\ — DR —= N /BACK

/\ \WELD

5

Back Weld Symbol

SYMBOL

ZON \..._ OR —— 7/ BACKING
A

NWELD

?

5

SYMBOL

Backing Weld Symbol
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Single-V-Groove Weld with Backing

/1f4x1
A572
1) /\ \\GR 50

30°

roS

I .
1/ | |1,a4_:| I._ T\HEMOVEDAFTEF{

WELDING

WELD CROSS SECTION SYMBOL
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Application of the Consumable Insert Symbol

/CLASS 1 INSERT
/\\ AN

Joint with Welding Symbol

N N

Joint Geometry with Insert in Place Joint with Root Pass Combined
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Groove Welds with Back Gouging

WELD CROSS SECTION SYMBOL

4-198
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Groove Welds with Back Gouging

20¢°

CJF\ 1/2 \[/

/ \ a0 @
BACK\ OR — 1/2 \Ij /BACK

GOUGE
\(/5007 =/ 38 /%_\ 318 /%\ \Gouce
118 ¢

3/8 1 60 ¢ 60°

é 3 ? 3 A %

......
......

WELD CROSS SECTION SYMBOL
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Groove Welds with Back Gouging

£\ BACK
5/8 /%\ \GOUGE
60°

WELD CROSS SECTION SYMBOL
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Skewed T-Joint

3/8

45°

3!8)\ D .w.*.;.,..,.,.;;.

\Q ' L 1;’2—\& 7/8 —= 5/8

DETAIL A
450 / SEE
\DETAIL A

5/8
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Size of Fillet Welds

WELD CROSS SECTION SYMBOL
12 = foe] 1/2 |
r 1/2 172 [\
_ 1/2 |/
WELD CROSS SECTION SYMBOL
1/4
1/4 l\
g 38 |/
WELD CROSS SECTION SYMBOL

Welding Symbols
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Length of Fillet Welds

L. . ey,
==cW Ere s rmar s sa e Rt Al b AR AR IR R E AR R AR R R A
E, T L N N R Y
EEX]

WELD CRQOSS SECTION SYMBOL

[/12/

...........................................
..........................................
...........................................

T TP T P T T PR PP W TP T Ty

WELD SYMBOL
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Staggered Intermittent Fillet Welds

WELDS SYMBOL
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Chain Intermittent Fillet Welds

{ SN

SYMBOL 4-205
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Welding Symbols

Applications of Stud Weld Symbols

— 3/4

1/4 -

WELDS

34 -]

3/4

/\_

SYMBOL

4-206
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A
A 1/8 _-.] f._ 1/8 \

~

A -
SECTION A-A
WELD CROSS SECTION

SYMBOL
e 2 - 4 2 = ~ 1

Ty ——t

- SECTION A-A / — 1

WELD CROSS SEGTION AN/ SYMBOL
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Welding Symbols

/

WELD / 1/8 \_/\/
AXIAL N\ SYMBOL

REDUCE ROOT

OPENING TO
A NT/8 MIN, 3116 MAX

| [ 4 ~ 2=
— 3/16 ...... o MUItiple LayeI'S
516 1 CIRCUMFEHENTIAL\
WELD CROSS SECTION
WELD /™ /16 A
V\ w
| o 1BMN
3/16 MAX
L N

WELD CROSS SECTION

SYMBOL
4-208
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Module 4 — Welding Design Mechanical Testing

Mechanical Testing

= There are several different sources for mechanical testing
methods

e AWS B4.0M:2000 “Standard Methods for Mechanical Testing of
Welds”

e Several ASTM standards

= There are several different sources for acceptance criteria
including construction documents and qualification
documents
e ASME Section IX “Welding and Brazing Qualification”
e AWS D1.1 “Structural Welding Code Steel”
e API 1104 “Welding of Pipelines and Related Facilities”
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Mechanical Testing

= Testing Methods covered in this module
e Hardness Testing

Tension Test

Bend Test

Fillet Weld Break Test

L
L
L
e Fracture Toughness Test
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Hardness Testing

= Hardness is shorthand for strength
= Can characterize change in properties across a weld Knoop

= Several standard techniques
o Rockwell (ASTM E-18)
e Brinell (ASTM E 10)
o Vickers (ASTM E92, E384)
e Knoop (ASTM E384)

= Differences
e Indentation load sequence
e Indenter shape Rockwell

e Property measured 120° angle &
. 0.2 di
+ Indentation depth e
¢ Indentation area

e Calculation of Hardness Value
= Scales related to each other

Vickers

- =~ OPERATING
POSITION
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Macrohardness Test

Rockwell Test

BB V= Brinell Test
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Microhardness Test

Vickers

e —

- =~ | OPERATING
POSITION

Knoop

QPERATING
POSITION
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Hardness Tests, Indenters, and Shapes of

Indention
Brinell 10 mm sphere of steel
Ll or tungsten carbide ?
Vick Diamond :
e pyramid HB-3006 HB-3031 HB-3030 BR-3030
Knoop Diamond

macrohardness  pyramid Brinell Indentor

Rockwell }%%
A Diamond = %
B } cone =
C
B 1/16 in. Diameter
F } steel sphere
G L .
1/8 in. Diameter
E steel sphere
8111 8112 8116 8113 lB114 NI-SPa

Rockwell Indentor
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Comparison of Hardness Tests

| | B0,100,150kgs | Conical Dismand & Small Ball ;
| Supeficial | 15,30, 45kgs  Conical Diamond & Small Ball | EB
Ligtload |  3,5.7kge  Trncated Cons Diamond A
Micro I 00, 10 gams o Lﬂ;ﬁ;’: L A
_ Maco | S0to3000kgs 5 10 mm Bal E 103
| Micro-Hardness | Vickers | StoX00grams | 136° Pyramid Diamand E 3684
| Knoop | SleX00gams | 1300 1720° Damond | E 364
| Rockwsll Type | 00,3000 grams | Truncated Cone Diamond | hid,
| Dynamic | 0110 00 grams Triangular Diamond | s,
| Buinell | Optical | SN0te3I00kgs | Smm, 10 mm Bal | B0
| Depth | 50w03000kgs | Smm, i0mmBal | E 103
| Bho |  Regular |52 (A) 4550 (D) grams | 35° Cone (A) 3P Cone (D) | D 2240
| Mien | 257 (&), 1135 (D) grams | 35° Cane (A) 30° Cone (D) | hitd,
| RHD |  Peguw | 597 grams 25 mm Eiall | D 1415
| Micro | 167 arams 395 mm Ball | D 1415

Microhardness testing often used to characterize
changes in strength across a weld and Heat Affected Zone
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Hardness Relationship to Mechanical Properties

= Hardness can be used to estimate material strength
e Estimated tensile strength of steel
+ 510 * HB, HB<175
+ 490 * HB, HB>175

* Estimated yield Hardness & Tensile Strength
strength of steel |
+ 0.33* hardness w7855 To0 wnn
+ (Vickers * 10/3 = ; 3 *,“:q
Tensile yield) B

2

o,s=500x HB

Tareoiie glmngihi (MPa
:

g
Tens e atrgh (107 pa)

= HB = Brinell Hardness

8
g
: £
&
Es
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Hardness Scale Conversion

Rockwell C | Brinell Vickers Tensile ksi

60 654 697

55 560 595 288
50 481 513 245
45 421 446 212
40 390 412 191
35 327 345 163
30 286 302 142
25 253 266 125
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= Summary of Method

e Tension testing of welded joints is done by means of a calibrated
testing machine and devices

e The test sample is pulled in tension until the sample fails
= Significance
e Tension test provides information on properties of welded joints: load
bearing capacities; joint design; and ductility
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Tension Test — Summary of Method

Some Stretching
Occurs Here

Most Stretching
Occurs Here

Some Stretching

Initial Gauge Length

Test coupon in the loading grips

E :
Stress = Load Strain = longation

Initial..Cross — Sectional..Area Initial ..Gauge..Length
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Stress-Strain Curve

L1 I
70 Pari”el to the Ultimate strength
original slope line
60 ,
I
50 T : i F lln r
g | Upper vield Al Trgcivre
o 40 += point —_—
= W(yr-c—""=-- l
S , |
":";.. 30 - Lower yield point ;
o \| [Proportional I
& 20— elastic limit < :
|~ Area beneath the entire stress- |
10 strain curve up to fracture point T
is called “TOUGHNESS” I

L1 i 1 | L I | I |

| | | | | | I 2 1
o\ 0025 0050 0075 0100 0125 0150 Q175 020_0[0.225
0.2% offset Strain, in./in. Ductility

“Modulus of Resilience”
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Tension Test Apparatus

Modern Loading System - Conventional Loading System —
Computer Controlled for Tensile Strength Only
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Tensile Test - Specimens

= All Weld Metal Tensile Test

e Determine weld metal ultimate tensile
strength, yield strength, elongation and
reduction in area

= Reduced Section Tension Test (RST)

e Determine ultimate tensile strength only

= Specimens shall be tensile tested in
the as-welded condition unless the
procedure qualification requires a
PWHT
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Tensile Test - Procedure

= Welding Procedure Qualification
e Tension test specimen shall be ruptured under tensile load

e Tensile strength shall be computed by dividing the ultimate total load
by the least cross-sectional area of the specimen as calculated from
actual measurements made before the load is applied

Round Tension Specimen

Maximum ..Load

Ultimate Tensile Strength urs - ( j

D*
4

Yield Strength at Specified Offset rs-= Load(--g -Z-Tﬁet
4

Final ..GaugeL ..Length — Original ..Gauge ..Length

Percent Elongatlon €= Original ..Gauge ..Length

Reduced Section Tension Specimen

Maximum ..Load

Ultimate Tensile Strength urs =

Original ..Cross — Section ..Area
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= QW-151.1, Reduced Section — Plate

Qw-462.1{a) TENSION — REDUCED SECTION — PLATE

Weld reinforcement shall be

machined flush with base

metal. Machine minimum
amount to obtain approx.
parallel surfaces. A T T L :‘-‘*../-/ ---------

Mechanical Testing

ASME Section IX - QW-150 Tension Test

D N D A— --H'“'—J-'_—_Lﬂiﬁtﬂrtiﬂn

10 in. {250 mm) or as required ———

" Cold straightening
of the test coupon
is permitted prior

</ Vg in. to removal of weld § >
I {6 mm) reinforcement . ]
] T e £
: [) These edges may -
oW $<— Edge of widest
| Y be thermally cut i N face of weld
: 1 —— - ——
t : '
< Ligin. smm)  Yyin---175- |"- ‘*I ~= - Yain. (8 mm)
{6 mm}|
s
';:; \ Parallel length equals
'-% @ widest width of weld
% G_éi‘ plus V5 in. (13 mm)
: 3 added length

:rhis section mauhinsdr
preferably by milling

— T

Length sufficient

to extend into grip
equal to two-thirds

grip length
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ASME Section IX - QW-150 Tension Test

= QW-151.2, Reduced Section — Pipe
e For pipe diameters greater than 3 in.
QW-462.1(h) TENSION — REDUCED SECTION — PIPE

| ..................... 1\\_,__-__1 e mmmmmmmmm e m——————
Fa LY

Grind or machine the minimum
amount needed to obtain plane
parallel faces over the reduced
section W. No more material
than is needed to perform the
tast shall be removed. g ' i
£ v ! On ferrous material
Sl oy e & § : | these edges may
Ve £/ 101n. (250 mm) or be thermally cut
~] | ~ 'as required | N
I I -
T \Q JI_-_'____,,-" \ \
\ i i
Sy #* ‘
| Edge of widest
; _._faceofweld 1}

i
a * "
‘ﬁ{ X IL\ t"fdin. 11’4;'- ; — 1/ in. (6 mm)
16 mm) (6 mm)

preferably by milling
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ASME Section IX - QW-150 Tension Test

= QW-151.2, Reduced Section — Pipe

e For pipe diameters less than or equal to 3 in.
QW-462.1(c) TENSION — REDUCED SECTION ALTERNATE FOR PIPE

x | 1) | T [Note (1)]

P L b

Reduced section 3in. {75 mm) min.

[Note (2] -
g in. (13 mmi}
e e - y
N P ]
| \ Rad. 11in. (25 mm) min.
145 in. (27 mm) Edge of widest face of weld

NOTES:

{1) The weld reinforcement shall be ground or machined so that
the weld thickness does not exceed the base metal thickness
T. Machine minimum amount to obtain approximately parallel
surfaces.

(2) The reduced section ghall not be less than the width of the
weld plus 2y.

4-227



Module 4 — Welding Design Mechanical Testing

ASME Section IX - QW-150 Tension Test

= QW-151.3, Turned Specimen

QW-462.1(d) TENSION — REDUCED SECTION — TURNED SPECIMENS

=10 ¢

=)

Standard Dimensions, in. (mm)

ial () {ch td}
0.505 Specimen 0.353 Specimen 0.252 Specimen 0188 Specimen
A= Lenath of reduced section Matz (1) Mote 1) Mote (13 Mote (1}
f— Diameter 1.500 + 0.010 (12.7 & 0.350 + 0.007 (8.89 0.250 + 0.005 (6,35 + 0.188 = 0.003 (4.78 &
0.25] 018 0.13) 008}
R—Radius of fillet % 010) min. Yy (&3 min. %. (5 min, 4 (30 min.
B—Length of end section 1% (28} approx. 1% (290 approx. 7% (220 approx. L4 (13} approx.
= Diameter of end saction EASEY ERVEY % 0 4 6

GENERAL NOTES:

{a) Use masimum diameter specimen (al, (b3, (¢}, or (d) that can be cut fram the section.

bl Weld should be in center of reduced section,

fc) Where only & single coupon is requived, the center of the specimen shoutd be midway between the surfaces.

{d} The ends may be of any shape to &t the holders of the testing machine in such a way that the load Is spplied axially,

NOTE:
(1) Reduced saction 4 should net be less than width of weld pius 20,
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ASME Section IX - QW-150 Tension Test

= QW-151.4, Full-Section Specimens for Pipe

e For pipe diameters less than or equal to 3 in.
Qw-462.1(e} TENSION — FULL SECTION — SMALL DIAMETER PIPE

| S — ]
m———

Weld reinforcement shal! be
machined flush with base metal.

— D A . 20 min.
A 20
. 4 1:“-"""1-..
o
mln.I Dmin.
N JER N I .
|| — V-jaws of testing machine
o min,

Plug
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Tensile Test — Acceptance Criterion

= Reduced Section Tension per AWS D1.1

e 4.8.3.5 Acceptance Criteria for Reduced-Section Tension Test

* The tensile strength shall be no less than the minimum of the specified
tensile range of the base metal used

= Reduced Section Tension per ASME Section IX

e QW-153 Acceptance Criteria — Tension Test

+ To pass the tension test the specimen shall have a tensile strength that is
e not less than the minimum specified tensile strength of the base metal, or

e not less than the minimum specified tensile strength of the weaker of the two
materials if different strength materials are welded, or

e not less than the minimum specified tensile strength of the weld metal when a
weld metal having lower room temperature strength than the base metal is
allowed, or

e if specimen breaks in base metal outside the weld or fusion line, the test shall
be accepted, provided the strength is not more than 5% below the minimum
specified tensile strength of the base metal
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Guided Bend Test

= Summary of Method

e The specimens are guided in the bending process by a test fixture that
employs a mandrel with wraparound roller or end supports with
plunger

e The maximum strain on the tension surface is controlled by the
thickness of the specimen and the radius of the mandrel or plunger

= Significance
e The ductility of a welded joint
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Wrap-around
Bend Test Jig

><\l
t+ 116 in.

(1.6 mm) MAX ‘_\ ROLLER
A
B=(12) A
A / 3
2008
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Side Bend Root Bend

Transverse Bend Test Specimens Longitudinal Bend Test Specimens
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Guided Bend Test Procedure

= Specimens shall be bent in jigs

= The weld and HAZ shall be within the curved portion of the
specimen if not the specimen shall be discarded

= Unless otherwise specified, the specimen shall be tested at
ambient temperature and deformation shall occur in a time
period between 15 seconds and 2 minutes

= Appropriate surface of the specimen, according to its type,
shall be bent such that it is placed in tension

= Specimen shall be bent around the correct size mandrel
(plunger) until the specimen is forced into the die until a 1/8”
wire cannot be inserted between the specimen and die, or the
specimen is bottom ejected if the roller type jig is used

= When specimens wider than 1-1/2” are tested, mandrel must
be at least 1/4” wider than specimen
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Module 4 — Welding Design

Mechanical Testing

ASME Section IX - QW-160 Guided Bend Test

= QW-161.1, Transverse Side Bend

Qw-462.2 SIDE BEND

— {1a) For procedure gualification of materials other than P-Na., 1 in QW-422,
if the surfaces of the side bend test specimens are gas cut, removal by
machining or grinding of not less than 1/g in. (3 mm) from the surface
shall be required.

— {1b) Such removal is not required for P-Mo. 1 materials, but any resulting
roughness shall be dressed by machining or grinding.

— 12} For performance qualification of all materials in QW-422, if the surfaces of
side bend tests are gas cut, any resulting roughness shall be dressed by
machining or grinding.

g in. (3 mm) min.

)  |#—o— B in. {160 mm} or as required ————

e

T, in. {mm) y, in. (mm) w, in. {(mm]
3gto <1, [Nutg " P-No. 35 metals
=10 to << 38) -
Motes (1) s 3 50100
=11/, (= 38} and {2) g (3) 3g (10}

¥

i v

T

A= Vain.
{3 mm} max.
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ASME Section IX - QW-160 Guided Bend Test

= QW-161.2 and 161.3, Transverse Face or Root Bend

QwW-462.3(a} FACE AND ROOT BENDS —
TRANSVERSE

15 in. (38 mm) 1 in. (38 mm)
6 in. {150 mm) or R=Tgin. (3 mm) 6in. (150 mm) or A=z in. (3 mm)

[e—as required | %/ Yj [ as required ———| nﬁy \ﬂ

- .).I F i .&f;'.'," .*-| Fi__‘_ .
i o A I o 0
\/ ,;E,[Flata: (Pipe) |/ ;{."{Piﬂal (Pipe)

Face-Bend Specimen — Plate and Pipe a B Root-Bend Specimen — Plate and Pipe

=1

mqpm———y

¥, in. {mm)
P_”Di 23; F-H‘Dq 23_' A“ Dth‘Er-
T, in. (mm) or P-No. 35 Metals
Ly < % (1.5 <3) T " T
Yot (3-10) Y (3) T
=¥ (10) % (3) %% (10)
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ASME Section IX - QW-160 Guided Bend Test

= QW-161.6 and 161.7, Longitudinal Face or Root Bend
e Used to test materials with markedly different bending properties
+ Largely different properties between different base materials
+ Largely different properties between the weld metal and base material

QW 462.3(h) FACE AND ROOT BENDS —
'LONGITUDINAL

1
6 in. (150 mm) or 15 in. {38 mm)

[<——— as required ————»| A ="Tfgin. {3 mm) max.
i [}
: 1 1
g -1 L

vl vl
o Tl 7
Face Root
Bend Bend
¥, in. {mm)
P-No. 23, F-No. 23, All Other
T, in. tmm2 or P-No. 35 Metals
e < % (1.5 < 3) T T
Yo% (3-100 Y% (3) T
>% (10) e (3} % (10)
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Mechanical Testing

Module 4 — Welding Design

ASME Section IX - QW-160 Guided Bend Test

= QW-162.1, Bend Test Jigs

QW-466.1 TEST JIG DIMENSIONS

Tapped hole 1::*:1 suit Hardened rollers 115 in. (38 mm)
testing machine may be substituted for jig shoulders
As required | f«i As required 4‘1
| N 1% oo 4 et
l n e i g in. {19 mm) | . |
S [ s 1 in. (13 mm)
Shoulders hardened b
- and greased 1'/g in. (29 mm)
3-"4 in. (19 mm) V ' 3;4 in. (18 mm) —
: E
g in. tzsmm][[ ' I 1 ! .:',5
i = :?E
™
. . w

A

g in. {6 mm) -—+|

3

e

Plunger

g in. (18 w17 N\ ‘
| 3y in. (19 mm) P

e

| | Y
2 in. (50 mm) =~ | / le ¢ DR
< > Yoke —1 | 71/, in. (190 mm) >
~——— 9in. (225 mm)

37/g in. (97 mm)
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ASME Section IX - QW-160 Guided Bend Test

= QW-162.1, Bend Test Jigs

QW-466.2 GUIDED-BEND ROLLER JIG | QW-466.3 GUIDED-BEND WRAP AROUND JIG

: e
<A~ Nots (@)

A
Notes (1), (2)

R rin, = ¥4 in. (19 mm)

Notes (4), {5}

o
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Module 4 — Welding Design

ASME Section IX - QW-160 Guided Bend Test

Mechanical Testing

= The dimensions of the bend test jig depend on the material

that is being bent

Customary Units
Thickness of
Material Specimen, in. A, in. B, in. C, in. D in.
P-Mo. 23 to P-No. 21 through P-No 25; P-No. % 2% 1%z 2% 1%
21 through P-No. 25 with F-No. 23; P-No. 35; = Y or less 16kt algt 184 + Y, ol 4 Y%,
any P-No. metal with F-No. 33, 36, or 37
P-No. 11; P-No. 25 to P-No. 21 or P-No. 22 or * 2y, 1% 3% 1%,
P-No. 25 t = % or less GA4E 3t 84+ % A%t + Y%,
P-No. 51; P-No. 49 % 3 1% 3% 1%,
. =% or less Bt a4t 108+ 58+ Y,
P-No. 52; P-No. 53; P-No. 61; P-No. 62 % 3% 1% 4%, X,
= % or less 10t 5t 12+ % 6f + ¥,
All others with greater than or equal to 20% elon- % 1Y%, A 2% 13,
gation f = % or less 4t 2t &f + Y 3+ Y,
Materials with 3%& to less than 20% elongation t = [see Note (b)] 32 7%t 167t A 2t+ ¥, W+ Y
max. max. max. max.
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Module 4 — Welding Design Mechanical Testing

Guided Bend Test — Acceptance Criterion

= Bend Test per AWS D1.1

e 4.8.3.3 Acceptance Criteria for Bend Test
+ No discontinuities greater than 1/8” in any direction

¢ The sum of all discontinuities greater than 1/32” but less than 1/8” should
not exceed 3/8”

+ No corner cracks greater than 1/4” with no visible evidence of slag or other
fusion discontinuity

= Bend Test per ASME Section IX

e QW-163 Acceptance Criteria — Bend Test
+ No discontinuities greater than 1/8” in any direction

+ Corner cracks shall not be considered unless there is evidence of weld
defect

Corner Crack
Discontinui
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Module 4 — Welding Design Mechanical Testing

Fillet Weld Break Test

= Summary of Method

e One leg of a T-joint is bent upon the other so as to place the root of
the weld in tension.

e The load is maintained until the legs of
the joint come into contact with each other
or the joint fractures

= Significance BREAKING

e To determine the soundness of e
fillet welded joints
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Module 4 — Welding Design Mechanical Testing

Fillet Weld Break Test Procedure

= A force as shown or other forces causing the root of the weld
to be in tension shall be applied to the specimen

= The load shall be increased until the specimen fractures or
bends flat upon itself

= |f the specimen fractures, the fracture surfaces shall be
examined visually to the criteria of the applicable standard
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Module 4 — Welding Design Mechanical Testing

ASME Section IX - QW-180 Fillet Weld Test

Qw-462.4(a) FILLET WELDS IN PLATE — PROCEDURE

T T,
1y in. {3 mm)} and less LA
Over 15 in. (3 mm) Equal to or less than T, but
not less than g in. (3 mm)

i | Size of fillet = thickness
1| of T, not greater than
A i, {19 mm)

]

.l‘-/“ E-/{-"/I o
# (L —
.F':/ ,:({.:/i ----- 1 A
~ Discard 1in. (28 mm) — 2" 71 04 ——— &
. oo . Le 1 &
. > | Ao =
? - I S &
J.f R i & )
6 in. (150 mm) oy A ' ,@Q
min. Ak e
A
. |
T, "/
TI‘ N Macro -Test Spocimun
=

" 6in. (150 mm) min.

GEMERAL NOTE: Macro-test — the filiet shall show fusion at the root of the
weld but not necessarily beyond the root. The weld metal and h&at—affanted
zone shall be free of cracks.
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Module 4 — Welding Design Mechanical Testing

ASME Section IX — QW-180 Fillet Weld Test

QwW-462.4(d) FILLET WELDS IN PIPE — PROCEDURE

T=wall thickness
Quarter section: :

ﬁ' Macro specimen —
T Q (four required) .
|

3in. {75 mm)
min.

Start and stop of wald
near center of specimen

7

L i

] ] 1

l F,-’ 2 in. (50 mm) ! !
K min. ‘ '

1 I I

: :

Max. fillet size =T Ir !

| |

i i

Base metal thickness =2 T Wall thickness = TJL/

GENERAL NOTES:

{a) Either pipe-to-plate or pipe-to-pipe may be used as shown.

{b) Macro test:
{1} The fillet shall show fusion at the root of the weld but not necessarily beyond the root.
{2} The weld metal and the heat-affected zone shall be free of cracks.
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Module 4 — Welding Design Mechanical Testing

Fillet Weld Break Test — Acceptance Criteria

= Fillet Weld Break Test per AWS D1.1

e 4.30.4.1 Acceptance Criteria for Fillet Weld Break Test
+ Reasonably uniform appearance and free of overlap, cracks and undercut
within acceptable limits of visual inspection

* The broken specimen shall be flat upon itself or the fracture surface shall
show complete root fusion with no inclusion or porosity larger than 3/32” in
greatest dimension

+ The sum of the greatest dimensions of all inclusions and porosity shall not
exceed 3/8” in the 6” long specimen.

= Fillet Weld Break Test per ASME Section IX

e QW-182 Fracture Test
* The fracture surface shall show no evidence of cracks or incomplete root
fusion
+ The sum of inclusions and porosity shall not exceed 3/8” or 10% of the
section
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Module 4 — Welding Design Mechanical Testing

Fracture Toughness Tests — Summary of Methods

= Charpy V-notch - Impact on V-notched specimen

= Dynamic Tear - Three point bending of U-notched specimen
loaded at high strain rate by strike

= Plane-Strain Fracture Toughness - Plane-strain critical
fracture toughness value obtained at slow loading rates on
compact tension specimen with maximum constraint (thick
specimen with deep crack) resulting in brittle fracture with
little or no deformation

= Drop-Weight Nil Ductility Transition Temperature — Drop
weight impact on flat notched specimen with maximum
fracture stress at material’s yield stress
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Module 4 — Welding Design Mechanical Testing

Provides a measure of resistance to crack initiation or
propagation or both

The same welding process, procedure, and weld cooling
rates must be used for the test sample and the structure

Fracture toughness of steels is sensitive to service
temperature

Shear Lip

Y Vg
Markings
Shear Lip
L

Chevron
Markings

T

Shear
Deformation

_ Photograph of Typical
Shear Rupture Dimples Brittle Fracture Surface
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Fracture Toughness Test Apparatus

Three-Point
Bending Test

Four-Point endlng Test
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Module 4 — Welding Design

Mechanical Testing

Fracture Toughness Test Specimens

i[ —10 mm

’ /{ 0.25mm R
- L2 ol

DETAIL OF B\
e | =55 MM ———————=»{ NOTCH =45

Charpy V-Notch Impact
Specimen

STRIKER TUP

12.7 mm + 0.8 mm

16 mm 1 mm

181 mm £ 3 mm

/‘-——91 mmtamm——/
/
7

/

41 mm + 2 mm

NOTCH PREFARATION
AS SPECIFIED
IN REFERENCE
DOCUMENT
90° £ 1° TYP

()

127 mm £ 0.8 mm R

| | ANVIL
e iesommz08mm . SUPPORT

Dynamic Tear
Test Specimen
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Module 4 — Welding Design Mechanical Testing

Fracture Toughness Test Specimens

Crack Driving Force: Stress j [ s

Intensity Factor, K, \_‘(‘ '"&;;_%m—f

K, = o+ m e correction.. factor

0.25W . | : |, — NOTCH X
;/E,Holes [_ A . I
1 sl | _ NN
rr( A f N NS _J "
Sz jpems d sams L
RN —
3 T L T
i N |
' '
a p=W B—
w . ’ Drop Weight Nil-Ductility
125w - Temperature Test Specimen

Compact Tension Fracture
Toughness Test Specimen
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Module 4 — Welding Design Mechanical Testing

[ X ‘+f =1
[ = — MECHANIC.
L] | ]| STOP
. e .
340 A oo B -C4€
Po% CRACKS / TETR-
-.L30~50
T 'f ~{ |e=1/16 in. MAX. (1.5 mm)

* r 1 1 Ioc \\x\xﬂ\i'x\\\

YIELD POINT LOADING IN PRESENCE OF SMALL [BASE MET&L//” G

CRACK IS TERMINATED BY CONTACT WITH STOP 0.07-0.08 in.(1.8—2.0mm)
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Module 4 — Welding Design Mechanical Testing

Fracture Toughness Test Procedure

DROP
WEIGHT

COMPACT
TENSION

CENTERLINE
OF WELD

TEAR

Orientation of Weld Metal Fracture Toughness Specimen
in a Double-Groove Weld Thick Section Weldment
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Fracture Toughness Test Acceptance Criteria

120 Tys
STEEL 5o~
)
= STEEL 80
£
= STEEL  130(HY-1%0)
(@)]
—
S STEEL  180(12 Ni MARAGING)
L0
>
o
—
®
5 STEEL  200(18 Ni MARAGING)
STEEL 120 (LOW ALLOY QBT)
TITANIUM 110
ALUMINUM 38
STEEL  200(4340) .
o — ALUMINM 75 Low High
t t temperature
Test Temperature emperature

Charpy V-Notch Test Results
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FRACTURE MODE
TRANSITION OF
BEST STEELS QUE
TQ DECREASING
TEMPERATURE

FRACTURE MODE
TRANSITION OF
OEST STEELS OuE

TO INCREASING
, STRENGTH LEVEL

240 (KSH
7 YIELD STRENGTM
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Module 4 — Welding Design Mechanical Testing

m[ T T T T T i T 1] L) | { ¥ 1 * T LA ]
+ Fracture Toughness K, — ASTM A572 Steel

SO0
e K.FOR AS7Z GRADE 50 STEEL
400 = K ,FOR A5T2 GRADE 50 STEEL
¥ K. FOR AS72 STEEL WITH oy, =62 ksi
s K FOR AST2 STEEL WITH o'y = 62 ksi
E 200 CONVERSION FACTORS:
2 1 ksi = 6895 MN/m?
=2 1ksi/inch = 1.099 Mm™V2
- - C = 5/9(F - 32}

TEMPERATURE, F

Compact Tension Test Results
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