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There are numerous welding processes including arc welding, electron beam welding,
friction welding, laser welding, and resistance welding. This article will concentrate on arc
welding, which is the most common technique used to join most steels. Factors affecting

weld quality will be discussed and how to avoid common weld defects will be presented.

Arc welding requires striking a low-voltage, high-current arc between an electrode and the
base metal. The intense heat generated with this arc melts the base metal and allows the
joining of two components. The characteristic of the metal that is being welded and the joint
type (i.e. groove, fillet, etc.) dictates the welding parameters and the procedure that needs to

be followed to obtain a sound weld joint.
Typical Arc Welding Processes

Shielded metal arc welding (SMAW), which is also known as stick welding, is the most
widely used process. The arc is struck between the metal to be welded and a flux coated
consumable electrode. The fluxes are mostly made from mineral components and cover the
hot weld deposit and protect it from the environment. The solidified glassy product (slag)

should be removed by chipping or with a wire brush after welding.

Gas metal arc welding (GMAW) is also referred to as metal inert-gas (MIG) welding. This
process uses an uncoated continuous wire and the weld area is shielded from contamination

by the gas that is fed through the welding torch.

The mode of metal transfer (spray, globular, short-circuiting, pulsed-arc) is varied by
adjusting the amperage, and the shielding gases used depending on the welding position

and the type of joint.

In Flux-cored arc welding (FCAW) the shielding gases and slag are provided by the
decomposing flux that is contained within the electrode. Auxiliary shielding is also used in

certain instances where deeper penetration is needed.

Gas tungsten arc welding (GTAW) is also known as tungsten inert-gas (TIG). This process
uses a non-consumable electrode. The shielding gas is again fed through the welding torch.
Welding may be accomplished without the addition of filler metal, which is especially

advantageous for thin walled parts.
Shielding gases

The primary purpose of the shielding gas is to protect the molten weld metal from
contamination and high temperature oxidation by the surrounding atmosphere. Although

plain inert gases such as argon and helium may not be suitable for all applications, mixtures



with reactive gases (i.e. oxygen, nitrogen, hydrogen and carbon dioxide) in controlled

quantities will produce stable and relatively spatter-free metal transfer.

A mixture of argon and oxygen or argon and carbon dioxide is usually preferred for ferrous
metals. The high-density arc that is created by argon permits the energy to go into the base

metal as heat, resulting in a narrow bead width with deep penetration.

Helium has higher thermal conductivity and arc voltage than argon, which causes it to
produce broader weld beads.

Because helium is a very light gas, higher flow rates must be used for effective shielding.

This characteristic is beneficial in overhead welding.

Carbon dioxide is widely used for steels. Higher welding speed, better joint penetration and
sound deposits with good mechanical properties can be achieved. Carbon dioxide is not an
inert gas and breaks down into carbon monoxide and free oxygen under the heat of the arc.

The oxygen superheats the weld metal transferring across the arc.
Weld quality
Factors that can affect the quality of a welded component include the following:

Design of the weld joint

Selection of the proper welding process
Qualification of the welding process (by testing)
Proper preparation of the joint prior to welding

Utilization of certified welders
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In-process monitoring of the welding to ensure quality
Arc welding defects

Most welds contain defects (porosity, cracks, slag inclusions, etc.). The question is to
determine if they are significant considering the application. Typically, the applicable codes
or standards specify the maximum allowable limits of these types of defects in a weld based
on the application. Sometimes discontinuities that may not affect mechanical properties may
reduce corrosion performance. The properties of the heat-affected zone (HAZ) are one of
the significant factors to consider when evaluating the soundness of the weld joint. The HAZ
may be considered as a discontinuity because of the metallurgical alterations as a result of
the welding heat, which causes very rapid heating and cooling rates. Grain growth, phase
transformations (such as brittle untempered martensite that can form depending on the

cooling rate and the chemical composition of the base material), formation of precipitates or



overaging (loss of strength in precipitation-hardened alloys) all have a drastic effect on the
properties of the HAZ. It is possible to improve the weld zone properties by controlling the
cooling rate. This may be accomplished by slowing the cooling rate down either by

increasing the heat input or using preheat.

Porosity: Porosity is used to describe cavities or pores caused in the weld during
solidification. Gas pockets are formed in the weld metal when they are entrapped during
solidification. Molten steel readily absorbs hydrogen, carbon monoxide and other gases to
which it is exposed. Since these are not soluble in solid metal, they are expelled as the metal
solidifies. Standard shielded arc electrodes with organic coating such as E6010 produce an
atmosphere around the arc that contains hydrogen, a notable contributor to porosity. When
using such electrodes, welding should be done slowly to allow the gases time to escape
since too high of a travel speed causes rapid solidification of the weld metal leading to
porosity. Weld joint cleanliness is also crucial in avoiding porosity since moisture, oil, paint,
or rust on the base metal may also cause porosity by introducing oxygen or hydrogen into
the weld metal. Employing some minimum preheat temperature is often useful to remove
condensation. It is also necessary to maintain the fluxes and the coated electrodes dry to
avoid moisture pick-up. They are typically kept in an oven at approximately 250°F, or if the
hermetic seal is broken on the containers then the consumables (e.g. welding rods) should
be baked at higher temperatures to drive off the moisture and restore the low hydrogen
characteristics. Common causes and remedies of porosity are listed below along with a

macrograph of a fillet weld containing porosity.

Porosity: gas pockets or volds that are found in welds
_ PossibleCauses | PossibleRemedies
Excessive hydrogen, nitrogen or ' Use low hydrogen welding process, filler
oxygen in welding atmosphere metals high in deoxidizers, increase
: _— : shielding gas flow

High solidification rate |  Use preheat or increasa heat input

Dirty base metal Clean joint faces and adjacent surfaces

Dirty filler wire Use clean wire and store fillers in a clean

_ area

Improper arg length, welding curment or | Modify welding parameters and

elecirode manipulation . lechniques

Inadequate gas coverage Check for proper gas coverage

- Use a wind screen (when ouldoors)

Galvanized Steel Use E7010 electrode and manipulate the
arc heal to volatilize the galvanizing (zinc)
ahead of the malten weld pool

Excessive moisture in electrode | Use recommendead i:'i"ﬁlﬁéaﬂré's for baking

covering or on joint surfaces and storing electrodes

High sulfur base metal Use electrodes with basic slagging
reactions




Incomplete fusion/penetration:
Although these terms are
sometimes used
interchangeably, lack of fusion
occurs when the weld and base
metal fail to adequately fuse
together. It can also be
encountered between weld
passes. It may be caused by not
raising the temperature of the

base metal or previously applied

weld metal to the melting point

or failure to remove the slag or mill scale. Lack of penetration is typically due to inadequate
heat input for the particular joint that is being welded and is usually seen at the sidewalls or
at the root of the weld joint. The shielding gas can also influence the penetration; typically
helium is added for nonferrous metals and carbon dioxide is added for ferrous metals (to
argon) to increase penetration. They are internal discontinuities that are difficult to detect.
These defects are usually caused by incorrect welding parameters, such as too low of a
welding current, insufficient preheat, too fast of a welding speed, incorrect joint preparation,

short arc length or insufficient electrode size.

This type of defect can only be repaired by grinding or gouging out the area and re-welding.
The first macrograph below shows a butt weld with excessive reinforcement and incomplete
penetration. The second macrograph shows lack of penetration to the root of a weld joint,

and the third macrograph illustrates lack of fusion to the vertical member of a fillet weld.

Undercut occurs when a groove that is
formed adjacent to the weld as a result of the
melting of the base metal remains unfilled.
The causes are usually associated with
incorrect electrode angles, incorrect weaving
technique, and excessive current and/or
travel speed. Undercut can be avoided by
using proper welding technique and

parameters. It can be repaired by welding up

i " %, g A | .
e’ oty T DL the resultant groove with a smaller electrode.

An example is shown in the macrograph below (at the toe of the fillet weld).



Weld profile: Geometric imperfections such as the profile of a finished weld may have a
considerable effect on the performance under dynamic loading conditions. Overlap,
excessive reinforcement or misalignment are indications of poor workmanship and can
provide stress concentration points where fatigue cracks can initiate. Underfill is a
depression on the weld face extending below the surface of the base metal. Misalignment is
generally caused by a fitup problem. Overlap is the protrusion of unfused weld metal beyond
the weld toe or weld root. Since overlap forms a mechanical notch it should be repaired by
grinding off excess weld metal and smoothly blending the surface to the base metal.
Excessively concave or convex welds can be repaired either by filling with further weld metal
or grinding back to remove it.

Typical unacceptable butt and fillet weld profiles are shown below.
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Arc strikes. They are caused by the unintentional melting of the base metal outside the
weld deposit area by the welding arc. It can create localized hard or soft spots, cracking or
undercut. Another welder-induced defect is weld spatter. Weld spatter is metal drops
expelled from the weld that stick to surrounding surfaces. It usually occurs when excessive
welding current, long arc or welding voltage is used. Below photographs show arc strikes

and weld spatter near fillet welds.

Tungsten inclusions. In the TIG process, the touching of the electrode to the weld metal
may cause transfer of the tungsten particles into the weld metal. These inclusions are
detected by x-ray and show up as bright particles since they are much denser than the steel.

An example is shown below where the x-ray revealed the tungsten inclusions.



Slag inclusions. One of the main functions of the flux coating in welding is to produce a

slag, which flows freely over the surface of the weld pool and protect it from oxidation. Slag

is the residue of the flux coating in arc welding and is principally a deoxidation product from

the reaction between the flux, air and surface oxides. However, these oxides become

entrapped in the weld metal and need to be cleaned between weld passes (in multi-pass

operations) using a chipping hammer or a wire brush since they do not get melted out. Slag
inclusions not only reduce the cross sectional area of the weld and reduce its strength, but

may also serve as imitation points for fatigue cracks. These imperfections can only be

repaired by grinding down and re-welding. The macrograph below illustrates slag residue

remaining in a groove weld due to inadequate cleaning between weld passes.

back)

Root face oo small

Discontinuity Possible Causes Possible Remedies
~ Undercut Improper walding Reduce arc length
technigue Reducs travel spaad
Lise proper electrode angle
Incomplete Fusicn “Cold" welding Increase current
Travel speed too slow/fast Uze proper fravel speed
Impropar joini detail Improve groove angle
Incomplete Jaint "Cold" welding Increase current
Panetration Travel speed too slowTast Lise proper travel speead
Impropar joini detail Improve groove angle
Excessive "Cold" welding Increase current
Reinforcement Travel speed too slow Increase fravel speed
Underfill Insufficient weld metal Reduce fravel speed
Reduce arc length
Uze suitable electrode
manipulation
Concave Root Current too high Reduce current
Surface [Suck- Arc length too long Maintain proper arc length

Use proper joint fit-up




Excessive malt Excassive root opaning Reduca root apening
through (burn- Current too high Reduce current
through)
Uneven Leg Size Improper electrode angle Use appropriate electrode
itk
Orwverlap Travel spead oo slow Uze proper iravel speed,
Current too low welding current and arc
Are length too shar lengih
Arc: Strikes Improper welding Initiate arc inside the weld
lechnigue joint
Slag Inclusions Improper welding Use welding technigue to
lechnique produce smooth weld beads
Excessive welding cumrent to avoid pockels that can
Excessive arc length trap slag
Improper cleaning belween Use correct current and
passes travel speed to aveid
undercutting tha sidewall
Clean weld between passes
Tungsten Elecirode dipping Keep gun at a distance 1o
Inclusions avold contact with weld

Contact between electrode
and fillar

Current too high
Interrupted gas shialding
Too high elactrade stick-
out

puddle

Hold rod slightly away from
electrode tip

Reduce current

Maintain adequate shielding
Adjust elactrode extension
from torch collet

Cracks. Cracks are the most serious type of weld defects that can lead to catastrophic

failures in service. There are many different types of cracks. One way of categorizing them is

as surface or subsurface cracks. Another way would be as hot (which occur during or

immediately after the weld is deposited or cold (cracks that occur after the weld has cooled

to room temperature-sometimes within hours or days). In general, weld or heat- affected

zone cracks indicate that the weld or the base metal has low ductility and that there is high

joint restraint. Many factors can contribute to this condition such as rapid cooling, high alloy

composition, insufficient heat input, poor joint preparation, incorrect electrode type,

insufficient weld size
or lack of preheat.
Some common causes
and remedies are

given in table below.

Photograph illustrating
crater cracking
resulting from abrupt

weld termination.



Cracks: Hot and cold cracks or microfissures in the weld or the base metal

Fnssilﬁ Causes

Possible Remedies

Cold cracks {rool, toe, underbead and
ransverse): diffusible hydrogen, brittle
structures, restraint stresses

Redry coalings and fluxes, preheat basa
metals

Cold crack (lamellar tear); inadequate
ductility of base metal, high sulfur or
inclusion content in the base melal,
hydrogen in weld, high tensile stresses
in the thickness direction

Use a base metal with higher ductility,
lower sulfur and inclusion content, uldize
low hydrogen electrodes, modify joint
detall and welding process fo lower
slresses

Hot cracks (crater, longitudinal, canter-
line): too high welding current, too
narrow welding groove

Use proper welding current, fill crater, use
appropriate groove angle

Highly rigid joint

Preheat

Relieve residual stresses mechanically
Minimize shrinkage stresses using
backsiep sequence (a longitudinal
sequence in which weld passes are made
in the direction opposite to the progress of
welding)

composition of a weld deposit caused
by the admixture of the base metal)

Excessive dilution (change in chemical |

Change welding current and fravel speed
Weld with covered electrode negative;
butter the joint faces prior o welding
(buttering is depositing surfacing metal to
provide metallurgically compatible weld
metal to the subsequent weld passes)

Poor fit-up

Reduce root pening

Small weld baad

Increase electroda size, raise walding
current, reduce travel spead

ngh aulfur base metal

Lze filler matal low (n sulfur

Excossive distortion

Change to balanced welding on both sides
of joint

Craler cracking

Fill erater before extinguishing the are

High residual stresses

Redesign weldment, change welding
sequence, apply intermediate stress relief

High hardenability

Preheat, increase heat input, heat treat
befora cooling to room temperalure

The effect of carbon equivalent.

The carbon equivalent (C.E.) may be considered as the main factor in estimating the need

for preheat. Generally, the higher the carbon content of steel, the greater the tendency to

form a hard and brittle HAZ. This necessitates the use of preheat and low hydrogen

electrodes. Carbon, however, is not the only element that influences hardenability.

Other elements in steel also are responsible for the hardening and loss of ductility that occur

with rapid cooling. One of the various empirical formulas used to determine carbon

equivalent is given in the Structural Steel Welding Code (AWS D1.1) as follows:
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%C.E. = %C + % (Mn+Si)/6+ % (Cr+Mo+V)/5 + % (Ni+Cu)/15

The approximate recommended preheat temperatures based on C.E. are:

For up to 0.45%............ preheat is optional
0.45-0.60%.........ccennn... 200-400°F
Over 0.60%.........cevvnnne 400-700°F

Usually a steel that requires preheat must also be kept at this temperature between weld
passes. The heat input of the welding process is adequate to maintain the required interpass
temperature on most weldments. On massive components this may not be the case and
torch heating between passes may be required. Since the purpose of preheating is to
reduce the quench rate, the same slow cooling rate must be achieved for all passes.

Besides the widely used carbon equivalent criteria, the following factors should also be
considered when determining the need for preheat/post weld heat treat: code requirements,
section thickness, restraint, ambient temperature, filler metal hydrogen content and previous

cracking problems. https://www.welding-advisers.com/FCA-welding-tips.html

Tabla 11-12 —Preheats for various matals.

Type of Stecl Proheat
| Low-Carbian Slae Fooim Ternpersburs or up Lo 200°F (8070)
Madium-Carhon Siasl A00-5H"F (20526070
High-Cartaon Shesl S00-6007F [260-315"C)
Lowv-allay hckn Stonl
-Lizgs than &' (B4 mm) thick Rnoim Tioim peradura
| -Peiare Bhan 44 (5.4 mm] thick BO0°F (26075
Low.alky Mcke-Chroma Siesl
-Carban comient below 20% H00-300°F [83-15070)
-Carbon corlant .20% o 35% G00-800°F (I5-425°C)
Carban conlent showe 35% B00-1100°F (480.595°C)
Low-alloy Manganess Stoal 400-800°F [205-3157C)
Low-glloy Chrome Siaal Uip lo THIF {40070
Low:alloy Molytdonem Stool
Carbon contes bplow 1509 Fonm Tamn paradure
Carhion conbee Bbove . 15% A00-850°F (205-3457C)
Low-alloy High Tanala Sheal 150-3M°F [66-1507C]
Aarsienilic Slainlnss Sl Foowam Tiean pasraliu ra
Ferriic Stankess Stoal J0-350°F [150-260°C)
| Murignsilic Siainlss Steal 400-800°F [205-315°C)

Thé aches prafaal needod may depand on several oiibar laclors, Buch as The thickneas af (ks base
matal, tha Aol of joind restmint, and whather or not oey-hytinngan ypes of slacirndas & used. Ths
chart & intended as general information; the spectications of the job should ba checked for the speciic

prahe lamperaiune uEed.
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Weld Process Related

Metallurgical Discontinuities

Undercut

Undercut typically has an allowable limit.

Different codes and standards vary greatly
in the allowable amount.

Plate - the lesser of 1/32" or 5% (typ.)

Insufficient Fill Definition:

The weld surface is below the adjacent surfaces
of the base metal

Cause: Improper welding techniques

Prevention: Apply proper welding techniques for
the weld type and position. Use stripper beads
before the cover pass.

Repair: Simply weld to fill. May require
preparation by grinding.

12



Underfill
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Insufficient Fill on the Root Side (suckback)

Definition: The weld surface is below the
adjacent surfaces of the base metal at the weld
root.

Cause: Typically improper joint preparation or
excessive weld pool heat.

Prevention: Correct cause. (see next slide)
Repair: Backweld to fill. May require removal of
weld section by grinding for access to the joint
root.

13



Excessive Concavity or Convexity

Definition: Concavity or convexity of a
fillet weld exceeding specified limits

Cause: Amperage and travel speed

Prevention: Observe proper parameters
and techniques.

Repair: Grind off or weld on. Must blend
smoothly into the base metal.

14



Convexity

Excessive convexity

15



Reinforcement

« The amount a groove weld extends beyond the surface of the plate

« Excessive

euffic Face
* Insufficient FEeinforcement
« Improper contour
—_*-_—
Excessive Reinforcement : :
1
]
» Definition: Specifically defined 1-#
standard.
+ Typically, Flush to 1/16”(pipe) or Root
flush to 1/8” Reinforcement

* (plate or structural shapes).

» Cause: Travel speed too slow, amperage too low

* Prevention: Set amperage and travel speed on scrap plate.

* Repair: Remove excessive reinforcement and feather weld toes to a

smooth transition to the base plate.

Excessive weld reinforcement
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Insufficient Reinforcement

Definition: Specifically defined standard.

Typically, None or up to 5% of metal thickness not to exceed 1/32” as long as the
thickness is made up in the opposite reinforcement. Not applied to fillet welds.
Cause: Open root reinforcement - Too little filler metal will cause thinning of the filler
metal. In OH position, too hot or too wide will cause drooping of the open root puddle.
Prevention: Use proper welding technique. Use backing or consumable inserts. Use
back weld or backing.

Repair: Possibly simply increase the face reinforcement.

If back-welding is not possible, must remove and re-weld.

Improper Weld Contour

Definition: When the weld exhibits less than a 135° transition angle at the weld toe.
Cause: Poor welding technique

Prevention: Use proper techniques. A weave or whip motion can often eliminate the

problem. -
Repair: The weld face must be feathered into the base plate. .ff /
i

Unacceptable weld profiles
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Overlap
Definition: When the face of the weld extends beyond the weld toe

» Cause: Improper welding technique. Typically, electrode angles and travel speed.
* Prevention: Overlap is a contour problem. Proper welding technique will prevent this
problem.
* Repair: Overlap must be removed to blend smoothly into the base metal.
o Be careful of deep grind marks that run transverse to the load.
o Also be careful of fusion discontinuities hidden by grinding. Use NDT to be
sure.

* Overlap is measured with a square edge such as a 6” rule. No amount of overlap is

typically allowed.
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Burn-through (non-standard)

» Definition: When an undesirable open hole has been completely melted through the
base metal. The hole may or may not be left open with further processing.

+ Cause: Excessive heat input.

* Prevention: Reduce heat input by increasing travel speed, use of a heat sink, or
reduce welding parameters.

* Repair: Will be defined by standards. Filling may suffice. Otherwise, removal and re-
welding may be required. Some standards may require special filler metal and/or
PWHT.

Incomplete or Insufficient Penetration

» Definition: When the weld metal does not extend to the required depth into the joint
root

» Cause: Low amperage, low preheat, tight root opening, fast travel speed, short arc
length.

* Prevention: Correct the contributing factor(s).

* Repair: Back gouge and back weld or remove and reweld.

Incomplete & excessive penetration

..-_--,.p- F'h |il|l
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Incomplete (or Lack of) Fusion

Definition: Where weld metal does not form a cohesive bond with the base
metal.

Cause: Low amperage, steep electrode angles, fast travel speed, short arc
gap, lack of preheat, electrode too small, unclean base metal, arc off seam.
Prevention: Eliminate potential causes.

Repair: remove and re-weld, being careful to completely remove the defective

area. This is sometimes extremely difficult to find.

Incomplete fusion

Arc Strike

Definition: A localized coalescence outside the weld zone

Cause: Carelessness.

Prevention: In difficult areas, adjacent areas can be protected using fire
blankets.

Repair: Where applicable, arc strikes must be sanded smooth and tested for
cracks. If found, they must be remove and repaired using a qualified repair

procedure and inspected as any other weld.

Inclusions

Slag
Wagon-tracks

Tungsten
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Slag Inclusion

Definition: Slag entrapped within the weld

Cause: Low amperage, improper technique, trying to weld in an area that is too tight.
Slow travel in Vertical Down

Prevention: Increase amperage or preheat, grind out tight areas to gain access to
bottom of joint.

Repair: Remove by grinding. Reweld. (https://weldguru.com/slag-inclusion/)

How Is Slag Different From Welding Flux.

https://www.youtube.com/watch?v=us66qtKRODY &ab channel=CavitarlLtd

Flux is a combination of compounds that enters the molten weld pool with the filler
metal.

As it melts, it reacts with Oxygen/Nitrogen in the surrounding atmosphere to create
its respective Oxides/Nitrides. This prevents these gases from oxidizing the base
metal(s).

Some of it dissolves into the weld pool and undergoes similar reactions with
impurities inside the base metal.

These non-metallic products from these chemical reactions are collectively known as
slag.

Slag rises to the top of the pool because of its low density. Upon reaching the
weldment’s surface, it solidifies to create a layer of protection between the molten
metal and air, blocking further reactions between the two.

This way flux, which eventually becomes slag, shields the weld pool from the air and
rids it of internal impurities.

To sum it up, flux is an essential input that keeps the weldment pure from non-

metallic impurities. Slag is a waste product that must be removed from the joint after

the welding is finished. Welding Defect - Watch How Slag Inclusion Happens!
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Wagon Tracks (non-standard)

» Definition: Slang term for a groove left at the toe of a root pass which
becomes filled with slag and is trapped in the weld.

» Cause: The contour of the root pass is too high, or the weld toe is not bonded
to the base metal

* Prevention: Use proper technique to deposit the weld root.

* Repair: Best repaired before applying the hot pass. Carefully grind the root
pass face flat. be careful not togouge other areas on the weldment.

Whiskers

» Typically GMAW, can be GTAW
* Unconsumed weld-wire passes or pushes through weld joint and is caught in
root penetration
o Unsightly
o Inhibits material flow in piping
o Can break off in pipes and damage equipment downline

o Considered inclusions
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Spatter

+ Definition: Small particles (droplet) of weld metal expelled from the welding operation
which adhere to the base metal surface.

+ Cause: Long arc length, severe electrode angles, high amperages.

» Prevention: Correct the cause. Base metal can be protected with coverings or hi-temp
paints.

* Repair: Remove by grinding or sanding.

*« Sometimes must be tested as if it were a weld.

Arc Craters

» Definition: A depression left at the termination of the weld where the weld pool is left
unfilled.

* Cause: Improper weld termination techniques

* Prevention: Improve technique or use equipment function

* Repair: If no cracks exist, simply fill in the crater.

* Generally welding from beyond the crater back into the crater.
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Cracks

* Longitudinal

 Transverse

* Crater

* Throat

« Toe

* Root

* Underbead and Heat-affected zone
*  Hot

* Cold or delayed

Longitudinal Crack

» Definition: A crack running in the direction of the weld axis. May be found in the weld

or base metal.

» Cause: Preheat or fast cooling problem. Also caused by shrinkage stresses in high
constraint areas.

* Prevention: Weld toward areas of less constraint.

* Also preheat to even out the cooling rates.

* Repair: Remove and reweld
Toe Crack

+ Definition: A crack in the base metal beginning at the toe of the weld
+ Cause: Transverse shrinkage stresses. Indicates a HAZ brittleness problem.

* Prevention: Increase preheat if possible, or use a more ductile filler material.
Throat Crack

+ Definition: A longitudinal crack located in the weld throat area.

+ Cause: Transverse Stresses, probably from shrinkage. Indicates inadequate filler
metal selection or welding procedure. May be due to crater crack propagation.

+ Prevention: Correct initial cause. Increasing preheat may prevent it. be sure not to
leave a crater. Use a more ductile filler material.

* Repair: Remove and reweld using appropriate procedure. Be sure to correct initial

problem first.
WELDING DEFECTS! Porosity, Arc Strikes, Undercut

https://www.youtube.com/watch?v=82LQ2cMoE5c&ab channel=Weld.com
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Crater Crack

+ Definition: A crack, generally in the shape of an “X” which is found in a crater. Crater
cracks are hot cracks.

» Cause: The center of the weld pool becomes solid before the outside of the weld
pool, pulling the center apart during cooling

* Prevention: Use crater fill, fill the crater at weld termination and/or preheat to even

out the cooling of the puddle.
Transverse Crack

+ Definition: A crack running into or inside a weld, transverse to the weld axis direction.

+ Cause: Weld metal hardness problem.
Root Crack

» Definition: A crack in the weld at the weld root.
+ Cause: Transverse shrinkage stresses. Same as a throat crack.

* Prevention: Same as a throat crack.
Underbead Crack

» Definition: A crack in the un-melted parent metal of the HAZ.
+ Cause: Hydrogen embrittlement
* Prevention: Use Lo/Hi electrodes and/or preheat

* Repair: (only found using NDT). Remove and reweld.
Hot Crack

+ Definition: A crack in the weld that occurs during solidification.
+ Cause: Micro stresses from weld metal shrinkage pulling apart weld metal as it cools

from liquid to solid temp.
Cold Crack

» Definition: A crack that occurs after the metal has completely solidified
» Cause: Shrinkage, Highly restrained welds, Discontinuities
* Prevention: Preheat, weld toward areas of less constraint, use a more ductile weld

metal Repair: Remove and reweld, correct problem first, preheat may be necessary.

All these errors are listed here in order because they are explained in detail in my other

works so as not to repeat myself.
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Repairs to Cracks
Determine the cause

» A crack during application of a welding process is an indicator of a bigger PROCESS
PROBLEM

* Correct the problem

» Take precautions to prevent reoccurrence

* Generally required to repair using a smaller electrode.
Base Metal Discontinuities

« Laminations and De-laminations
* Lamellar tearing

* Laps and Seams
Laminations

* Base Metal Discontinuity

» Typical of rolled plate and strip

* May require repair prior to welding
* Formed during the milling process

* De-lamination - a lamination opened under stress
Laps and Seams

* A mill-induced discontinuity resulting from a lump of metal being squeezed over into
the surface of the material.

+ If beyond acceptable limits, must be removed and repaired or discarded.
Porosity

* Single Pore

* Uniformly Scattered

* Cluster

* Linear

* Piping
Single Pore

Separated by at least their own diameter along the axis of the weld.
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Uniformly Scattered Porosity

* Typically judged by diameter and proximity to a start or stop
+ Often caused by low amperage or short arc gap or an unshielded weld start.

Cluster Porosity

Typically viewed as a single large discontinuity.

Linear Porosity

being linear greatly affects the severity of this discontinuity.
Piping Porosity

Generally has special allowable limits.

Porosity

* Preheat will help eliminate
* May need an electrode with more deoxidizers
* Use run-on/run-off taps

* Restart on top of previous weld and grind off lump
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Hammer marks

» Stress risers
* Unsightly

* Unnecessary
Heat-affected zone microstructure alteration

* Metallurgical change in HAZ - may include
o grain refinement
o grain growth
o hardened areas
o softened areas

o precipitate suseptable areas.
Defect vs. Discontinuity

+ Discontinuity - if it renders the part unusable, it is a defect.

» Defect - itis outside the allowable limit, it renders the part unusable.

» Design must recognize - things don’t have to be perfect, just within acceptable
tolerance.

* Perfection is time consuming and costly.
Repair techniques
May involve:

» different process

» different procedure

» different preheat/PWHT
+ different electrode

+ smaller electrode
Repairs
Only repair defects.
* Discontinuities are, by definition, acceptable.

* Discontinuity pair is unnecessary and not cost effective.
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Metallic materials — Method of test for the determination of
guasistatic fracture toughness of welds

1 Scope

This International Standard specifies methods for determining fracture toughness in terms of K (stress
intensity factor), ¢ (crack tip opening displacement, CTOD) and J (experimental equivalent of the J-integral) for
welds in metallic materials.

This International Standard is complementary to 1SO 12135, which covers all aspects of fracture toughness
testing of parent metal and which needs to be used in conjunction with this document. This International
Standard describes methods for determining point values of fracture toughness. It should not be considered a
way of obtaining a valid R-curve (resistance-to-crack-extension curve). However, the specimen preparation
methods described in this International Standard could be usefully employed when determining R-curves for
welds. The methods use fatigue precracked specimens which have been notched, after welding, in a specific
target area in the weld. Methods are described to evaluate the suitability of a weld for notch placement within
the target area, which is either within the weld metal or within the weld heat-affected zone (HAZ), and then,
where appropriate, to evaluate the effectiveness of the fatigue crack in sampling these areas.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 3785, Metallic materials — Designation of test specimen axes in relation to product texture

ISO 12135, Metallic materials — Unified method of test for the determination of quasistatic fracture toughness

3 Terms and definitions
For the purposes of this document, the terms and definitions given in ISO 12135 and the following apply.

3.1

stretch zone width

SZW

increase in crack length associated with crack tip blunting — i.e. prior to the onset of unstable crack extension,
pop-in (see 3.3) or slow stable crack extension — and occurring in the same plane as the fatigue precrack

3.2
target area
intended fatigue crack tip position within the weld metal or HAZ

NOTE See 3.7 and 3.9.

© 1SO 2010 — All rights reserved 1
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3.3

pop-in

an abrupt discontinuity in the force versus displacement record, featured as a sudden increase in
displacement and, generally, a sudden decrease in force, subsequent to which displacement and force
increase to above their values at pop-in

3.4

local compression

controlled compression applied to specimens in the thickness direction on the unnotched ligament prior to
fatigue cracking using hardened steel platens

NOTE See Annex C.

35

welding

an operation in which two or more parts are united by means of heat, friction, pressure or all three of these, in
such a way that there is continuity in the nature of the metal between these parts

NOTE Filler metal, the melting temperature of which is of the same order as that of the parent metal, may or may not
be used.

3.6
weld
union of pieces of metal made by welding

3.7
weld metal
all metal melted during the making of a weld and retained in the weld

3.8

parent metal

base metal

metal to be joined by welding

3.9

heat-affected zone

HAZ

zone in the parent metal that is metallurgically affected by the heat of welding

3.10

fusion line

FL

junction between the weld metal and the parent metal heat-affected zone

3.11

weld positional

WP

target position for the fatigue crack tip, defined with respect to a reference line

NOTE See Figure A.1 for examples.

3.12

specific microstructure

SM

target microstructure for the fatigue crack tip

NOTE See Figure A.2 for examples.

2 © 1SO 2010 — All rights reserved
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3.13
specimen blank
specimen prepared from weld metal plus parent metal prior to notching

3.14

postweld heat treatment
heat treatment applied after welding for the purpose of reducing residual stresses or modifying weld properties

4 Symbols and units

For the purposes of this document, the symbols and units given in Table 1 apply in addition to those in
ISO 12135.

Table 1 — Symbols and units

Symbol Unit Designation
dy, dp mm Lengths of microstructural features associated with pop-in.
h mm Effective weld width, defined as shortest distance between fatigue crack tip and weld fusion
line within the central 75 % of the thickness (see Figures 13 and 14).
HV10 Vickers hardness using 10 kg force.
N Normal to welding direction.
P Parallel to welding direction.
Q Weld thickness direction.
Ro0,2b MPa 0,2 % offset yield strength of parent metal at the temperature of the fracture test.
Ro0.2w MPa 0,2 % offset yield strength of weld metal at the temperature of the fracture test.
Rmb MPa Tensile strength of parent metal at the temperature of the fracture test.
Rmnw MPa Tensile strength of weld metal at the temperature of the fracture test.
S mm Distance between crack tip and target area measured in the crack plane (see Figure 12).
S, mm Distance between crack tip and target area measured perpendicular to the crack plane (see
Figure 12).
V, Vy, Vo mm Crack mouth opening displacement.
X Direction parallel to primary grain flow of parent metal.
Y Direction transverse to primary grain flow and to thickness of parent metal.
4 Direction through thickness of parent metal.
Adpop mm Maximum length of brittle crack extension (beyond SZW) (see 3.1) associated with pop-in.
A mm Length of specific microstructure measured in pre-test or post-test metallography (see
Figure B.2).
5 Principle

This International Standard specifies procedures for the determination of fracture toughness on notched-plus-
fatigue-cracked specimens taken from welds. It pertains to situations where the crack tip is

a) located in relation to a weld feature of interest, referred to as “weld positional” (WP);
b) specifically located within a microstructure of interest, referred to as “specific microstructure” (SM).

Metallographic examination of the weld is used to confirm that the target weld feature and/or microstructure is
indeed present at the crack tip and in sufficient quantity for testing.

© 1SO 2010 — All rights reserved 3
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Specimen geometry and notch orientation are chosen, and a fatigue crack then extended from the specimen'’s
notch tip into the target weld feature or microstructure by applying a controlled alternating force to the
specimen. The purpose of the test is to determine weld fracture toughness in the absence of significant
welding stresses. To achieve this and to produce a straight-fronted fatigue crack, modifications to the fatigue
precracking procedure may be required. These modifications are usually necessary when testing as-welded or
partially stress-relieved welds.

The fracture toughness test is performed and evaluated in accordance with 1SO 12135, but subject to
additional requirements of this test method regarding post-test analysis (see 12.1, 12.2 and 12.3) and
qualification (see 12.4).

Post-test metallography is often required to make certain that the crack tip was located in the target weld
feature and/or microstructure and to determine the significance of pop-ins.

The sequence of operations is summarized in Figure 1.

6 Choice of specimen design, specimen orientation and notch location

6.1 Classification of target area for notching

A specimen selected for weld positional (WP) testing is intended to test a defined weld region with respect to a
reference position (e.g. the weld metal centreline).

A specimen selected for specific microstructure (SM) testing is intended to sample a specific microstructure
along the whole or part of the crack front length within the central 75 % of the specimen thickness.

NOTE Some examples of WP and SM notch locations are given in Annex A.

WP weld metal centreline notch locations sampling predominantly grain-refined regions may give misleading
(overly high) values of fracture toughness for misaligned two-pass and parallel multi-pass welds. For these
welds, it is recommended that the SM notch locations shown in Figures A.2 iv) and A.2 v), respectively, be
used.

6.2 Specimen design

Specimen design shall be of compact or single-edge-notched bend configuration as defined in ISO 12135 and
may be plain-sided or side-grooved. Bend specimens notched into the plate thickness (see Figures 2, 3 and 4,
parent metal specimens XY and YX and weld metal specimens NP and PN) are referred to as through-
thickness notched specimens, whilst those notched into the planar surface of the plate (see Figures 2, 3 and 4,
parent metal specimens XZ and YZ and weld metal specimens NQ and PQ) are referred to as surface-
notched specimens.

NOTE Tolerances on weld specimen dimensions are less stringent than those for testing parent metal (see 8.1).

Test specimens shall have the dimension B or W (see Figure 5) equal to the full thickness of the parent metal
adjacent to the weld to be tested (excluding weld overfill).

Testing of sub-sized (i.e. B or W< full thickness in directions Q for weld and Z for parent metal in Figures 2, 3
and 4) and/or side-grooved specimens is permitted, but shall be properly identified as such in the test report.

Results from sub-sized and/or side-grooved specimens may differ from those from full-thickness specimens
owing to size effects and/or different microstructural regions being tested.

6.3 Specimen and crack plane orientation

Specimen and crack plane orientation relative to the weld and parent metal working directions shall be defined
using the identification system described in Figures 2, 3 and 4.
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a) Parent metal

b) Weld metal

Key
1  rolling direction

N = normal to weld direction
P = parallel to weld direction
Q = weld thickness direction

First letter in designation: the direction normal to the crack plane.
Second letter in designation: the expected direction of crack propagation.
See ISO 3785 for the definitions of X, Y and Z.

Specimen orientations NP and PN shall be referred to as through-thickness notched, whilst specimen
orientations NQ and PQ shall be referred to as surface-notched.

Figure 2 — Crack plane orientation code for fracture toughness
specimens of parent metal and weld metal
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a) Typical butt weld

Z 5

LY el TS

b) Cruciform joint

Key

1 HAZ

2  weld

3 weld specimen orientation NP/XY
4 weld specimen orientation NP/YX
5  through-crack NP/ZX or NP/ZY

X =rolling direction
Q = weld thickness direction
For tests of the HAZ, where the rolling direction of the parent metal may affect resistance to crack extension,

the weld and parent metal orientations may be combined to give both the weld direction and the parent metal
rolling direction as shown in this figure and Figure 4.

Figure 3 — Crack plane orientation code for fracture toughness specimens
for testing the HAZ of a typical butt weld and cruciform joint
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b) Angled cruciform joint

Key
1 rolling direction

For tests of the HAZ, where the rolling direction of the parent metal may affect resistance to crack extension,
the weld and parent metal orientations may be combined to give both the weld direction and the parent metal
rolling direction as shown in this figure and Figure 3.

Figure 4 — Crack plane orientation code for fracture toughness specimens for testing the HAZ at an
angle, a, to the parent metal rolling direction for a typical butt weld and angled cruciform joint

7 Pre-machining metallography

7.1 Microstructural assessment of macrosections

When the notch target area is defined as SM, either separate macrosections or the ends of the welds shall be
prepared with the plane of the section perpendicular to the welding direction. These transverse weld sections
shall bound the length of weld to be tested to ensure that the target microstructure is present at the expected
crack tip position and in sufficient quantity for testing. The macrosections shall be polished, etched and
examined at a magnification suitable to identify the target area prior to specimen manufacture. Where
separate macrosections are prepared, their positions along the weld shall be recorded.

Examination of the macrosections shall be used to establish that

a) in athrough-thickness notched specimen, the intended crack tip is likely to reside in the target area within
the central 75 % of the thickness;

b) in a surface-notched specimen, the intended crack tip is no more than 0,5 mm from the target area.
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If the desired microstructure is not present, there is insufficient quantity to test, or the crack tip position
tolerances cannot be achieved, the weld shall be rejected as unsuitable for testing to the SM criteria. In this
case, a new target area may be selected or a new weld prepared. If the bend specimen is to be employed and
the specific microstructure is available in sufficient quantity to test, but the crack tip position tolerances cannot
be achieved, the shallow-notched specimen testing procedures described in Annex E may be used by
agreement between the parties involved.

Owing to the lower crack tip constraint associated with a shallow notch, the fracture toughness value
determined from a shallow-notched specimen (0,10 < a /W < 0,45) (a, = initial crack length, W= specimen
thickness) may be higher than that obtained from a standard notched specimen (0,45 < a /W < 0,70) for the
same crack tip microstructure. The significance of this potential difference shall be considered when a
shallow-notched specimen is to be used.

7.2 Additional requirements for heat-affected zone tests

When the target area is SM in the HAZ, microstructural examinations additional to those in 7.1 shall be
conducted on the polished and etched macrosection to determine whether or not the target microstructure is
within the central 75 % of the thickness and in sufficient quantity for a successful test.

The measured positions and lengths of the target microstructure may optionally be presented in map form (an
example is shown in Annex B). If such a map is drawn, it shall include the full macrosection thickness,
showing the positions of the target microstructure. The percentage of target microstructure shall be calculated
over the central 75 % of the specimen thickness.

Where surface-notched specimens are selected, the macrosection shall be used to confirm that the target
microstructure is present within the range 0,45 < a,/W < 0,70.

If it is considered unlikely that the fatigue crack tip is placed in accordance with the SM acceptance criteria,
then consideration shall be given to revising the target area, preparing a new weld or using a shallow-notched
specimen as described in 7.1.

8 Machining

8.1 Tolerances on specimen dimensions

Specimen blanks shall be machined from the product so that the target area identified for testing can be
successfully notched. Blanks shall be machined to the dimensional tolerances defined here prior to notching.

Compact specimens shall meet the dimensional requirements of 1ISO 12135. Standard bend specimens shall
conform to Figure 5. Shallow-notched bend specimens (see 7.1, 7.2 and Annex E) shall likewise conform to
Figure 5 except that the relative crack length shall be in the range 0,10 < a,/W < 0,45.

NOTE 1  The dimensional tolerances in Figure 5 for the standard single-edge-notched bend specimen are intentionally
less stringent than those of ISO 12135 in order to minimize alteration of the original weld product.

Weld misalignment, weld distortion and specimen blank curvature (for blanks removed from pipe sections)
shall conform to the requirements of Figure 6. The straightness requirement of 2,5 % of W on specimen blank
sides applies to pipe curvatures (expressed as the ratio of pipe radius to weld thickness) > 10. Welded joints
not meeting the specified straightness/misalignment requirements shall be straightened by local bending prior
to notching. The points of straightening-force application shall be located at a minimum distance B from the
region to be notched. It is essential that the region to be notched is not deformed by straightening operations.
A method for straightening specimen blanks from distorted or curved sections is illustrated in Figure 7.

When it is not possible to straighten a specimen blank taken from pipe, a rectangular block of test material
may be cut from the pipe and joined by welding to suitable extension pieces. The total length of the test block
and extension pieces shall give a specimen of sufficient length to satisfy the curvature requirements of
Figure 6. The weld joints shall be sufficiently distant so as not to affect the target microstructure.
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NOTE 2 Laser and electron beam welding processes have proved useful in producing narrow joints of low distortion
between the test block and the extension pieces.

When a full section thickness specimen is intended, machining shall be kept to a minimum in order to meet
the tolerance requirements and the requirements for local compression (see Clause C.2).

Weld overfill shall be machined level with the original product surface.

When the metal thicknesses on each side of the weld differ by 10 % or more, the blank shall be machined
down to the thickness of the thinner side. In such cases, the original and final specimen blank dimensions
shall be reported.

8.2 Notch placement for through-thickness notched specimens

The procedure for through-thickness notch placement for the NP crack plane orientation is illustrated in
Figure 8. Both the surface to be notched (side A) and the opposite surface (side B) are ground and etched to
reveal the weld and HAZ. A reference line is scribed on each prepared surface A and B normal to the
specimen axis +£5° and along the targeted microstructure. These scribed lines are carried over onto the
surfaces normal to the prepared surfaces. A new line is then constructed equidistant between the carried-over
lines. This line is used to delineate the intended plane of the notch to be machined into surface A.

NOTE This procedure is designed to ensure that the final crack tip is in the targeted microstructure (especially if it is
the HAZ) when the specimen axis in not perpendicular to the weld direction and a,/W=0,5. If a,/W= 0,5, the line

constructed to delineate the intended plane of the machined notch is adjusted laterally to ensure that the final crack tip is
in the targeted microstructure.

8.3 Notch placement for surface-notched specimens

The procedure for surface-notch placement for the NP crack plane orientation is illustrated in Figure 9. The
side surfaces (those at right angles to the surface to be notched) are ground and etched to reveal the weld
metal and HAZ. Reference lines are scribed upwards from the selected target-microstructure area to the
surface to be notched. Perpendiculars emanating from the scribe lines (normal to the specimen axis + 5°) are
marked (again by scribing) on the surface to be notched. A new line is constructed equidistant between the
two lines. This line is used to delineate the intended plane of the machined notch.

NOTE This procedure is designed to ensure that the final crack tip, at the specimen mid-thickness, is in the targeted
microstructure when the specimen axis is not perpendicular to the weld direction.

8.4 Notch machining

Notch machining shall follow the guidelines of ISO 12135.
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Figure 5 — Proportional dimensions and tolerances for bend specimens
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Figure 6 — Tolerances for misalignment, distortion and curvature
in single-edge-notched bend specimens
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a) To reduce angular distortion

=B

b) To reduce curvature of specimen blank from pipe (each specimen arm straightened separately)

c) Resultant “gull wing” specimen blank shape

Key

1 applied straightening force
2  weld

Figure 7 — Method for straightening bend specimens
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W
6
Key
1 reference scribe line A
2 fusion line
3 side B (unnotched side)
4 reference scribe line B
5 side A (notched side)
6  notch
Figure 8 — Notch placement procedure using reference scribe lines
in a through-thickness notched specimen
(NP crack plane orientation)
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3 notched side
4 reference scribe line B
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6 side A
7 sideB

Figure 9 — Notch placement procedure in a surface-notched specimen
(NP crack plane orientation)
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9 Specimen preparation

9.1 Fatigue precracking

Fatigue precracking shall be carried out in accordance with 1SO 12135. For specimens where the intended
fatigue crack tip is located in weld metal, the calculation of the maximum fatigue precracking force, F;, and the
maximum fatigue stress intensity factor, K;, shall be based on the tensile properties of the weld metal, i.e. the
region in which the fatigue crack is to be located. In all other cases, the properties of the adjacent material
with the lowest tensile properties shall be used.

Any post-weld or stress relief heat treatment shall be completed before fatigue precracking.

When possible, use of the shortest fatigue crack length permitted in 1ISO 12135 is recommended in order to
minimize fatigue crack front bowing and crack deviation from the specified target area.

Problems may occur in meeting the fatigue crack front straightness requirements specified in 12.4, particularly
with specimens prepared from as-welded or partially stress-relieved welds. In such instances, the procedures
given in Annex C shall be considered.

NOTE 1 The magnitude and distribution of residual stresses in as-welded and partially stress-relieved specimens
depend on the material, the welding procedure, the degree of restraint and the post-weld specimen preparation.

NOTE 2  Residual stresses may (or may not) contribute to uneven fatigue crack extension, and may have an effect on
the resulting fracture toughness determination.

If the specimen is prepared from a stress-relieved weld, then the procedures in Annex C may not be
necessary.

NOTE 3 A straight fatigue crack front may indicate a) low or b) uniform residual stresses in the vicinity of the crack tip.
If the fatigue precrack does not meet the straightness requirements of 12.4, then modifications to the fatigue

precracking procedure shall be made in accordance with Annex C. When such modifications are made, the
fracture toughness result shall be identified as described in 12.4.4.

9.2 Side grooving

Where side grooving is selected, it shall be conducted in accordance with the requirements of ISO 12135.

10 Test apparatus, requirements and test procedure

The apparatus, requirements and procedures for K., 6 and J testing shall all be as prescribed in ISO 12135.

11 Post-test metallography

11.1 General

Post-test metallography shall be applied to specimens designated for SM testing in order to verify crack tip
placement in the target microstructure. A section containing the fracture face shall be cut from the specimen.
When the target area is the HAZ, the section shall be removed from the side of the specimen containing the
weld metal. This section shall be used for the post-test analysis described in 11.2 and 11.3 to verify the
microstructure at the fatigue crack tip.

Post-test sectioning is not required when the target area is WP.
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In the case of brittle fracture, verification that the crack tip did indeed sample the specific microstructure does
not guarantee that cleavage initiation necessarily occurred in that microstructure. Further sectioning and
metallography may be necessary (when requested by the customer) to identify the microstructure at fracture
initiation. The recommended sectioning procedures are the same as those described for the assessment of
pop-in and are given in Annex D.

11.2 Through-thickness notched specimens

11.2.1 Sectioning

The through-thickness notched specimen shall be sectioned in a plane perpendicular to the fracture surface,
behind the fatigue crack tip, at a position within 2 mm of the maximum fatigue precrack length, and shall
include the fatigue crack over the central 75 9% of the specimen thickness (B or By for side-grooved
specimens) (see Figure 10, section A). The cut surface shall be examined metallographically to ensure that
the fatigue crack did indeed sample the specific microstructure.

11.2.2 Assessment

The prepared metallographic surface shall be examined to ensure that the fatigue crack tip front sampled the
SM and that the SM was located within the central 75% of the specimen thickness (B or By). A
microstructural map shall be prepared which records the positions and lengths of the specific microstructure
within the central 75 % of the specimen thickness (B or By). An example of a specimen notched into the HAZ
is shown in Annex B.

11.3 Surface-notched specimens

11.3.1 Sectioning

If the specimen fractures by cleavage, the fracture surface shall be examined at a suitable magnification to
identify the initiation site, and at least one section shall be taken as close as possible to this position. If only
stable crack extension has occurred, the section shall be taken at the maximum fatigue precrack length. The
plane of the section shall be perpendicular to the notch/crack plane (see Figure 11).

Identification of the fracture initiation site may be done visually, but may require the aid of optical microscopy
or scanning electron microscopy.

11.3.2 Assessment

The prepared metallographic surface shall be examined to ensure that the fatigue crack tip sampled the SM. If
the SM lies ahead of the fatigue crack tip, the minimum separation distance, s;, shall be measured to an
accuracy of + 0,05 mm [for NQ crack plane orientation, see Figure 12 a)]. If the specific microstructure lies to
one side of the fatigue crack tip, the separation distance, s,, shall be measured to an accuracy of +0,05 mm
[see Figure 12 b)].

NOTE It might be necessary to section both fracture surfaces to establish these distances.

11.4 Assessment of pop-in

Pop-ins giving both force drops and displacement increases of less than 1 % shall be ignored. All other pop-
ins shall be considered significant unless shown to be insignificant by the fractographic and metallographic
procedures described in Annex D.

NOTE The criteria for the assessment of pop-in described in 1SO 12135 are intended for testing homogeneous
material and may be inappropriate for welds. Experience indicates that, for weld testing, the size of the pop-in is usually
related to the length of brittle material present at the crack tip. Small changes in crack tip position can alter the size of the

pop-in.
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Dimensions in millimetres
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section B

section A

cuts

fatigue precrack tip

notch

surface to be examined (polish and etch)
fatigue crack

~N o o~ WN P

Figure 10 — Post-test sectioning procedure to identify microstructure at fatigue crack
in a through-thickness notched specimen
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4
Key
1 cuts
2 notch
3 fatigue crack
4  surface to be examined (polish and etch)

Figure 11 — Post-test sectioning of a surface-notched specimen
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Figure 12 — Measurement of s; and s, in a surface-notched SM specimen
(NQ crack plane orientation)

12 Post-test analysis

12.1 Choice of tensile properties

When the crack tip is located completely in weld metal, the pertinent tensile properties shall be those

determined using an all-weld-metal tensile specimen. When located in, or partially in, the transformed HAZ,
the higher of the parent metal and weld metal strengths shall apply.
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NOTE Crack tip opening displacement (CTOD) in the HAZ is affected by the strength and size of the HAZ and the
adjacent microstructures. Underestimates of CTOD fracture toughness will be made by using the higher of the parent
metal and weld metal strengths.

For carbon and C-Mn steels, if the tensile properties of the weld metal and parent metal cannot be measured,
they can be estimated (in MPa) from room temperature correlations with measured hardness (in HV10) as
follows:

Parent metal (1], Ry oy, = 3,28 HV10 — 221, for 160 < HV10 < 495 (1)
Weld metal, Ry 5, = 2,35 HV10 + 62, for 170 < HV10 < 330 (2)
Parent metal, R,, = 3,3 HV10 - 8, for 100 < HV10 < 400 (3)
Weld metal, R,,, = 3,0 HV10 + 22,1, for 170 < HV10 < 330 4)

For ferritic steels, when tension testing below room temperature cannot be done and when the 0,2 % offset
yield strength at the low temperature of the intended fracture test is not available, the low-temperature yield
strength may be estimated (in MPa) from the room-temperature yield strength using the following
relationshipl2l:

10°

— 189 (5)
(491+1,8T)

Rp0’2 (at low temperature, T) = Rp0’2 (at room temperature) +

where T is the intended fracture test temperature, in °C, and is greater than —196 °C.

12.2 K¢

Interpretation of the test record to determine K. shall be carried out in accordance with ISO 12135, but with
the additional requirements of 12.1 of this International Standard concerning the appropriate choice of Rp0’2.

12.3 dand J

Interpretation of the test record to determine § and J from standard bend or compact specimens shall be
carried out in accordance with ISO 12135, but subject to the additional requirements in 12.1. When a shallow-
notched bend specimen is employed (0,10 < a /W < 0,45), interpretation of the test record to determine ¢ and
J shall be carried out in accordance with Annex E.

12.4 Qualification requirements

12.4.1 General

All of the qualification checks listed in 1ISO 12135 are applicable to this International Standard, but with the
following modifications.

12.4.2 Weld-width-to-crack-ligament ratio

For weld metal tests, the ¢ estimation procedures shall be considered qualified by this International Standard
when the following requirements are met[3I[4l:

a) for a crack in the centre of the weld, the ratio of the weld width (over the central 75 % of the thickness) to
the crack ligament length shall be greater than 0,2, i.e. 2h/(W-a,) > 0,2 [see Figures 13 a) and 13 b) for
through-thickness notched specimens and Figures 14 a) and 14 b) for surface-notched specimens];

b) for a crack offset from the weld centreline, the ratio of the effective weld width (shortest distance between
the crack plane and the weld fusion boundary over the central 75 % of the specimen thickness) to the
crack ligament length shall be greater than 0,1, i.e. h/(W-a,)> 0,1 [see Figures 13 ¢) and 13 d) for
through-thickness notched specimens and Figures 14 c) and 14 d) for surface-notched specimens];
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c) for both cases a) and b) above, an additional requirement is that the ratio of the weld metal 0,2 % offset
yield strength to the parent metal 0,2 % offset yield strength shall be in the range 0,50 to 1,50, i.e.

0,50 < Mdﬁo (6)
0,2b

For weld metal tests, the J estimation procedures3ll4l shall be considered qualified to this International
Standard when the ratio of weld metal to parent metal 0,2 % offset yield strengths is in the range 0,50 to 1,25,
ie.

0,50 < P02V _; e @)
0,2b

For HAZ tests, the 6 and J estimation procedures of ISO 12135 shall be used (see 12.1 for choice of yield

strength for calculating 8). When reporting results, the 0,2 % offset yield strengths of both the parent and weld
metal shall be stated.

NOTE These estimation and qualification procedures may result in = 10 % error in weld metal ¢ or J. Overestimates
occur when Ry, 5, /Ry o, > 1,50 for 6, and > 1,25 for J; underestimates occur when Ry 5, /Ry 5, < 0,50 for & and J 141,

When determining HAZ fracture toughness, the J and J estimation procedures may result in +5 % and — 20 % to + 10 %
error, respectively, for 0,7 < Ry, 5, /Ry o, < 2,581,

12.4.3 Crack front straightness

For dand Jtests using bend specimens, the fatigue crack front straightness requirement may be broadened to
0,2 a,; however, that for compact specimens may not be relaxed. K. tests using either compact or bend
specimens shall conform entirely to ISO 12135.

NOTE 1  Crack front straightness requirements are based on empirical evidence from bend specimenslél.

NOTE 2 In order to meet the requirements of SM and WP testing, it may not be possible to allow a relaxation of the
fatigue crack front straightness requirements, and the more stringent requirements of ISO 12135 may be necessary.
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Figure 13 — Definition of hand 2hin through-thickness notched (NP) specimens
from double- and single-sided welds
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Figure 14 — Definition of hand 2hin surface-notched (NQ) specimens
from double- and single-sided welds

12.4.4 Symbols used to identify fracture toughness values

In addition to the symbols required by ISO 12135 to identify fracture toughness values, the following shall be
used:

a) K, J, 6 (no superscripts) shall be used when Annex C maodifications to the fatigue precracking procedure
have NOT been made;

b) KM, JM &M (M as superscript) shall be used to identify results from specimens when the fatigue
precracking procedure HAS been modified in accordance with Annex C.

12.4.5 Through-thickness notched specimens

When post-test sectioning and metallographic examination of SM specimens in accordance with 11.2 shows
that the fatigue crack front has indeed sampled both the designated target area and, where specified, the
designated lengths of specific microstructure within the central 75 % of the specimen thickness (B or By), the
fracture toughness result shall be considered qualified. When these requirements are not satisfied, the
fracture toughness of the specific microstructure has not been determined and the test result shall be
considered not qualified.

12.4.6 Surface-notched specimens

When post-test sectioning and metallographic examination of SM specimens in accordance with 11.3 shows
either that the fatigue crack tip has indeed sampled the specific microstructure or that the dimension s; or s,
(see 11.3.2) is <0,5mm, the fracture toughness result shall be considered qualified. When these
requirements are not satisfied, the fracture toughness of the specific microstructure has not been determined
and the test result shall be considered not qualified.
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13 Test report

The test report shall be in accordance with ISO 12135, but with the following additional information:

a)
b)
<)
d)
e)
f)

)

h)

i)

)
k)

24

whether weld positional (WP) or specific microstructure (SM) notching was used;

the crack plane orientation in accordance with Figures 2, 3 and 4;

the original thicknesses of the weld and parent metal adjacent to the weld;

the pre-test metallography results of macrosection examination (if appropriate);

the tensile properties of the weld and parent metal and the method used to derive the values;
the effective weld width, h, as appropriate;

the method used to achieve a straight fatigue crack front and inclusion of a superscript in the result
symbol in accordance with 12.4.4, if appropriate;

the assessment of pop-in significance (if appropriate) in accordance with Annex D;

whether the result can be considered qualified with respect to crack sampling of the designated target
area,;

the distance s; or s,, as appropriate, for SM notching;

whether a shallow-notched bend specimen was used in accordance with Annex E and, if so, the value of
ag/W.
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This annex gives examples of typical locations used when testing weld metal and HAZ with through-thickness
and surface-notched bend specimens. Figure A.1 shows weld positional (WP) notch locations, whilst

Figure A.2 shows specific microstructure (SM) notch locations.

iii)

iv)

v)

Vi)
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B/2

B/L

A

Orientation

NP

NQ

NP

NP

PQ

PN

Geometry

BxBorBx2B

BxB

BxBorBx2B

BxBorBx2B

BxB

BxB

Notch location

Weld metal centreline

Weld metal centreline from
weld root

HAZ with notch intersecting
fusion line at mid-thickness

HAZ with notch intersecting
fusion line at quarter-
thickness

Transverse to weld

Transverse to weld, on weld
centreline

Figure A.1 — Examples of weld positional (WP) notch locations
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i)

i)

iv)

v)

Vi)

Orientation

NP

NQ

NP

NP

(Ll llld
AAARAA AR AR

ceeeeeecccc

—  ——]

e~ ——]

Cross-section
proportions
(thickness x

width

BxB

BxB

BxB

Bx BorBx2B

Bx B orBx2B

Bx BorBx2B

Notch location

Columnar weld metal on weld
centreline

Weld root or second side
welded

Grain-coarsened HAZ
adjacent to columnar weld
metal

Maximum volume of as-
deposited columnar weld
metal

Maximum volume of columnar
weld metal

Crack front to sample a
specific region within the HAZ

Figure A.2 — Examples of specific microstructure (SM) notch locations
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Annex B
(informative)

Examples of pre-test and post-test metallography

Pre-test metallography of an etched macrosection is necessary when SM testing is specified for the HAZ.
Figures B.1 and B.2 give examples of the method of quantifying the amount of HAZ microstructure, in this
case the HAZ adjacent to columnar weld metal. Figure B.2 shows how to prepare a map of the target
microstructure identified in the macrosection (Figure B.1) within the central 75 % of the specimen thickness.
The individual lengths of SM (A1) along a line representing the idealized notch are summed to give the
percentage SM present.

When SM testing is specified, post-test metallography is necessary to confirm that the target microstructure
was present close to the fatigue crack tip, for example, and to confirm the mapping shown in Figure B.2 for
section A in Figure 10.

Key

1 columnar weld metal
2 idealized notch line
3  HAZ adjacent to columnar weld metal

Figure B.1 — HAZ adjacent to columnar weld metal for idealized notch line on macrosection
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Percentage of specific microstructure (over middle 75 % of thickness) = 0/1;58 x100

Figure B.2 — Microstructural map of HAZ adjacent to columnar weld metal
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Annex C
(normative)

Residual-stress modification and precracking technique

C.1 General

One of the following techniques, specified in Clauses C.2 and C.3, shall normally be used for testing as-
welded or partially stress-relieved specimens. By agreement, alternative procedures may be employed if they
are documented and validated. The technique used shall be indicated when reporting the test results.

NOTE 1  These techniques are normally unnecessary for welds that have been stress-relieved by post-weld heat
treatment.

NOTE 2 In as-welded or partially stress-relieved specimens, residual welding stresses will be present. However, the
magnitude and distribution of these stresses may be different from those present in the weld from which the specimens
were taken. Residual stresses can result in unacceptable fatigue crack front shapes and, moreover, can affect the
determination of the fracture toughness. Experience has shown that local compression conducted prior to fatigue
precracking will reduce residual stresses to low and uniform levelsl7li8], thus minimizing these effects. An alternative
technique which can produce acceptably straight fatigue cracks, especially in thick-section welds where local compression
is impractical, is the stepwise high R-ratio fatigue cracking method [®l. However, significant residual stresses may remain in
the ligament ahead of the fatigue crack (W - a_), and this may affect the fracture toughness [10],

NOTE 3  Local compression can affect fracture toughness in some materials and under certain testing conditions, but it
is difficult to predict which materials are likely to be susceptible. However, experience indicates that it is preferable to
accept this risk rather than obtain a result from a specimen with an unacceptable fatigue crack shape.

C.2 Local compression

Local compressionl7ll8] is applied across 88 % to 92 % of the ligament (W — a) in front of the machined notch
prior to fatigue precracking and side grooving. The compression shall encompass the notch tip and be applied
through hardened-steel platens to produce a total plastic strain of up to 1 % of the specimen thickness (see
Notes 1 and 2). Guidance on the forces that need to be applied to rectangular-section specimens is given in
Figure C.1. Depending on the thickness, B, local compression may be applied from one side only or a
compression of up to 0,5% of B may be applied simultaneously on each side of the specimen (see
Figure C.1).

Multiple applications of lower compression forces may be employed. In such cases, no dimension of the
contact area of the platens shall be less than 0,5B (see Figure C.1). In addition, the final deformation shall be
made nearest to the notch tip.

A number of force applications may be necessary to achieve the required plastic deformation, which shall be
measured to £ 0,025 mm or + 0,1 % of B, whichever is larger.

For specimens that have been locally compressed, the dimension B used for the calculation of the fatigue
force and stress intensity factor shall be B in the region of the notch measured after local compression.

NOTE 1 Local machining of the ligament to be compressed on both sides of the specimen may be necessary to ensure
a smooth bearing surface for the platen and to achieve uniform deformation.

Any bulging of the back face of the ligament leading to distortion in three-point bend specimens at the loading
point shall be removed by machining.
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NOTE 2 Experience indicates that a total deformation equal to 1 % of B may be too much for some welds and materials,
and straighter crack fronts may be obtained with less. Trials may be necessary to establish the optimum conditions.

NOTE 3  Whichever technique is chosen and where there is little experience with the technique/material combination, it
is advisable that the test programme include spare specimens to confirm that the chosen procedure results in acceptably
straight fatigue precracks.

C.3 Stepwise high R-ratio

In the stepwise high R-ratio techniquel®, fatigue precracking consists of two steps, each at a different fatigue
stress ratio, R. For the first step, the stress ratio R=0,1 is used (i.e. the conventional R value for precracking)
until the fatigue precrack has grown to a length of about 1 mm. In the second step, R is increased to 0,7 and
the fatigue precrack grown to the desired length. The same K; (maximum value of K) is used in both steps.

NOTE Use of R> 0,1 is inconsistent with the fatigue precracking requirements in 1SO 12135. Experimental work
indicates that fracture toughness may be increased if R > 0,1[8][11],

BIl F

F B F

/\’

B-B
@ c-C Q
A-A c g X $B/2 B %
=) [ o
C @B vi Vi
o ' A
\ /722N \ A, Y
A [
1 1
Q Q - L Q
X S
1 i X
<l “ “
Section A-A Section B-B Section C-C

Key

1 Wminus machined notch length
2 1% of B (or 0,5 % of Bon each side)

Ryo,2 Is the lower of the values for the parent metal and the weld metal
C=8%t1t012 % of (W-a)

Figure C.1 — Alternative local compression treatments
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Annex D
(normative)

Assessment of pop-in

D.1 General

This procedure shall be used to assess the acceptability of pop-ins classified as significant in accordance
with 11.4.

If the pop-in is assessed as significant in accordance with ISO 12135, post-test fractography and
metallography are not required, and the pop-in is considered significant. However, if the pop-in is assessed as
not significant in accordance with ISO 12135, the actual significance with respect to this International
Standard can be determined from the fractographic and metallographic assessment procedures described in
Clauses D.2 to D.5.

All pop-ins shall be considered significant unless the force drop and displacement increase are less than 1 %
or it can be demonstrated otherwise by metallographic examination. Values of ¢ and J measured at the first
pop-in event shall be designated 5p0p and Jpop, respectively.

D.2 Fractography

Both fracture faces shall be examined for evidence of an arrested brittle crack extension, generally in the
plane of the fatigue crack, and the maximum crack extension, Aa,,, excluding the SZW, shall be measured
(see Figure D.1). Where no evidence of such an arrested brittle crack can be found, the significance of the
pop-in shall be assessed in accordance with ISO 12135.

Pop-in can be caused by an arrested crack running perpendicular to the plane of the fatigue precrack. This is
sometimes referred to as a “split”. The fracture toughness at pop-in caused by a split shall be reported, but
might not characterize the fracture toughness of the material for the intended crack orientation. A different
specimen and crack plane orientation might be necessary to characterize the fracture toughness of the
material in the plane of the splitl12l[13], Assessment of the structural significance of a split is outside the scope
of this International Standard.

D.3 Sectioning and metallography

One or both fracture surfaces containing an arrested brittle crack extension shall be examined by optical
and/or scanning electron microscopy to identify the primary fracture initiation site. When the crack tip is
located in the HAZ, the fracture surface adjacent to the weld shall be examined. After marking the initiation
position, a metallographic section shall be taken through the initiation point in a plane perpendicular to the
fatigue crack plane as illustrated in Figure D.2 for a through-thickness notched specimen and Figure D.3 for a
surface-notched specimen. The sections shall be polished and etched in accordance with usual
metallographic practice for microstructural examinations.

D.4 Assessment

The metallographic section taken from a through-thickness notched specimen (see Figure D.4) shall be
examined and the length, d;, of the specific microstructure parallel to the crack front at initiation shall be
measured. The lengths of similar microstructures present in the section within the central 75 % of B (or By in
the case of side-grooved specimens), but not intersected by the crack front, shall be measured and the
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maximum individual length, d,, recorded (see Figure D.4). If the section is beyond the fatigue crack tip, a
further section behind the fatigue crack tip may be necessary to measure d,.

The metallographic section taken from a surface-notched specimen (see Figure D.5) shall be examined and
the total length, d;, of the microstructural region in which the pop-in initiated shall be measured. This length d;

shall only include the microstructural region ahead of the fatigue crack tip (see Figure D.5). More than one
section may be taken to assess the dimension d.

D.5 Pop-in significance
Following metallographic examination, a pop-in shall be considered not significant if

a) for a through-thickness notched specimen: P, calculated in accordance with ISO 12135, is less than 5 %
and d; > d,;

or

b) for a surface-notched specimen: P is less than 5 % and Aa,,,, < d;.

The pop-in shall be considered significant when d, > d; or d; < Aa,,, because a larger pop-in may have
occurred if more of the brittle microstructure had been sampled or had been present ahead of the crack tip.

Further tests may be necessary to confirm or reject this possibility. A flow chart illustrating the assessment of
pop-in is shown in Figure D.6.

Agyop

N

Key
1 aor(a+Aa)

Figure D.1 — Measurement of Aa,,
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5
1
2
6
7 3
4
Key
1 section A
2  fatigue crack
3  arrested brittle crack
4  sectionB
5 cuts
6 initiation
7  surface to be examined (polish and etch) (see Figure D.4)

Figure D.2 — Post-test sectioning procedure for identifying fracture initiation microstructure
in athrough-thickness notched specimen
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4
5
6

Key

1 initiation

2 arrested brittle crack

3 cuts

4 notch

5 fatigue crack

6  surface to be examined (polish and etch) (see Figure D.5)

Figure D.3 — Post-test sectioning for identifying fracture initiation microstructure
in a surface-notched specimen
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Key
1 fatigue crack

d, length of HAZ (upper diagram) or weld metal (lower diagram) sampled by the fatigue crack in the region of fracture
initiation

d, maximum length of similar HAZ (upper diagram) or similar weld metal (lower diagram) within the central 75 % of B

Figure D.4 — Measurement of d; (along crack front) and d, (not along crack front) microstructure in
section taken from a through-thickness notched specimen (section B in Figure D.2)

Key

1 aor(a+Aa)

Figure D.5 — Measurement of microstructure d; and Aa,,, in section
taken from a surface-notched specimen (see Figure D.3) (example given for HAZ)
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Pop-in not significant

Pop-in not significant

Pop-in significant

36

Detection of pop-in

Force drop z 1 %?
Displacement
increase =z 1 %?

Pop-in significant
in accordance with
ISO 121357

Evidence of
arrested brittle crack?

Through-thickness
notch: P < 5 %and ¢y > o,
(see Figure D.4)
Surface notch:

P <5 %and Agq < &
(see Figure D.5)

Yes

Pop-in significant

Yes

Pop-in not significant

Figure D.6 — Flow chart for assessment of pop-in
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Annex E
(informative)

Shallow-notched specimen testing

E.1 General

When the specific microstructure can only be tested using a shallow-notched bend specimen
(0,1 < a,/W < 0,45), the procedure described in this annex may be used by agreement between the interested
parties. The specimen preparation and assessment procedures are the same as those described in the main
body of this International Standard, except as modified by Clauses E.2 and E.3 below.

NOTE The nature of welds is such that the specific microstructure may only be present near the surface, which would
preclude testing with standard specimens. Use of a shallow-notched bend specimen enables such microstructures to be
tested. However, owing to the lower crack tip constraint associated with the shallow-notched specimen, the fracture
toughness indication from such a specimen may be higher than that which would have been obtained from a standard
notched specimen (i.e. 0,45 < a /W < 0,70) for the same crack tip microstructure. This may or may not be significant with
respect to the final application, but needs to be recognized by the parties involved.

E.2 Specimen preparation and instrumentation

The bend specimen configuration shall conform to 8.1 and Figure 5, except that the crack length shall be in
the range 0,1 < a,/W < 0,45. The specimen knife edges may be integral, as described in 1ISO 12135, or
attached, as shown in Figure E.1. The crack mouth opening displacement, V, is measured directly by means
of a clip-in displacement gauge bearing on integral knife edges. When the knife edges are not integral, but
attached instead, the attached knife edges shall be of a configuration such as to support dual clip-in gauges,
the outputs of which are used to estimate the crack mouth opening displacement as though it were measured
by means of integral knife edges.

NOTE The fatigue crack front straightness requirement of 12.4.3 may be difficult to achieve in a specimen with a /W
approaching 0,1. However, use of local compression, described in Clause C.2, has been found to be useful in achieving
straight fatigue crack front shapes.

E.3 Determination of Jand &

The determinations of J and dfollow the procedures of ISO 12135, except that the calculations are different.

The stress intensity factor relationship for three-point bend specimens is

S F
KO:[—j—%xgl(aOIW) (E.1)
W/ (BxByxW)™
where
Ko corresponds to K., K, K, or K. calculated for values of force F., F, F,  and F,
respectively, which are defined in ISO 12135;
S is the support roller span;

0;(a,/W) s the dimensionless stress intensity factor coefficient, specific values of which are tabulated in
ISO 12135.
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J, is calculated for the three-point bend specimenBI4lBl14] from the equation

J = K§(1—v2)+ Ul (E.2)

B (BxBy)®(W-ay,)

where

A, is the area of the plastic component under the force, F, versus crack mouth opening displacement, V,
curve such that

J., corresponds to J,, calculated using values of K, and F; and A; at V,
J,, corresponds to J,, calculated using values of K, and F, and A, at V,,,

J,c corresponds to J,, calculated using values of K ., and F,. and A . at V.,

uc’

Jm, corresponds to J,, calculated using values of K, and F,, and J,;, at V,,;

and
2
aO aO

Where attachable knife edges are employed, V is estimated from the outputs of the dual clip gauges, using the
following relationship:

V=V;— Zl(v2 _\/1]—2xcos{ar(:sin‘1 F[uﬂ} +2X (E.4)
Z,-74 2\ 2,-74

where

V;and 'V, are crack mouth opening displacements measured with clip gauges mounted at distances z;
and z,, respectively, above the notched surface (see Figure E.1);

X is the distance indicated in Figure E.1.
&, is calculated by substituting J, from Equation (E.2) into Equation (E.5). If the specimen is notched in the
parent metal or the weld metal, Equations (E.5) and (E.6) are used. Equations (E.7) to (E.16) are appropriate

to a specimen notched in the HAZ[SI1],

Jo

o= (E.5)
m[ R50,20 + Rmb ]
2
m:AO_Al(RpO,Zb]_i_AZ(RpO,Zb ]2_A3(Rp0,2b T (E.6)
Rmb Rmb Rmb
where

Ag = 3,18 — 0,22 (a,/W);

A; =4,32 - 2,23(a,/W);
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A, = 4,44 — 2,29 (a/W);
Az =2,05 - 1,06 (a,/W).

For a specimen notched in the weld metal, replace Ry, ,, and Ry, in Equations (E.5) and (E.6) by Ry 5, and
Ry respectively.

Key

1  knife edges
2  shim
3 micro TIG or laser weld

NOTE 1  The knife edges are attached to a steel shim which is welded to the notch lip using a micro TIG or laser fillet
weld.

NOTE 2  Knife edge heights z; and z, include the height of the steel shim.

Figure E.1 — Design and location of knife edges for dual clip gauges
used to estimate crack mouth opening displacement, V

For a specimen notched in the HAZ:

J

So= (E.7)
MO nom
m=-0,111 + 0,817(a,/W) + 1,36R,o, (E.8)
Room = (Rmb"‘RmW) (E.9)
(RpO,Zb + RpO,ZW)
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Cnom = %Rpo,zw +(1- %)Rpo,zb forM<1 (E.10)
Onom=Ro02  fOrM=1 (E.11)
Cnom = ﬂoRpo,zw +(1- ﬂo)Rpo,zb forM>1 (E.12)
M = po.2w (E.13)
Ro0,26
ZO:O,SeXp[—(HO,Olnz)(M —1)} (E.14)
/1u:1—0,5exp[—(1+0,01n2)[ﬁ— H (E.15)
n= 4134 (E.16)

(1,464 +82,68(Ryom—1) | > ~1210

NOTE Numerical analyses have shown that these J and ¢ procedures result in less than 10 % error for
0,1 <a, /W< 0,5 when estimating weld metal fracture toughness for 0,75 <M < 1,50 and h/(W- a,) > 0,1[3]4 and when
estimating HAZ fracture toughness for 0,70 < M < 2,50 and 0,5 < h/B < 1,25[5][15],
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