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ABSTRACT
A research program was conducted on a microalloyed steel weld-
ment to provide information on the mechanical behavior of the weld
metal and heat affected zone (HAZ). The effect of stress relief on
the mechanical properties was also investigated. The weldment
consisted of two 100mm (4 in.) thick plates of A737 Grade B Nb
treated steel welded together with Armco W-19 wire and Linde‘709—5

$

flux.

The tensile properties of the weld metal were measured at
temperatures ranging between -75°C (~103°F) and 22°C (72°F). Charpy
impa¢t tests were run over a temperature range from -125°C (193°F)
to 22°C (72°F). The Nil-Ductility Transition Temperature was deter-~
‘mined. The static frgfture toughness and dynamic fracture toughness
were evaluated at 22°C (72°F) and 50°C (~58°F).

?he cross weld tensile test results showed that the room
temperature tensile strength decreased from 636 MPa (92.2 Ksi) to
573 MPa (83.0 Ksi) with a 19 hour post-weld stress relief treatment
at 593°C (1100°F). However, the weld metal overmatched the strength
of the base plate even after the post-weld heat treatment. Charpy
impact test results iﬁdicated that the toughness of the weld metal
was lower than tﬁat of the HAZ which in turn was alightly lowér than
that of the base plgte. The Charpy impact toughness of both the
weld metal and HAZ improved slightly with post-weld heat treatment.

Drop weight tests performed on the weld metal supported this obser-

vation.
1
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The static fracture toughness test results confirmed that the
HAZ was tougher than the weld metal for every stréss relief con~
dition. The toughness of both regions increased with temperature.
The dynamic fracture toughness of the weld metal exhibited a similar
behavior.

‘From all the test results it can be concluded that the weldment
possessed an adequate combination of toughness and atrengéh: The
balance of mechagical properties was not substantially ﬁodified by

the post-weld stress relief treatment,



INTRODUCTION

Background

Progress in science and technology has always been closely
associated with the devélopment of new materials and such has been
the case of the pressure vessel industry. Over the years, new
design methods and‘new materials requirements have produced new

‘

property e##luation techniques and a number of new pressure vessel
steels.l

The development of a new pressure vessel steel is never complete
until all its properties have been carefully examined. Such an
inveatigation will include the evaluation of strength, toughness
ovér a certain temperature range, weldability,.formability, fatigue
behavior, creep resistance, response to heat treatment, and the
effect of operating environment on these properties. Once the
characteristics of the steel become known, it is possible to compaée
it with existing steels and determine the limits of its application.

In respouse to this neceaeiﬁy, the Pressure Vessel Research
Committee (PVRC) of the Welding Research Council began in 1972 to
sponsor research programs aimed to developing mechanical property
data for promising pressure vessel steels. Aﬁtention was given to
a group of microalloyed steels adopted for pressure vessel use under
ASTM specification A737. This specification covers grades A
(Vanadium treated), B (Niobium treated), aﬁd C (Vanadium and Nitro-
gen treated). Over the past few years, work at Lehigh University
- has focussed on the mechanical behavior of grades B and C.

Property related characteristics including fracture toughness 2'3,

3



effect of stress teliefa,.and susceptibility to strain agings’6

. have been assessed.

The next phase of this work would be to determine tﬁe weld-
ability of these steels. With this in mind, the fracture toughness
of an A737B microalloyed steel weldment has been studied under PVRC
sponsorship and the results are reported here. Since base plate
properties were developed in previous work at Lehigh, these same
steels were used to develop weld metal and HAZ data. Primary
emphasis {8, therefore, on properties of the weldment, but comparison

is made to base plate data when appropriate.

Niobium Treated Microalloyed Steels

A737B belongs to a group of mncériale called microalloyed
steels. These steels are included in the much larger dgsigdation
of high-strength low-alloy (HSLA) steels alfﬁough their .strength
levels are only moderate. Microalloyed steels constitute the most
recent development in steels for pressure vessel service. These
steels are well suited for applications where good low temperature
toqghneaa, moderate strength, adequate weldability and low cost
are required. Another group of steels included in the HSLA desig-
nation are the dual—ph;se (ferritic-ﬁartensitic) steels. Their
strength, toughness, and excellent formability make them very
promising for automobile applications 7—9.~ |

The beginning of HSLA steels can be traced to the early 1900's
according to Pickering. 10 Steady progress has been achieved

through the years, in producing steels of higher strength balanced
4



by good toughness through ldboratory studies bf microstructure-
property relationships and improvements in steelmaking ﬁrocessesf
In 1947 Barr‘and Honeyman determined that an increase in the
manganese to carbon ratfo in these steels produced a finer grain
steel which in turn wag responsible for a decrease in the iﬁéﬁét
transition cemperature.l1 Several years later, it was also dianb
covered that ferrite-grain refinement had a beneficial effect on

the yield strength. 12,13

Once these facts became known, normalized
fine grained steels of superior strength and toughness were intro-
duced to the market.

Initially, grain refining was done with aluminum with or with-
out nitrogen but later other additives such as niobium, vanadium,
and titanium were found to provide the same effects. Niobium was
specilally atttactive.becausé very small amounts produced remarkable
strengthening through grain refinement. 1In 1958, Great Lakes Stéel
Corporation began to market the first niobium treated steels under
the GLX-W designation. 14 These steels had 0.14 to Q.ZOZ carbon,
0.40 to 1.00% manganese, and 0.01 to 0.03% niobium, and were
produced in hot rolled pléte with yield streﬁéths up to 415 MPa
(60 ksi). "

At this stage, it was only known that niobium was a very potent
ferrite-grain refiner. A few years later Morrison and Woodhead 15
pointed out that the-marked strengthening effect of small additions
of niobium could not be fully explained by grain refinement alone,

13

as described by the Petch relationship. In addition, they also
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observed an increase in impact transition temperature which could
not be explained. Furthermore, at any fixed grain size, the
strength and impact transition tempeféﬁdre increased with larger
amounts of niobium. The authors suggested that, due to the affinity
of niobiumrfor carbon and nitrogen, the increase in strength could
ﬁe caused by precipitates of niobium carbide, nitride, or a mixed
compound. v

Shortly after, Morrison proved that the presence of niobium
carbide or nitride was partly responsible for the increase in
strength. 16 It was also concluded that grain refinement was the
main source of strengthening by niobium in steels dusteﬁicized at
teﬁperatures below 1050°C whereas steels austenitized at higher
temperatures (1200°C) were strengthened‘by précipitation hardening
by a niobium carbide or nitride. Irvine and Pickering arri§ed at
* the same conclusiona.hl7

At that time, the impact properties of niobium steels were not
good because of theitfcparse as-rolled austenite grain seize.
Making use of the knowledge acquiréd Irvine et al suggested that.
_adequate control of the rolling variables and the heating and
cooling cycles could solve the problem. 18 Consequently two
possibilities were considered: -
1. Controlled rolling'at a low finishing temperature: This

would produce a fine austenite and consequently a fine-ferrite

grain sized steel, with some precipitation strengthening effect.
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2. Normalizing: If controlled rolling is not practicable, a
.3

nodgalizing treatment may be necessary. The austenitizing temper-
ature’has to be low enough to assure a fine austenite gtain‘size
and as a result a fine grained ferritic structure can be obtained.
B A problem that persisted was the presence of elongated
aﬁringers of manganese.sulphide inclusions parallel to the rolling
direction; These inclusions were the cause of poor toughness in
the through-thickness direction of hot rolled plates, and as a
result, toughness and ductility were highly anisotropic. An
important achievement in this field has been 1nc1uaion;ah§pe

control. 10

It was discovered that the additfon of certain elements
such as zirconium 19. cerium 20, or calcium 2 reduéed the plas~
“ticity of the inclusions which, thereforg, coul& not become
elongated due to the rolling operation.

In recent years, improvements have continued in the field of
HSLA steels in general and niobium treate& microalloyed steels in
particular. Extensive research has been done to fully understand

the role of the niobium addition in these steels. 22f23

This
knowledge has been very useful in designing new steels.

| One such steei, A737B, 18 designed in response to the need for
an economical carbon steel with good strength and superior low

temperature toughnesss 24’25

No controlled rolling is necessary
because the plates are heat treated after conventional rolling.
The plates can be either quenched and tempered or normalized. The

latter is the case of the material used in the weldment studied.

7



The critical vafiable in the heat treatment operation is the
austenitizing temperafuré.

The steel contains niobium carbonitride precipitates in the
as-rolled condition. The solubility of niobium carbonitride in
austenit; is a functioﬁ of temperature. If the austenitizing
temperature is high, around 1250°C, the precipitates will dissolve
and guateﬁite grain coarsening occurs. On cooling, coarse ferrite
forms and the carbonitrides reprecipitate due to their low solu-
bility in ferrife. The result is a dispersion hardened coarse
grained ferrite-pearlite steel. This microstructure is undesirable
. because of ifa low toughness.

On the other hand, austenitizing at a low temperature (900°C)
produces a different effect. At this temperéﬁure, the niobium
carbonitride pfecipitatee do not dissolve in the austenite and,
therefore, inhibit grain growth. Consequently a fine grained
ferrite-pearlite steel forms after cooling. The beneficial effects
of grain'refinemeqt on toughness and strength are thus obtained.

At intermediate austenitizing temperatures both behaviors are.
observed. Therefore, A737B steel is austenitized at 900°C and

normalized.

Weldability of Microalloyed Steels

Weldability is a property'that has to be eQaluated before a
steel for pressure vessel service can be utilized. It may be de-
fined as the ease with which required performance characteristics
can be obtained from a joint wich a given set of welding

8
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conditions.23 Weldability is a complex property and two aspects

have to be considered, fabrication weldability and service weld-
ability.l

Fabrication Weldability

Arc welding is the process most frequently used to join steels
for pressure vessel applications. From the fabrication weldability
aspect, three problems have to be congldered. They are hydrogen
induced cracking, solidificatioﬁ cracking and lamellar tearing.

Hydrogen induced cracking or cold cracking is ﬁhe most
important source of welding defects. It takes place mainly in the
HAZ but it can also appear in the weld metal. Cracking can occur
from a combination of an unfavoréble HAZ microstructure, presence
of hydrogen and an applied stress. The susceptibility to cold
cracking depends on the presence of martensite in the HAZ., A
convenient way to assess the tendency to form martensite is the
concept of carbon equivalent (CE). The CE formula can take many
forms.\ The formula that appears in the A737 specification is as
follows: :
Mn + S1 + Cr:+ Mo Ni + Cu

CE=C+ +
-6 - 16

where_the numbers for the elements are the alloy contents in

weight percent. As observed in the formula, niobium does not seem

to have any significant effect.?6 |
It has been observed empirically that cold cracking seldom

occurs 1if the hardness of the HAZ is below 30Rc.27 This can be

achieved by decre;sing the carbon content or by reducing the

9



cooling rate following welding. The usage of preheat can effect-
ively reduce the cooling raté, and thus help avoid hydrogen
induced cracking.

Solidification crgcking or hot cracking occurs in the weld
metal and has been related to segregation during solidification.
The most common cause is the presence éf_low-ﬁelcing iron and
alloy sulfidgs in the weld metal.23 Phosphorus and sulfur are
strong promoters of hot cracking. Crackiﬁg can be avoided by
controlling the amount and types of sulfides. This is done by
using a specified mangahése to sulfur ratio depending on the carbon
conteﬁt: .

‘ Lamellar tearing is a defect in the base metal caused by
shrinkage forces in the plate thickness direction. ‘This problem
can be encountered in highly restrained jointe.t The occurrence
of lamellar tearing haé been linked to the presence of manganese
sulfide inclusion stringers or plates in the rolling direction.
These elongated inclusions produce low toughness in the short
transverse direction. Sulfide 1nc1uaion;ihape control can be
used to minimi;e the possibility of lamellar tearing. Recently,
\hydrogen and arc contamination haﬁe also been identified as
promoters of lamellar tearing.28

Service Weldability

From the service weldability viewpoint, the main concern is
to obtain a joint with an optimum balance of properties. There-
fore, careful attention has to be given to the toughness of the

10



HAZ and the weld metal, as well Qs the strength of the weldment.
The HAZ is a complex microstructutal composite. Different
peak temperatures reached during the welding operation produce a
variety of structures in different regions of the HAZ. The com~
plexity increases in the case of multipass welds. The coarse
grained region of the HAZ possesses the lowest toughness. Research
has shown that niobium has little effect on the toughness of the
HAZ at low weld heat inputs but at higher inputs it has a detri-
mental effect.26 Experiments have revealed that the loss of
toughness is due to the formation of predominantly upper bainitic

29 No niobium carbonitrides were

atrﬁctures of high hardhesa.
observed in the HAZ by this investigator but another researcher
reports that there are.30 Therefore, there still {s no consensﬁs
over the role of niobium in the HAZ. (

The toughness of the weld metal is also important. It depends
mainly on the composition and the process variables. The weld
metal usually has a lower carbon content than the base metal. .
Nickel is sometimes added to increase the wel& metal toughneés.
This is the case of the Armco W-19 used in this investigation. The
strength of the weldment 1s another property that concerns the
manufacturer and the user. In the case of microalloyed steels,
the weld metal often is stronger than the base plate. Such is the
case of the weldment studied.

There are several thermal and mechanical treatments performed

on weldments to reduce residual atresses and distortion. These
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Nickel is sometimes added to increase the weld metal toughness.
This is the case of the Armco W-19 used in this investigation. The
strength of the weldment is another property that concerns the
manﬁf;cturer and the user. In the case of microalloyed steels,
the weld metal often is stronger than the base plate. Such is the
case of the weldment studied.

There are several thermal and mechanical treatments perfo;med
on weldments ﬁé reduce residual stresses and distortion. These
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treatménts often.a;ter éﬁe mechan#cal properties of the wel&ment.
A post-weld stress relief 1aione such treatment. It has a
tempering effect on any martensite that might have formed in the
HAZ and thus prevents cold cracking. However, in the case of
niobium treated steels; the toughness of the HAZ decreases after
post-weld heat treatment (PWHT) due to the hardening effect
produced by the precipitation of niobium carbonitrides.30 There~
fore, the overall change in toughness will depend on which of the
two effects predominates at the heat input used. PWHT 1is more
beneficial at loy heat inputs than at high heat inputs. There is
also the possibility of stress relief cracking, but this has not
been an important problem for microalloyed steela.31
The influence of PWHT on the mechanical properties of the
weld metal ié also important. The heat treatment usually softens .
the weld metal in steel weldments. The toughness may or may not
increase depending on the composition and as welded structure of

the weld metal.

Fracture Mechanics

The first fracture toughness test emerged in the 1940's when
the Charpy impact test was used to evaluate the toughness of ship
plate. In 1952 another method, the Nil-Ductility Transition Temp-
~ erature (NDIT) tést. was developed at the Naval Research Laboratory.
Over the years, both tests have been utilized extensively due to
their relative simplicity and inexpensiveness and now are standard
procedures described in ASTM specifications E23 and E208. Both

12
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tests measure the resistance to fracture under impact loading in
the presence of a stress concentration, but are essentially
empiricai and largely qualitative in nature.

More recently, the principles of Linear Elastic Fracture
Mechanics (LEEM) have Seen developed andlused for determining

fracture toughness. The outcome is a test method for measuring

plane strain fracture toughness (ch) outlined in ASTM specifi-

cation E399. The fracture toughness (Kc) is a material property
that depends on specimen thickness. When the thickness increases,
plane strain conditions prevail and the fracture toughness drops
to a lower value (ch) that does not decrease further with
increasing thickngas. Therefore, ch is8 a conservative lower limit
value of fracture toughness that can be used for design purposes.
This represents a great improvement over the Charpy and NDTT tests
because it can be used to limit stress and control brittle fracture.
However, the use of LEFM is limited to high strength materials'
which have little or no plastic deformation prior to failure. As
a result the fracture behavior of pressure vessel éteelg,‘yith
their high toughness and moderate strength, cannot be accurately
described with this analysis. b
In addition, plane strain conditions must exist during the
test in order to obtain KlC' Thia is accomplished only when the

following inequality is fulfilled

2

K
B> 2.5 =2 (1)

Ty
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vhere B is the specimen thickness and U&s ihe yield strength of the
material. The thickness éf pressure vessel stge@ specimens would
have to be very la:gé (200mm or more). The testing of specimens of
such size 18 impractical and prohibitively expensive.

. It was necessary to develop a new approach to describe the
fracture conditions of a material experiencing both elastic and
plastic deformation. One approach was the concept of the J integral

proposed by Rice in 1968.32 It 18 defined by

J-fr oy - T ae) (@)

vhere

W HGy) = W) =| oy dey, (3)

o
Here W 18 the strain energy density, I' 18 any given curve surround-
ing the notch tip, T is the traction vector; u is the displacement
vector, ds is an element of arc length along T, oij is all stresses
in a two dimensional deformation field, € is the infinitesimal
strain tensor, and.x,y are the rectaugularhcoordinates normal to
the crack front.

Furthermore, Rice proposed éhvalternate and equivalent defini-
tion for the J integral. He defined it as the potential energy
difference between two identically loaded bodies possessing slightly

different crack lengths and so

JP—E; €))

where U is the potential emergy and a is the.rack length. For
LY .

4
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elastic-plastic materials, J becomes a measure of the characteristic
elastic-plastic stress-strain field surrounding the crack tip.33

Landes and Begley made use of equation 4 to experimentally
determine JlC but their method was tedious and often difficult.
More recently, Rice et al proposed a simpler method to experimentally
measure the J integral.aa  3”15 calculated using a load-load line
displacement curve from the te;t record. Here:

2A

J --B—I;" (5)

where A is the area under the load-load line displacement ehrve, B
is the specimen thickness and b is the unbroken ligament gemaining
after testing., Equation 5 defines J for a three-point bend specimen
with a span/width ratio of four. To account for the presence of a
tenéile loading component in the compact tension specimen, Merkle
and Corten35 suggested a modification to equation 5,

J = %% 1+ a2 , (6)
l+a N

L) e () T ).

and where a0 is the initial crack size. For large crack lengths

where

(a/w > 0.6, where w is the specimen width), equations 5 and 6
approach one another.

l Landes and Begiey36 proposed that ch could be determined by
measuring J valués from several specimens‘which had undergone
different amounts of crack extension,Aa. These J values are plotted

15



versus the crack extension dnd a crack reaiétancevR-curve can
be obtained. The ch value is then defined at some location on
the J~Aa aqurve corresponding to the point of first crack advance.

This location is determined by the intersection of the R-curve

with the so~called "blunting line",

J=20g 082, (8)
where oflow is the average of the yield and tensile strength of
the material.

The J integral testing method has not yet been standardized
in an ASTM specification. However, Clérke.et 3137,have published
a recommended procedure, intro@péingusome limitations to insure
reliable dita. The maximum load during precracking of the test

specimens must not exceed one fourth P, to minimize the plastic

L
zone introduced during precracking. PL i1s calculated by
2 ®
P = Bb oflow » €))]
L 2w + a

for compact tension specimens, and

2
Bb 0flow

P = s

4
L™ 3

(10)

for three point bend specimens, where S is the span. As such, this
criterion 18 more restrictive than the one in ASTM E399.

The blunting line is calculated using‘equation's, and two
offset lines are constructed parallel to the blunting line and
intersecting the x—-axis at 0.15mm and 1l.5mm. Only the J values
located between these lines can be Qaed to determine J,. and a

.
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minimum of four values are needed. The R-curve 1is constructed by
a least squares fit of the J values.

The specimens must also meet the following size requirements

ZSJQ
B >. (11)
Of1ow
and
b > §5J (12)
flow

where JQ is the intersection of the blunting line and the R-curve
and J is the value of each specimen according to equation 6. If

these criteria are met, JQ- These specimen size restrictions

ch.
are much less severe than that of E399.

If no significant crack extension occurs before failure, the
area under the load-load line displacement trace up to maximum load
is used in equation 6 and this value is considered to be ch. An

average of 3 values are needed to calculate J Once the J

1c’ 1c

value is known, it can be converted to ch for purposes of com-{

pariaoh. This may be done using an expression proposed by Begley

and Landes. 33 3

J.E
Kie ™

1C
1-v

2 (13)

where E is Young's elastic modulus and V is Poisson's ratio.

1¢ as defined corresponds to zero crack extension

while ch corresponds to up to 2% crack extension. ch‘ and ch

should agree well for the case of a brittle material with a

Nonetheless, J

shallow R-curve but in the case of a tough materifal with a steep
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R-curve the agreement is not as good. In such a case, is an

J1c

even more conservative fracture toughness value than K This is

ic*
because ch does not account for the ability of a tough material
to withstand a cer;ain amount of stable crack growth prior to
failure.

Paris et 5138 have proposed that the slope of the R-curve can

be used to determine a material constant which they have called the

tearing modulus
() = (1)

where dJ/da is the slope of the J-Aa curve and o, (or cflow) is the
average of the §1eld strength and tensile strength. Assuming an
eiastic—ideally plastic behavior, Paris et 5138 established that for
~atabilicy, T had to be larger than.a certain critical value depen-
dant only on specimen geometry. However, results obtained by Landes

and Begley39

seem to indicate that T may also depend on specimen
configuration. More work is being done to determine the geheral
applicability of this new parameter.

For materials that display strain rate sensitivity, fracture
toughness measufed‘under conditions of dynamic loading may be a
more important property than the static fracture toughnees.40 The
dynamic fracture toughness is not easy to measure because the high
strain rates produced by impact loads are difficult to record.
Furthermore, the definition of the onset of crack propagation is

often uncertain.
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The critical strain energy release rate (JCd) is calculated by
dropping an instrumented impact load on a fatigue precracked three-
point bend specimen of the type specified in ASTM E399. Strain
gages attached to the 1hpacting tip mea;hre the load transferred
to fhe test specimen and so a load-time trace can be plotted on an
x-y recorder. The velocity of the impacting tup when it strikes
the specimen can be measured by |

Vo = (Zgh)i

(15)
where g is the gravitational constant and h is the height from which
the weight 1s dropped. Once Vo is known, the energy required for

fallure (Wm) can be determined by the expression

tm
Wm = Vo s Pdt (16)
o
tm .
where so Pdt is the area under the load-time trace up to maximum

load. This load is associated with crack initiation for the lack
i

of a better starting point.
The dynamic fracture toughness can be calculated from the energy

to failure by

K., = (EJ.0% (2 wme \} an

- Cd cd —_—

Bb

JCd has a limited meaning since crack initiation is not well defined
and ch

does not include inertial effects assoclated with dynamic
behavior.ao

41 have proposed that the fracture resistance

Shoemaker and Rolfe
of steels having different yield strengths can be compared using

19
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the KlC/Uya ratio. This ratio appears in equation 1 and 18 a
measure of the plate thickness necessary for plane strain conditions
at fracture, which in turn is related to the plastic zone size at
the crack tip during fracture. Therefore, steels with a large
ch/oys ratio possess good failure resistance. In addition, steels
with similar ratios shoula have similar fracture resistance, regard-
less of yield strength. The ratio for dynamic properties Kdt/oyd

can also be used for comparative purposes;_

Experimental Objectives

The main objeétive of this investiéation was to evaluate the
mechanical properties of an A737 Grade B microalloyed steel weld-
ment, Testing included tension, Charpy impact and NDIT tests.
Howevér, the emphasis was on fracture toughness characterization
using J integral téchniques. AAditionally, the effec; of a post-
weld stress relief heat treatment on the mechanical behavior of the

weld metal and HAZ was also studied.
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MATERIALS AND PROCEDURES

Materials

The microalloyed steel plates used in this investigation were
supplied by Lukens Steel Company. The steel 18 Lukens low sulfur
"frostline" grade and it meets the specification for A737 grade B.
The chemical composition and mechanica; properties were determined
by Lukens and are given in Table 1. .

The steel was produced in an electric arc furnace using a cold
sciap:chatge, and subaequehely calcium treated for desulfuration to
0.010% S maximum and inclusion shape control. Rolling was done by
conventional practices. The plates were austenitized at 900°C
(1650°F) and cooled in still air.

The filler metal used to fabricate the weldment was Armco W-19
4mm (0.156 in.) diameter wire. Its chemical composition is shown

in Table 1.

Welding Operation

The A737 grade B plates were welded with Armco W-19 wire and
Linde 709-5 flux. .All the materials and weld parameters were
selected to furnish a joint with good téughness and adequate
strength. Armco W-19 is a low carbon filler metgl with 3.5% nickel
for added toughnesa. On the other hand, Linde 709-5 i{s a neutral
flux formulated to provide a high toughneés weld. Its composition
is in Table 1,

The weldment was made using the submerged arc process. A
direct current reverse polarity type arc was/ytil%?gd. Using
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a current intensity of 550A, a voltage of 32V, and a travel speed
of 381 mmpm (15 inpm), a heat input of 2.77 I(Jmm“1 (70.4 KJinhl)
was produced. Preheat for the welding operation was.93°c (200°F)
and the maximﬁm 1nterpa§s temperature was 149°C (300°F).

A double bevel was machined on one of the plates and a "K"
groove was used as shown in Figure 1. This was done to obtain a
straight HAZ and thus facilitate épecimen preparation and mechanical
testing. 81 passes were necessary to complete the weld which was
oriented parallel to the rolling direction of the plates. Welaing

was done at Lukens Steel Corporation.

Stress Relief

The post-weld stress relief heat treatment was performed at
593°C (1100°F) for two and ten hours in a Hevi-duty forced air
furnace. The material was then furnace cooled at a rate of 30°C
(86°F) per hour down to 250°C (482°F) and subsequently air cooled

from this temperature.

Specimen Layout

The welded plate measured approximately 102mm x 940mm x 1397mm
(4 in. x 27 in. x 55 in.). The orientation of the plate with
respect to the rolling direction can be éeen in Figﬁre 2. The
plate was cut according to Figure 2 in order to obtain 17 pieces
with dimensions 102mm x 406mm x 76 mm (4 in. x 16 in. x 3 in.).
Tﬁe different mechanical test specimens were machined from these

these pieces as shown in Figure 3.
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Hardness Testing

Hardness tests were done on a 102mm x 406mm x 76mm piece
using a Wilson Rockwgll hardness tester. Measurements were taken
at regular intervals across the weld. Care was exercised to insure
that the specimen would remain steady duiing the test. A portable

jack was used for this purpose.

Tension Testing

Standard 6.35mm (0.25 in.) diameter buttonhead tension
specimens were machined from the weld metal transverse to the
welding direction. As seen in Figure 3, the specimens had to be
taken krom the surface ends of the welds to assure that the entire
reduced section containing the 25.4mm (1 in.) gage length consisted
exclusively of weld metal. Testing was done according to ASTM
specification E8,

The ambiént temperature tests were performed using a 44.5kN
(10,000 1b) capacity Instron Universal Tester. A crosshead speed
of 1.27mmpm (0.05 inpm) was used. An extensometer was employed to
measu?e elongation to past the yield point and a load-displacement
trace was obtained og an x-y recorder. The specimens were tested
to failure. |

The low temperature tests were run on the same testing machine.
The specimens were immersed in a mechanically‘stirted methanol bath
cooled by liquid nitrogen during testing. The temperature of the

bath was monitored with a thermometer. The specimens were held at

23



temperature for 10 minutes prior to testing. No extensometer was
used and the crosshead speed was also l.Zmepm. The chart speed
. used was 50.8mmpm (2 inpm) and a load-displacement trace was
recorded. '

The 0.27 offset yleld strength and ultimate tensile strength
were calculated for all specimens. The elongation and reduction
in area were determined by fitting together the two halves of the
broken specimens and measuring final gage length and diameter with

a vernier caliper.

Charpy Impact Testing

Standard type A impact speéimens were ﬁachined from the weld
metal and HAZ in the transverse (TL).orientagion as shown in
Figu;e 3. Testing was conducted on a certified calibrated Satec
SI-1 impact testing machine, according to ASTM specification E23.
A mechanically stirred bath of 2-methylbutane cooled by liquid
nitrogen was used to achieve low temperature. The specimens were
maintained at temperature for a minimum of five minutes before -
testing and were tested within five seconds after removal from the
bath.

The impact energy of each specimen was recorded from the gage
built into the machine and lateral expansion was measured usihg é ;

dial gage along the edge of the broken spécimens.

NDIT Testing

The nil-ductility transition temperature tests were performed
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in accordance to ASTM specification E208. Five P3 specimens for
each weld metal heat treatment condition were machined as seen in
Figure 4. The orientation of the drop-weight specimens with
respect to the weld can be observed in Figure 3. The crack starter
welds were deposited using Murex-Hardex-N welding electrodes, 160A,
30V and a travel speed of 559%9mmpm (22 inpm). Subsequently, the
weld beads were notched following the guidelines of E208.

Testing was done on a drop-weight test machine in Whitaker
Laboratory at Lehigh. A 556 N (125 1lb.) weight was dropped from
a height of 732mm (28.8 in.) providing the required 400J (300 ft-1b)
test energy. The specimens were cooled with liquid nitrogen in a
mechanically stirred bath of 2-methylbutane. They were held at
teﬁperdture for A ninimum of 15 minutes before testing. The NDT
temperature was determined by the specimen which failed at the

highest temperature.

Static Fracture Toughness Testing

The static fracture toughness tests were done using a special
double notched compact specimen so that the weld metal and HAZ
could be tested with one specimen. These were machined in the
transverse-(TL) orientation. The configuration and dimensions of
the specimens are shown in Figure 5. This modificationldoés_qpt
alter the test results siﬁce the stress intensity factor, for the
a/w values used, is essentially the same.42

. i
In practice, the specimen is treated as two compact specimens

25



tegted in sequence. Initially only two contigubus pin holes and

a notch are machined.ﬂhThe notch is fatigue’cracked usihg the two
pinholes on either eide(of the notch. This portién of the specimen
is tested and after f;acture, another pinhole and notch are
machined on the remaining larger portion of the specimen. The
result is essentially a standard compact specimen which 1is tested
in the same way as before.

All specimens were precracked on an Amsler Vibrophore fatigue
testing machine. Precracking was done using a 15.1kN (3400 1b)
load to initiate the crack. This load represents between 29 and
37% of the maximum loads (PL) set by equation 9, which is in excess
of the 257 limit recommended. As the fatigue cracks grew, the
loads were progres?ively lowered and the recommended loads were
used for the final 3mm of crack length. This procedure was followed
because the use of the suggested loads did not produce crack
initiation. L,

, Fragture toughness testing was performed on a 533kN (120,000 1b)
capacity Baldwin Universal Téster. Specimens were pulled in tensionm,
the load measured by a strain gage in the load cell and the crack
opening displacement measured by a clip-type strain gage set at the
face of the specimen. A Vishay amplifier and a Hewlett-Packard
x-y recorder were used to plo? a load-face displacement trace as
seen in Figure 6.

The J intggfal techniques require determinations of area under
the load-load line displacement curve. Due to the specimen size,
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it was impossible to measure load line displacements. Therefore,
face line displacements were recorded and later converted to load
line displacements using an-equation derived from relationships

formulated by Hollstein and Blauel.l’3 The equation utilized was

s . [1.25v - 0.9bw - 11.66v)% - 4 (11.6)(0.9bvw - )] ?

23.2b
+ _(0.9bw - 1.25% + 11.6bv) (18)
23.2b

where w is the width of the specimen, § 18 the load line displacement
and v 18 the face displacement.

Low temperature tests were conducted inside an insulated spray
box which enclosed the specimen and clevis grips. Liquid nitrogen
was sprayed directly on the specimen and temperature was measured
by a copper—-constantan thermocouple embedded wifhin the specimen. All
specimens were held at or below the test temperature for at least
15 minutes prior to testing.

The speciﬁens which did,pot fail during the tests were heat
tinted at 300°C (572°F) for one hour to mark the crack extension.
Thesg were then immersed in liquid nitrogen till cold and broken
open on the Baldwin machine. The crack extension (Aa) was measured
ﬁnder a microscope, using a stage with a micrometric drive. An
average of nine measurement points from one side of the spe;imen
to the other across the crack front was used to calculate Aa. ~All
other specimen dimensions were measured with a vermier caliper.

After calculating the area under the load-load line displacement
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trace the data was processed according to the recommended

procedure.37

¢
i

Dynamic Fracture Toughness Testing

Standard 19mm (0.75 in.) thick three-point bend specimens ;ere
machined in the transverse (TL) orientation. Figure 7 shows the
configuration and dimensions of the specimens. All specimens were
precracked on an Amsler Vibropﬁore apparatus, following the
procedure used for the compact tension specimens. The appliéd
loads for fatigue initiation never exceeded 40% of the maximum load
(PL); In the final stage of fatigue crack growth, the loads

applied were 257 of P_ as recommended.37

L A

Testing was conducted in Fritz Laboratory at Lehigh using a
dfép-weight test facility adapted for three-point bend testing.

A 1.78 kN (400 1b) weight dropped from heights ranging from 305mm
(12 in.) to 610mm (24 1n.) proyided the striking force. Half-

round 13mm (0.5 in.) diameter rod:'were placed at the impact points
to cushion the imbact and prevent ringing. After the specimen
fractures the falling weight is stopped by two aluminum blocks
which absorb the remaining energy in the weight.

The strikiﬁg tup i8 instrumented and serves as Ché“load
dynamometer. The load signal was recorded on a Tektronix Type 549
storage oscilloscope. When the weight is released, a shutter
attached to the drop-weight breaks the light beam of a photo cell
attached té the testing machine and sends a triggering signal to
the oscilloscope to start the sweep of the trace. A complete
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description of the testing facility is given by Roberts and Krishna.aa

The trace obtained on the oscilloscope was plotted on a

Hewlett-Packard k—y recorder. A representative load-time trace is

‘shown in Figure 8.

All low temperatpré specimgns‘wefe cooled in a mechanically
stirred 2-me£hy1bucane bacﬁ cdd}éd by liquid nichgen. The specimens
were held at temperature for a Qinimum of 15 minutes before testing
and were tested within 20 seconds after removal from the bath.

All specimen dimensions were measured with a vernier caliper.
The data was used to obtain the dynamic fracture toughness according

to the theory outlined in the introduction.
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RESULTS AND DISCUSSION

Hardness Tests

| The hardness test results given in Figure 9 indicaté that the
weld metal is harder than the base plate and HAZ. The hardness
levels of all three zones are not high. The absence of a highly
hardened HAZ shows that no brittle margensihe formed in the HAZ.
This is not surprising since the carbon equivalent of A737 gtade B .
is low. In addition, the welding parameters were selected for the

purpose of suppressing the formation of martensite in the HAZ.

Tension Tests

The data obtained from the tension tests are presented in
Table 2 and ig Figures 10-12. The test results show that there is
a decrease in yield strength and tensile strength df Armco W-19
weld metal with post-weld stress-relief heat treatment at 593°C.
The drop in yield strength was not substantial, and even after 10
hours of post-weld stress relief, the Qeld metal still overmatched
the basé plate in yield and tensile strength. The room temperature
yield strength of the weld metal declined from 511 MPa (74.1 Ksi)
as welded to 480 MPa (69.6 Ksi) after 10 hours of post-weld heat
treatment, while the room temperature tensile strength similarly
dropped from 636 MPa (92.2 Ksi) to 573 MPa (83.0 Ksi). On the
other hand, the elongation and reduction in area at rooa temper-
ature increased with the post-weld heat treatment.

Figures 10 and 11 indicate that both the yield strength and
tensile strength increase as the test temperature is lowered.
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In the as welded condition, the yleld strength increasée from 511 MPa
(74.1 Ksi) at room temperature to 574 MPa'(83.2 Ksi) at -75°C
(-103°F). The tensile strength increaae& in the same fashion from
636 MPa (92.2 Ksi) to 743 MPa (107.7 Ksi). However, the elongation

and reduction in area did hot exhibit such a clear behavior.

Charpy Impact Tests

The Charpy impact test results are shown in Figures 13-18 and
are summarized in Tables 3 and 4. The HAZ possessed a much higher
upper shelf energy than the weld metal in all the heat treated
conditions. ‘However, the decline in toughness with a decrease in
temperature was sharper in the HAZ than in the weld metal. While
the 67.5 J (50 £¢~1b) and 45 J (33 £t-lb) transition temperatures
of tne HAZAwere lower than those of the weld metal, the opposite
- occurred with the 20 J (15 ft-1b) transition temperature.

The Charpy impact toughness of the weld metal and HAZ appeared
to improve with post-weld heat treatment. After 10 hours of heat
treatment, the transition temﬁetatu:es for the weld were similar
to those of the A737 B base plate. The HAZ exhibited lower
toughness than the base plate in tﬁe as welded condition but was
superior to the plate after 10 hours of poat—wéld heat treatment..
The upper shelf energies of the HAZ and weld metal increased with
the post-weld heat treatment. The toughness of the weldment in

its entirety as determined by the Charpy impact tests was good.

NDTT Tests
The results of the Nil-Ductility Transition Temperature tests
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performed on the weld metal are shown in Table 4. The NDIT was -95°C
(-139°F} for the as welded condition, -1ob°c (~148°F) for the 2 hour
stress rélief condition, and -120°C (-18&°F).£or the 10 hour stress
relief condition. These values correlate well with the Charpy impact
test results. All three NDT temperatures are very close ﬁo the
corresponding 20 J (15 £t-1b) transition temperatures. Furthermore,
the increase in toughhess produced by the post-weld stress relief
heat treatment is c;eéfly indicated. Therefore, there is good

agreement between the Charpy impact tests and the NDIT tests.

Static Fracture Toughness Tests

The results acq&ired from the etatic fracture toughness tests
are given in Table 5 for the HAZ, and Table 6 for the weld metal.
The J-Aa curves obtained froﬁ the specimens tested at ambient
temperature are given in Figures 19-25. The J-Aa curve correspond-
ing to the base plate ambient temperature tests done by Qureshiz,
is shown in Figure 20 for comparison. No J-Aa curves were ploﬂted
for the tests performed at -50°9 (-58°F) because no measurable crack
extension occurred sef;re failure of the specimens.

The ambient temperature J.,. value of the base plate obtained

2

1C

$y Qureshi was 250 KJm-z (119 ft-1b in. ‘). This value is larger

than those obtained for the HAZ. In the as welded condition, Jic

2

was 185 l(Jm-2 (88 £ft-1b in. “). After a 2 hour stress relief treat-

ment, J,  was 161 I(Jm-2 (77 ft-1b in.—z), and 173 K.Im-'2 (82 ft-1b

1cC
‘in.-z) after a 10 hour stress relief treatment. Therefore, the post-
weld stress rellef operation had little effect on the static fracture
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toughness of the HAZ.

The toughness of the weld metal was noticeably lower than that

of the HAZ in all three conditions of stress relief. was 123

T1c
KIn~2 (59 £e-1b in.”2) in the as welded state, 121 KJm 2 (58 £t-1b
in.-z) after 2 hours of stress relief, and 118 Kim™2 (56 ft;lb in._z)
after 10 hours of stress relief. Consequently, the effect of the
post-weld stress relief heat treatment on the static fracture tough-
ness of the weld metal was even smaller than the effect on the
toughness of the HAZ.

The relative fracture toughness of the base plate, HAZ, and
weld metal were in good aéreement with tﬂe Charpy impact toughness
of these three zones at 22°C. Th; base platg had an energy
absorption of 210 J (155 ft-1b), the as welded HAZ around 170 J
(125 £t-1b), and the weld metal about 130 J (96 £t-1b) at room
temperature. This agreement does not hold for the HAZ and weld
metal in the stress relieved condition. Although the energy
absorption of the HAZ increased from 170 J to 224 J (165 ft-1b)
after 10 hours of stress relief, the static fracture toughness

2

dropped from 185 KIM “ to 173 KJHfz, a small decrease.

As discussed in the introduction, the J, , value can, on certain

1c
occasions, be a very conservative value of fracture toughness, and a
new parameter, called the Tearing Modulus, has been defined. This
parameter has been calculated for all the material conditions

tested at room temperature, and the results are given in Table 7.

Since no J-Aa curves could be constructed for the specimens tested
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at -50°C, no Tearing Modulus data was avallable at that temperature.

The Tearing Modulus of both the HAZ and weld metal increased
with the post-weld stress rinef heat treatment. The Tearing
Modulus of the HAZ after a 10 hour stress relief treatment was
higher than that of thé bagse plate calculated from the test valﬁes
reported by Qureshi.2 The Tearing Modulus of the HAZ was consid-
erably higher than that of the weld metal at all conditions of
stress relief.

Therefore, the static fracture toughness data, interpreted
using the Tearing Modulus parameter, would essentially agree with
the findings of the Charpy impact tests in the sense that the
post-weld stress relief heat treatment increased the toughness of
the HAZ and the weld metal.’ However, as mentioned in the intro-
duction, work‘ia‘still necessary to fully understand the applica-
bility of the‘Tearing Modulus parameter.

The temperature dependence of the static fracture toughness
was clearly visible. The HAZ and weld metal experienced a decline
in static fracture toughness with a decrease in temperature. The

value of the as-welded HAZ dropped from 185 KJm—z (88 ft-1b
2

I1c

1n."?) at 22°C (72°F) to 56 KJn > (27 fe-1b in.”2). Similarly,
the ch value of the weld metal dropped from 123 K,Jm-'2 (59 ft-1b
in."%) to 14 kM2 (7 £e-1b in.”%) at -50°C.

The weld metal specimens tested at -50°C experienced a
phenomenon known as "pop-in" during the static fracture toughness

tests. This phenopenon can be described as a large and sudden
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crack advance. When this occurred, a visible load drop was
recorded on the load-face displacement trace. After "pop-in",

the load rose to a maximum value where failure occurred. vHowever,
because of this "pop-in" phenomenon, failure conditions had to be
calculated from the "pbp-in" load and so, quite low fracture tough-

ness va{k}a were obtained.
9 E3)

Dynamic’%racture Toughness Tests

The results of the dynamic fracture toughness tests conducted
" on the weld metal are given in Table 8. These resu;ts showed the
same temperature dependance as the static fracture toughness
results. The dynamic fracture toughness of the weld metal as
 welded dropped from 322 MPa mi (293 Ksi ini) at room temperature
to 332 MPa m' (120 Kei :Lnf)‘at: -50°C. The weld metal behaved
gimilarly in the 2 hour stréss relievéd condition,

The weld metal dynamic fracture toughness was consistently.
higher than its static fracture toughness. This behavior is unusual
but it has been reported before when the same testing method was
;sed.2'3 The problems inherent to ﬁhis testing technique were
already discussed in the introduction. In addition, the problem
of load elevation due to the inertié of the test specimen was not
entirely overcome although a cushion pad was used on each specimen.
Therefore, the dynamic fracture toughness values measured can not
be utilized in absolute terms and should only be used for comparison.

The room temperature dynamic fracture toughness of the metal
declined after 2 hours of post-weld stress relief. waever, the
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. decline was not very large. On the other hand, the dynamic
fracture toughness of the stress relieved weld metal at -50°C

was higher than that of the weld metal as welded.

Fracture Toughness Summary

The static fracture toughness data obtained from the J inCegral

tests are summarized in Table 9. The ch and J values measured

were converted to K using equation 13, because no valid ch

ASTM specification E399 could be determined. Data obtained by

by

Qureahi2 was alsb'included for purposes of comparison. The results
indicated that the post~weld stress felief heat treatment had little
influence on the K values of the HAZ and weld metal. The HAZ and
weld metal exhibited lower tougﬁneea values than the base plate.

The weldment possessed high toughness at room temperature but the
toughness at ~50°C (-58°F) was noticeably lower.

The crack toughness parameter proposed by Shoemaker and R;ola‘:‘el'l
was also calculated and included in Table 9. These ratios followed
the same trend established by the K values. The effect of fhe

stress relief treatment on the crack toughness parameter, as seen

in Table 9, was not significant.

36



CONCLUSIONS

As a result of the diffgrent mechanical tests performed on the
A737 grade B weldment, the following was coﬂcluded:

1. The weld metal overmatched the strength of the base plate
even after a 10 hour post-weld stress relief heat treatment at
593°¢C (11007?). At room temperatgfe, the yield strength of the
weld metal as welded was 511 MPa (74.1 Ksai) compated.to 389 MPa
(56.4 Kai) for the base plate, and the tenéile strength was 636~HP3
(92.2 Ksi) compared to 547 MPa (79.3 Ksi) for the base plate.

2. The base plate posasessed a higﬁef Charpy impact toughness
than the ﬁAZ which in tufn”wae tﬁuéher than the weld metal. The
upper shelf energy of the as welded HAZ was 168 J (126.ft-lb)
compared to 133 J (98 £ft-1b) of the weld ﬁetal. However, the decline
in Charpy impact tqughness with decreasing temperatures was sharper
in ?he HAZ than in the weld metal.

3. In terms of Charpy impact transition temperature, the
thermal stress relief operation proved beneficial for both the HAZ
and weld metal. The 50 J (33 ft-1b) and 68 J (50 ft~1b) tramsition
temperatures of the HAZ and weld metal were shifted 30°C (54°F)
downwards after 10 hours of stfess relief. The NDIT tests performed
on the weld metal supported this conclusion.

4. The static fracture toughness of the HAZ, measured by J
integral techniques, was superior at all heqt treated conditions
to the weld metal. The temperature depgn#gnce of fracture toughness
wvas clearly visible. At -50°C, the HAZ had lost 45% of its toughness
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at room temperature wﬁile the weld metal lost 60%.

5. The stress relief heat treatment had little effect on the
static fracture toughness of the HAZ and weld metal. The fracture
toughness (K) of the HAZ declined from 207 MPa m% (i89 Ksi in.é )

to 200 MPa mi (182 Ksi in.é) after 10 hours of stress relief.

Likewise, the K value of the weld metal dropped from 169 MPa né
(154 Ksi in.i) to 165 MPa mi (151 Ksi in.i). The change in the
dynamic fracture toughness of the weld metal followed the:same
pattern.

6. Although the fracture toughness of both the HAZ and weld
metal decreased slightly after stress relief, the ;earing modulus’
increased substantially. This seems to indicate that thermal stress

relief provided the HAZ and weld métal with more ability to sustain

stable crack growth.
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Table 1.

A. Composition of A737 Grade B and ARMCO W-19 (wtZ)

Summary of Material Specifications

Identification C Mn P S 51 Nb Cu Ni Cr Mo Al
A737B Lukens :
Heat B1908 Analysis 14 | 1.44 1 .009 | .006 .19 .025 .27 .28 W22 .09 .030
ARMCO W-19
Specified Composition .09 | .85).010{.008 } .15 - .25 | 3.5 .08 .03 -
B. Composition of Linde 709-5 Flux (Z)
Identification §10, Ca0 MnO Al,04 CaF,
Linde 709-5 40 40 5 5 10
C. Transverse Tensile Properties of A737B (normalized)

Yield Strength Tensgile Strentgh Elongation R.A.
Material MPa (ksi) MPa (ksi) % - 7
A737B Heat B1968 | 389 (56.4) 547 (79.3) 29 58.1
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Table 1. Continued
D. Charpy Impact Properties of A737B (normalized)
Material szper?5;§e Engrgy ?2:é§:§d La;:ral(::g;) 7% Shear
A737B -46 (~50) 148 (109) 2.027 (80) 80
(normalized) o, (-80)" 145 (107) 2,00 (79) 80
-73  (-100) 123 (91) 1.99 (78) 70
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Table 2. Tension Test Date For A737 Grade B
Base Plate and ARMCO W-19 Weld Metal

Temperature Yield Strength Tensile Strength Elongation Red. in Area

Identification °C (°F) MPa (ksi) MPa (ksi) , % %
A737B * 22 (72) 366 _ (53.1) 513 (74.5) 36.5 -
Normalized -46 (~50) 432 (62.7) 606 (88.0) 40.0 -
Transverse (TL) =96 (-140) 506 (73.4) . 693 (100.6) 40.8 -
ARMCO W-19 25 an 511 (74.1) 636 (92.2) 22.3 65.3
As WVelded -20 (-4) 536 (77.7) 667 (96.7) 24.8 67.1
Transverse -50 (-58) 541 (78.4) 689 (99.9) 26.4 66.1
To Weld Direction | =75 (~103) 574 (83.3) 743 (107.7) - 58.3
ARMCO W-19 25 7) 514 (74.6) 614 (89.1) 25.3 66.0
Stress Relieved =20 (-4) 526 (76.3) 636 (92.3) 24,8 66.2
2 Hours at 593°C -50 (-58) 536 (77.8) 652 (94.6) 24,2 64.6
Transverse ~75 (-103) J 567 (82.3) 683 (99.0) 25.9 64.9
ARMCO W-19 25 an 480 (69.6) 573 (83.0) 26.2 68.4
Stress Relieved -20 (-4) 509 (73.7) 604 (87.6) 25.3 67.6
10 Hours at 593°C| -50 (-58) 523 (75.9) - 630 (91.3) 27.9 65.2
Transverse -75 (-103) | 541  (78.5) 652 (96.5) |  25.3 63.2

* From Reference 2
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Table 3. Impact properties of A737 Grade B
Base Plate and Heat Affected Zone

Transition Temperatures Transverse (TL)

Impact Energy

Impaét Energy

Impact Energy

Lateral Expansion

10 hours

Identification 203 (15 ft-1b) 453 (33 ft-1b) 683 (50 ft-1b) .875mm (35 mil)
’ °c (°F) °c °P °c (°F) °C. (°F)

A737 Grade B* -99 (-146) -82 (-116) -73 (-99) - -

A737 Grade B . .

HAZ as welded -90 (-130) -72 (-98) -62 (-80) ~72 (~98)

A737 Grade B

HAZ stress relieved =115 (-175) =100 (-148) -92 (-134) -92 (-134)

2 hours

‘A737 Grade B

HAZ stress relieved -115 (~175) -105 (~157) ~94 (-137) ~95 (-139)

* From reference 2




Table 4. Impact Properties of ARMCO W-19 Weld Metal
A. Charpy Impact Test Results Transverse to Welding Direction

1%}

Transition Temperature

Impact Energy Impact Energy Impact Energy Lateral Expansion

20 (15 ft-1b) | 45J (33 ft-1b) | 68J (50 ft-1b) .875mm (35 mil)
Identification oC (GF) oc (OF) oc (DF) DC (OF)
ARMCO W-19 _ B - _ _ _ _ o
As welded 96 - (-141) 56 (-69) 30 (-22) 43 (-45)
ARMCO W-19 ‘
Stress relieved -104 (-155) -73 (=99) ~50 (-58) -46 (-51)
2 hours .
ARMCO W-19
Stress relieved -113 ((-171) -86 (-123) -62 (-80) ~-58 (-72)
10 hours '

B. Drop Weight Test Results Transverse to Welding Direction

NDTT Charpy Impact
°c (°P) Energy at NDTT
Identification J (£t-1b)
ARMCO W-19
As welded -95 (~139) 22 (16)
ARMCO W-19
Stress relieved 2 hours | =100 (-148) 23 7)
ARMCO W-19
Stress relieved 10 hours | ~120 (~184) 18 (13)
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Table 5. Static Fracture Toughness of A737 Grade B HAZ
Specimen Test Temperature Crack Extension Aa J_ _
Identification ¢ °q (°F) mm (in.) KIm 2 (ft-1b 1n. 2)
A72 22 (72) .45 (.018) 217 (103)
A737 Grade B.- |- p9) 22 (72) 91 (.036) 374 (178)
HAZ As A74 22 (72) 1.67 (.066) 380 (18;)
A73 22 (72) 2.01 - (.079) 589 (280)
JIC 185 (88)
Welded A105 -50 (-58) - - 32 (15)
A106 -50 (-58) .33 (.013) 73 (35)
Transverse (TL) A107 -50 (-58) .12 (.005) 84 (40)
A108 =50 (-58) - - 36 an
J 56 (27)
ABS 22 (72) .27 (.011) 182 (87)
A737 Grade B A92 22 (72) .58 (.023) 232 ) -
_ A91 22 (72) .87 (.034) 289 (137)
HAZ Stress R. | y93 22 (72) 1.09  (.043) 336 (160)-
JIC 161 an
2 hours at 593°C AB6 -50 (-58) - - . 38 (18)
A87 -50 (-58) - - 72 (35)
Transverse (TL) A88 -50 (-58) - - 42 (20)
J 51 (24)
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Table 5. Continved

Specimen Test Temperature Crack Extension Aa J -2 ‘ -2

0 °C (oF) mm (iﬂ.) KJm . (ft-lb ino )
A737 Grade B Al3l 22 (72) 40 (.016) 233 (111)
HAZ Stress R. Al33 22 (72) 46 (.018) 297 (141)
10 hours at-593°c Al32 22 (72) .65 (.025) 353 (168)
Transverse (TL) Al34 22 (72) .86 (.034) 423 (201)
JIC 173 (82)
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Table 6. Static Fracture Toughness of ARICO W-19 Weld Metal
Identification Spe;imen ngt Temﬁf;?ture C;:ck Exzi:?ion Kgm—z (£t-1b 1n.-2)
Al103 22 (72) .40 (.016) 140 (67)
T AL02 22 (72) .92 (.036) 177 (84)'
ARMCO W-19 A101 22 (72) 0 1.06  (.042) 187 (89)
As Welded A104 22 (72) 1.86  (.073) 234 (112)
Transverse Jie = 123 (59)
to Welding A76 ~50 (-58) * 17 (8)
direction A77 -50 (-58) * 12 (6)
A78 -50  (-58) * 15 2
T - 14 (7
AB2 22 (72) .38 (.015) 131 (62)
ARMCO W-19 A83 22 (72) Jb o (.017) 143 (68)
Stress R. AB4 22 (72) .66  (.026) 154 (73)
2 hours at 593°C| A9g 22 (72) .72 (.028) 182 (87)
Transverse A81 22 (72) 1.39 (.055) 204 on
to welding ' Jige = 121 (58)
direction A9S -50 (-58) * 20 9)
A96 -50  (-58) * 16 ®
A97 =50 (-58) * 20 9
J = 19 (9)




Table 6. Continued

Specimen Test Temperature Crack Extension J -2 -2
i °C (°F) tmm (1n.) KJm (ft-1b in. )
ARMCO W-19 Al135 22 (72) .31 (.012) 130 ) (62)
Stress R. Al138 22 (72) W40 (.016) 185 ~ (88)
10 hours at 593°C| Al36 .22 (72) .70 (.027) ‘214 (102)
Transverse to Al137 22 (72) .96 (.038) 247 (117)
welding direction _ JIC = 118 -(56)

Ly

* "pop-in"
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Table 7. Tearing Modulus Data for A737 Grade B
Base Plate and HAZ, and ARMCO W-19 Weld Metal

: - 'dJ/da
Ident1fication oo Tem%f;;Fure ey Tearing Modulus
fom /o T=(dJ/da) (E/00”)

Aﬁiieciiﬁien* 23 (73) 327.63 358.6

e werdog | W 22 (72) 192.24 173.7
A737 Grade B HAZ '

Stress R. 2 hours at 593°C 22 (72) 214.86 212.4
A737 Grade B HAZ o

Stress R. 10 hours at 593°C 22 (72) 380.28 379.6

As Segsig 22 »(72) 64.42 41.3
ARMCO W-19

Stress R. 2 hours at 593°C 22 (72) 68.82 45.6
ARMOC W-19 _

Stress R. 10 hours at 593°C 22 (12) 157.13 119.5

t

* Obtained from data in reference 2
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Table 8. Dynamic Fracture Toughness Data for ARMCO W-19 Weld Matal

A. Weld Metal As Received Transverse to Welding Direction
Specimen Test Temperature Wm -p JCd -2 int 3
¢ °c (°F) J (££-1b) KJm (ft=1b in. ) MPa m (ksi in.%)
A151 22 (72) 88.2 (65.0) 467 (222) 329 (299)
A152 22 (72) 83.6 (61.6) 428 . (204) 315 (287)
Average 85.9 (63.3) 448.5 (213) 322 (293)
Al53 =50 (-58) 14.8 (10.9) 73 (35) 130 (118)
Al54 =50 (-58) 14.9 (11.0) 78 (37) 134 (122)
Awerage'_ 14.85  (10.95) 75.5 (36) 132 (120)

B. Weld Metal Strees Releived 2 Hours 'at 593°C Transverse to Welding Direction

Specimen

Test Temperature

Wm

JCd

QKdg

N °c - (°F) J (£t-1b) Kin 2 (ft-1b in."%) MPa m* (ksi 1n.*)
A155 22 (72) 69.1 (50.9) 362 (172) 289 (263)
Al156 22 (72) 61.9 (45.7) 323 (154) 274 (249)
Average ' 65.5 (48.3) 342.5 (163) 281.5 (256)
A157 -50 (~58) 18.1 (13.4) 93 (44) 147 (134)
Al158 -50 (~58) 15.7 (11.6) 80 (38) 136 ° (124)
Average 16.9 (12.5) 86.5 (41) 141.5 (129)




Table 9, Static Fracture Toughness Summary

0s

Identification ngt Te?gggature MPa md * (ksi 1n.3y | md Kaloys (1n. 1
A737 Grade B 23 (73) 241 * (219) .658 (4.13)
Base Plate -4 (~4) 234 % (213) .539 (3.38)
(from reference 2) -96  (~141) 147 #* (134) 292 (1.83)
A737 B HAZ 22 (72) 207 % - - (189) .514 ) (3.23)
As Welded -50  (-58) 114 ** (104) .264 (1.66)
A737B HAZ 22 (72) 193 * (176) .504 (3.16)
Stress R. 2 hours -50  (-58) 109 ** (99) .263 (1.65)
AT3TB B2 o hours | 22 0D 200 * (182) .524 (3.29)
ARMCO W-19 22 (72) 169 -* (154) .330 (2.07)
As Welded -50  (-58) 57 kk (52) 112 (.70)
ARMCO W-19 22 (72) 167 * ~ (152) .326 (2.05)
Stress R. 2 hours -50 (-58) 66 k* (60) " .128 (.80)
gﬁfﬁgs“£}9lo Houte 22 (72) 165 * (151) .345 (2.16)

vJ

* K. calculated from J . (K; . = VI . /fll-vzi)

IC

#k K calculated from J (K = ¢§: YE/1-v2 )
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