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Fig. 74. Macrographs of cracks observed in University of
Tennessee' hydrogen susceptibility test specimens. (a) SA 533 steel,
(b) SA 508 steel 85. . . .. ,,, , , , , . . .... ,, . . . . . .

Fig. 75. Stress rupture properties at 1150'F of simulated grain..

coarsened weld heat affected zone of SA 508, class 2, and SA 533,
. grade B, class 1, steels

.
, , . , ,, ....... . . 86

. |

Fig, 76. Intergranular fracture behavior in stress relief !

cracking test 3, of SA 533, grade B, class 1, steel (martensitic
structure). (a) Scanning electron micrograph. (b) Meta 11ographic
section of (a) revealing grain boundary cracks, super pieral etch 88. .

!

Fig. 77. Intergranular fracture behavior in stress relief I,
cracking test 7, of SA 533, grade B, class 1, steel (bainitic

|structure). (a) Scanning electron micro graph (b) Meta 11ographic
section revealing grain boundary secondary cracks below the main

-rupture surface of (a), super picral etch 89. . ............
)

Fig. 78. Intergranular fracture behavior in stress relief
cracking ~ test 3 of SA-508, class 2 (martensitic structure).

1

(a) Scanning electron micrograph. (b) Meta 11ographic section revealing
. grain boundary secondary cracks below the main rupture surface of (a),
super picral etch. (c) Microductility observed in (a) 90 i

,

. . . . . . . .

Fig. 79. .Intergranular fracture behavior in stress relief
cracking test 7 of SA 508, class 2 (bainitic structure). (a) Scanning ;

elec. tron micrograph.- .(b) Meta 11ographic section revealing grain ;

boundary secondary cracks below the main rupture surface of (a), super |
picral etch

. '91 -|
, , , ... , , .., , , . . , . . . ,,,, , . . . . .

!

Fig. 80, charpy V-notch toughness as related to different heat-
.

affected zone thermal cycles for SA 533, grade B, class 1, steel 93 .
,
'

. . .

Fig, 81, _ Microstructural behavior in SA-533, grade B, class 1,
steel, for Cycle II, 2400*F peak temperature. Super picral etch.

;
'(a) Martensitic structure, llRC 42. (b) Postweld heat treated, tempered ;

martensitic structure, HRC 1
- 95.. . . . . . ., ,.,,,,......

,

;

Fig. 82.- Microstructural behavior in SA 533, grade B, class 1, |
~

steel for Cycle VI, 2400'F peak temperature. Super picral etch.
-(a) Bainitic structure, llRC.21. (b) Postweld heat _ treated, tempered!~

bainitic structure, llRB 82 96...... . , .,. ,,....... . .

Fig. 83. -Microstructural behavior in SA 533, grade B, class 1,-
,steel for multiple. cycles: Cycle II with 2400'F peak temperature fol- i

lowed by Cycle II with 1650*F peak temperature. Super picral etch.
' (a) ' Mixture of coarse and fine martensite, HRC 42. (b) Postweld heat !
treated, tempered martensite structure, IIRC 3 97,.. . . . . . . . . .

4,.c

xii
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Fig. 84. Microstructural behavior in SA 533, grade B, class 1,
steel for multiple cycles: Cycle VI with 2400'C peak temperature fol-
loved by Cycle VI with 1650'F peak temperature. Super picral etch.
(a) Fine bainitic structure, HRC 5. (b) Postweld heat treated, tem-

98pered bainitic structure, HRB 82 .. . . . . . . . . . . . . . . . . .

Fig. 85. Microstructural behavior in SA-533, grade B, class 1,
steci for Cycle 11 with 2400'F peak temperature and 2 h hold at 600'F.
Super picral etch. (a) Martensitic structure, HRC 39. (b) Postweld

99heat treated, tempered martensiric structure, HRC 6 . . . . . . . . .

Fig. 86. Microstructural behavior in SA 533, grade B, class 1,
steel for Cycle VI with 2400*F peak temperature and 2 h hold at 600'F.
Super picral etch. (a) Tempered bainitic structure, HRC 19. (b) Post-
weld heat treated, tempered bainitic d m Jacture, HRC 5 . 100. . . . . . .

Fig. 87. Microstructural behavior in SA 533, grade B, class 1,
steel for Cycle VI with 2400*F peak temperature and 2 h hold at 300'F.
Super picral etch. (a) Tempered bainitic structure, HRC 21. (b) Post-

. 101weld heat treated, tempered bainitic structure, HRC 10 . . . . . . .

Fig. 88. Charpy V notch toughness as related to different heat-
. 102affected zone thermal cycles for SA 508, class 2, steel . . . . , .

Fig. 89. Microstructural behavior in SA 508, class 2, steel for
Cycle II with 2400'C peak temperature. Super picral etch. (a) Marten-
sitic structure, HRC 46, (b) Postweld heat treated, tempered marten-

. 104sitic structure, HRC 28 . .. , ,. . . . . . . . , , , . . . . .

Fig. 90. Microstructural behavior in SA $06, class 2, steel for
Cycle VI with 2400*F peak temperature. Super picral etch. (a) Baini-
tic structure, HRC 28. (b) Postweld heat treated, tempered bainitic

. 105structure, HRC 18 . . . .., ... . . . . . . . . . . . . . . . .

Fig. 91. Microstructure behavior in SA-508, class 2, steel for
multiple cycles: Cycle II with 2400*F peak temperature and Cycle II
with 1650*F peak temperature. Super picral etch. (a) Mixture of
coarse and fine-grained martensite, HRC 48. (b) Postweld heat treated,

. 106tempered martensitic structure, HRC 20 . . . . , .. . . , . . . . .

Fig. 92. Microstructural behavior in SA 508, class 2, steel for
multiple cycles: Cycle VI with-2400*F peak temperature and Cycle VI
with 1650*F peak temperature. Super picral etch. (a) Fine bainitic
structure, HRC 26. (b) Postweld heat treated, tempered bainitic struc-

. 107ture, HRC 13 . . . . . . ,, .. . . . . . . . . .. . . . . . , , .

Fig. 93. Microstructural behavior in SA 508, class 2, steel for
Cycle II with 2400*F peak temperature and 2-h hold at 600'F. Super

picral etch. (a) Tempered martensitic structure,~HRC 38. (b) Postweld
. 108heat treated, tempered martensitic structure, HRC 12 . . . . . . . .

xiii



. - - _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ - _ _ _ - _ - _ _ _ _ _ _ - _ _ _ _ _ - - . _ - _ _ _ - - _ _

'
,

t 6

x:
'

Fig, 94.~ ~ Microstructural behavior in SA 508, class 2, steel for
-Cycle-VI.with 2400'F peak-temperature and 2 h hold at 600'F. Super +

F 'picral etch. _ (a) Tempered- bainitic . structure,11RC 26. -(b) Postweld
h'at treated, tempered bainitic structure,~HRC.9 . 109 :e . . . . . . . .. . .

!

Fig._95. Microstructural behavior in SA-508, class 2. steel for. i
Cycle II_with 2400'F peak temperature and 2 h hold at 300'F. Postweld
~ heat treated. Super picral_ etch.- Tempered martensitic structure,
llRC'12i . . . . - . 110.... .. . . .. . . . . . . . . . . ... . . . .

,

Fig. 96. . Microstructural behavior in SA 533, grade B, class 1,
steel for Cycle VI with 2400'F peak temperature and 2 h hold at-300'F. *

,

Postwold heat treated. . Super picral etch. Tempered bainitic strue. !.g, ~'

t u re , - HRC ! 11 . . . . . . . . . . . . . . . . . . . . . . - , . . . . . . . 110 f

i
Fig. - B .1._ - Lateral expansion valuesifor Charpy specimens of i

SA 533, grsde B, class 1, exposed to different heat affected zone
thermal _ cycles 4. 127*

. . . . . .. . .. . . . . . . . . . . . . . . . . . .,

,

Fig. B.2. ; Lateral _ expansion values for Charpy specimens of i' SAe508,; class 2, exposed to different. heat affected zone thermal
.

_ cycles: ...u. . . . . . . . .... . . . . . . . . . . . . . . . . . . . 128_ .
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' EFFECT OF WELDING CONDITIONS ON Tile IDW TEMPERATURE TRANSPORMATION
AND PROPERTIES OF Tile WELD llEAT AFFECTED ZONE OF LOW ALLOY

-

SIFELS FOR USE IN LICitT-WATER REACTORS *+

Carl D. Lundini and Sher Mohammedt i

'

ABSTRACT

..

bThe continuous cooling transformation behavior (CCT)'and
isothermal transformation (IT) behavior.were determined for

- SA 508. and SA-533 materials for conditions pertaining to standard
heat treatment and for the coarse grained region of the heat . i

af fected zone (llAZ), The resulting diagrams help to select weld-#

ing conditions that produce the most favorable microconstituent
for the. development of optimum postweld heat treatment (PWitT)
toughness levels. In the case of.SA 508 and SA 533, martensite.

responds more favorably to PWilT than does bainite. .Bainite is to
be avoided for the optimum toughness characteristics of the llAZ.
For an untempered martensitic structure, a postweld hold at 'C t

(600*F)'was injurious to the as welded ilAZ toughness, but
superior toughness could be achieved by PWIIT. . Crain refining
thermal cycles do not improve toughness per se if the trans-

- formation product-is untempered bainite. The heat flow asso-
ciated with and peak temperatures reached by additional passes,

"

are considered necessary for optimum HAZ toughness. ,.

We recommend that wold energy input be controlled'during t

welding of SA 533 and SA-508 to obtain a cooling rate faster
than the critical cooling rate for bainite, thus forming a pri- .;

marily martensitic structure. We recommend PWitT of this struc-
ture after weldingito temper the martensite and optimize the llAZ
behavior.y

The1reheati cracking tendency for.both steels vas ovaluated'

. by metallographic studies of simulated ilAZ structures; subjected |

=to PWitT. cycles and simultaneous restraint. Both SA 533, grade B, J
Iclass 1,.and SA 508, class 2, cracked intergranularly. The- .!

Jstress, rupture parameter (the product of the stress for a ruptures

.;1ife.of-10 min and.the-corresponding reduction of area) calcu--
tlated for both steels showed that;SA-508, class 2, was more sus-t

1

--ceptible ' to reheat cracking than SA 533, ' grade B,: class 1',
g ,.

!

. *Research ' sponsored by the Office of Nuclear Regulatory Research,- 1

. Division of Engineering Technology, U.S. Nuclear Regulatory Commission,'

under Interagency Agreement DOE 1886 8010-3B with the U.S. Department:of-E
.

-Energy.under Contract DE-AC05 840R21400 wt' i-Martin Marietta Energytt

1 Systems' Inc..

iWelding Research and Engineering, University of Tent.essee,
Knoxville, TN 37916'.
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Cold cracking tests (Battelle Test and University of
Tennessee modified hydrogen susceptibility test) indicated that a

;

higher preheat temperature is required for SA-508, class 2, to !

avoid cracking than is required for SA-533, grade B, class 1.
Further, the Hydrogen Susceptibility Test showed that SA 508,
class 2,'is more susceptible to hydrogen embrittlement than is
SA 533, grade B, class 1. ,

!

t

.

INTRODUCTION

The pressure vessels'used as the primary containment for. light water *

nuclear
welding. powerplants.arefabricatedfromthickwalledplateorforgingsbyFigure 1: indicates the various components that are' joined
together to produce a'large pressure vessel. The main course sections in i

Fig. 1|are constructed from plate or-forgings. "

'

;The-pressure vessels =used as_the primary ~ containment for light water
nuclear power' plants in the . United States are fabricated primarily from

~

only,two base; metal compositions. . Those steels are: identified.as-SA 533,
grado-B,' class 1,.and SA 508, class 2. (SA-508 class 1 is also employed to :)
avoid reheaticracking.)L The' SA before- the specification number indicates
that the material has been accepted for use by the American Society of'
Hechanical Engineers Boiler and Pressure. Vessel Code:(ASME Code). .,A steel'

'

i ' that;is employed'in the fabrication of.a nuclear pressure vessel must>

satisfy the' requirements |of the SA specification, which indicate the limits-
on chemical composition,. permissible melting and processing practices, and .

~

.

minimum mechanical properties,fas well'cs!other criteria that are. !
: established'by the.ASME Code,;the Federal. Register,'and Nuclear Regulatory;
1 Commission (NRC) guides, i,

"y , ,
--

; -

i

-

2. The; purpose |ofLthe.research reported'here was' to investigate the
weldability .of< thei above' materials, which constitute 1a significant: frac .

,

tion Lof the11ow alloy. stects employed * for heavy section light-water reactor- '
<

' fabrication. . In the fabrication of the low alloy steels used-in light- '
. m
d'' ' water-reactor. constructi'on, control of welding energy input,t preheat for 4

weldingh and, in some instances,' maintenance of-preheat after welding are-

,.

.cmployed to avoidisome1 fabrication problems. . Preheat is employed primarily:
.to;eliminateHcold'crackingfin the heat affected> zone (HAZ),;especiallyL ni
the coarse grained region 1 adjacent.to the weld fusion'line. The weld metal'

~is;not immuno to cracking; problems but,|sincA the carbon content is low,' '
,

the.problemfis rarely encountered.- 4
e.~n <

<

Normally, HAZ, cracking is attributed to twoEcauses:-93 :,

=1. :coldLcracking due to hydrogen in_the HAZ1(picked up.from the' weld
~

* metal-in-most instances)', the;1ow-temperature transformation of
, .

austenite to martensite, and the restraint and residua 1' stresses; and
'2. < reheat-cracking occurring.during postweld heat treatment (PWHT) for' 4

stress. relief in the grain-coarsened HAZ as.a result of strain accumu-
,

lation and rupture of the prior austenite grain boundaries, the
o y

:I
i,

,

"

|

g !r

'
31) s



3

ORNL-DWG 84-1333R (H)

U U

h esolltt$

- TOPM(AD
, ,

'
- OftaNGt Pitt

. . _

potts.

*
. Mtao roaGsNG

~~ SutLL F0aG#NG

%

gg INTERNat DetaCWill

j(If(IHeat DRaC5tIl, ,qk 0sf / N0!!LLS

O%* . a o * 'f GIx,,,m t_

L
%

SHELL C0va5ES

b b ''/

& 'Gb
;

-

a rta a coat suPPont-
,

'
t .

I I

A ' k

i

g'u

- - oaaNGt Pttt

. - oorrow Eso

as -
~ -* - Saint $vP90fti.

- es0!!Ltl

Fig. 1. Schematic view of a typical large pressure vessel.



,

4

occurrence of which is strongly influenced by minor or residual element
distribution produced at these boundaries during welding.

,

Development of residual stresses in heavy section welding can be mini-
mized only to a limited extent, so most preventive measures for cold

~

crackin6 revolve around elimination of hydrogen and control of the trans-
formation of austenite to martensite. To those ends, low-hydrogen welding
procedures are employed. Preheating and maintenance of heating throughout
welding are used to retard cooling, thus modifying the martensite trans-
formation and permitting hydrogen to escape before trancformation takes
place. Those procedures are very effective, but they are costly. To con-
. serve energy it would be desirable to minimize preheating and holding at
preheat temperatures for long times, without adversely affecting product
fabricability or performance. However, we do not have sufficient knowledge
of the metallurgical response in the HAZ to determine the required proce-
dures scientifically. The research reported here is directed toward
obtaining that knowledge.

The reheat cracking tendency of a particular_ material must be ad-
dressed in terms of chemistry control or the minimization of residual
stresses during welding, as PWHT.must be employed to ensure HAZ toughness
after welding. The application of PWHT also reduces the final stress dis-
-tribution and thus is important from a fracture initiation standpoint. The
occurrence of. reheat cracking has been noted with the SA 508, class 2, ma-
terial; the-newer composition in the class 3 specifications has less reheat
cracking tendency. Susceptibility to reheat cracking can be readily deter-
mined.with the Cleeble " simulated HAZ technique."

Knowledge offthe transformation behavior of-the'HAZ is necessary to
the understanding of most metallurgically related welding problems. The
HAZ experiences a. spectrum of temperatures from preheat to the melting
temperature and, depending on the welding conditions, a cooling rate,
which, together with the peak temperature, controls the metallurgical
transformations. The development of the appropriate HAZ continuous-cooling
transformation (CCT) diagrams has generally been neglected. However, when
available, these diagrams can be utilized to choose welding conditions that
will produce the desired HAZ microstructures and thus the appropriate
properties. Development of the HAZ CCT diagrams for the two principal
materials,.SA 533'and SA 508, by two independent. procedures is warranted.

By-integrating the information on material behavior,-the influence of
welding preheat and transformation on the toughness of :the HAZ can be as- <

sessed. The proper preheat for elimination of cold cracking can be de-
fined,.and the potential.for reheat' cracking determined, by simple test
procedures.

'

HISTORICAL REVIEW

The light-water nuclear reactor (LWR) pressure vessels have been
fabricated from primarily two low-alloy, high-strength steels. The
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quenched-and tempered alloys are identified as SA 533, grade B, class 1,
and SA 508, class 2, in the ASME Code. The range of. chemical compositions
of both alloys is given in Table 1.2 Note that SA 508, class 2, has higher

C, Ni, and Mo contents and also has some Cr and V, whereas SA.533, grade B,
class 1, is higher in Mn content and contains no Cr or V. The minimum
room temperature tensile property requirements for the SA specification of
both materials are given in Table 2.8- Both materials tend to have similar
mechanical properties, except that SA 508, class 2, has a higher allowabic
upper lirait on tensile strength and a lower minimum percentage reduction in
area compared with SA-533, grade B, class 1.

Table 1. Chemical compositions of the materials
,

Composition (%)
Hateriale

C Mn Ni Mo Cr Si V

SA-533, grade B,- 0.25 max 1.1 hl .50 0. 4-4. 7 0.45-0.60 - 0.15-0.30 -
,

class 1.
SA-508, elass 2 0.27 anx 0. 5--1. 0 0.5-1.0 0.55-0.70 0.25-0.45 0.15-0.40 0.05

Table 2. Minimum tensile properties of the materials
at room temperature

SA-533, grade B,
class 1 SA-508, class 2

Tensile strength
MPa 550-690 550-725
ksi 80-100 80-105

' Yield strength
MPa 345 345
ksi 50 50

Elongation, % 18 18
~ Reduction of area, % 62. 38

EFFECTS.0F HEAT TREATMENT ON WELD HEAT-AFFECTED ZONE

;!

,Most pressure vessels are made in the United States by forming flat
_ plate into cylindrical shapes, pressing spherical _ heads, joining those
parts by fusion welding, and incorporating forged components such as
nozzles and ring forgings to produce the vessel. Several disadvantabc8
are associated with these welding operations.3 First, the high residual
stresses'that. develop in thick walled vessels are undesirable from the
fabrication and the service behavior standpoints. Second, local high

_ _ _ _ - -
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hardness values and associated embrittlement in the HAZs are of concern
from the corrosion standpoint and because of the risk of hydrogen cracking.
The most common method of reducing these residual stresses and high
hardness icvels is to carry out a heat treatment below the lower critical
temperature of the material to induce plastic flow sufficient to reduce the
stresses to an acceptable level and distribution, In addition, this
treatment'has the metallurgical effect of :empering the material, resulting

_

in recovery of ductility and decreasing handness.

In general, it has been recognized for a long time that material
strengths ace degraded by exposure to elevated temperatures, and considera-
tion has been given to quantifying these effects in pressure vessel mate-
rials that undergo PEIT, This is an area many design codes tend to
neglect, The advent of large nuclear-reactor and petrochemical pressure
vessels has increased wall thickness and complexity, requiring the fabri-
cator to adopt multiple PWHTs that often total 20 to 40 h or more. The
requirements dictating long-time PalT are

1. . thickness of the vessels,
,

2. 1.ighly restrained welds at. nozzles,
3. 1cng manufacturing cycles making it unwise to leave component

parts of the vessel in the as welded condition for extended
periods,-

4. increased use of more complex low alloy steels, and
5, multiple repair cycles for welds. t

Because a nuclear vessel is fabrfcated by welding, the entire vessel
is given a final minimum PalT for.1 h per inch * of thickness up to 2 in.,
and 15-additional minutes for each additional inch, Usually the PWHT '!

temperature is~between 595 and 620*C (1100 and 1150'F), During fabrica-
tion, vessel _ components are given short time intermediate PWHTs, and total
PWitT time for some,weldments may exceed 40 h. '

For low alloy steels, even long periods of' PWHT-are normally benefi-
.cial to HAZ cleavage resistance in-rituations where precipitation-
hardenin cffects are small (e.g.. with Ni-Mo, NL Cr Mo, and Mn Cr Mo V

- steels).{' ' Steels with high var.idium and copper: contents, however,: can
'give secondary hardening in the HAZ, particularly at high carbon levels,
and some embrittlement =ey result unless-the-PWHT temperature is carefully ..

chosen.V The maximum levels of vanadium and copper that can be tolerated !
-from.the~HAZ toughness viewpoint will depend on other alloying elements-
present, and each steel' type must be considered separately, Where second-
ary hardening is likely, PWHT conditions that.cause overaging-in the HAZ
-are 'normally chosen to develop maximum toughness, although. under aging of
.high vanadium steels at approximately 520*C (968'F) is occasionally ;

. practiced in Germany. Dolby concluded that PWHT generally improves HAZ

*Althougb the policy of the Oak Ridge National Laboratory is to report 4

its work in SI units, customary units are used in-this report, because it
-vas written before this policy became effective. Some SI conversions are

-

included-in the text. Other SI equivalents of units used in this report
are listed in Appendix C,

.
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toughness of all grades unless they contain high levels of elements that
are capable of causing secondary hardening.5 Even if the toughness is
reduced on PWHT, critical defect sizes may be increased by the reduction of
the residual stress level.

In addition to PWHT, the effect of preheat and postweld holds must be
considered. Both SA-533, grade B, class 1, and SA 508, class 2, materials
are designated by Section IX of the ASME Code and are treated similarly .

I

when preheat is employed for welding. Although preheat is not mandatory
under ASME Section III, Appendix D of the code suggests 250'F for P3
materials over S/8 in, thick. Most fabricators find that, for material 4
to 6 in, thick and greater, 250'F preheat and interpass temperature is not i

sufficient'to prevent fabrication problems; they use higher temperatures i

and, on occasion, maintain those temperatures throughout welding and then
hold at temperature for various times after welding. In the case of
nozzles -(severe restraint), some fabricators customarily hold preheat until :

P'<HT is performed (of ten an inordinately long time). The carbon equivalent
;alculations used to predict preheat requirements for SA 508, class 2, and
SA 533,-grade B, class 1, yield approximately 0.70 (for the rich analysis),
suggesting a preheat in the range of 400-700'F,.

WELD HEAT-AFFECTED ZONE AND ITS TOUGHNESS

The- HAZs of welded components have long been considered of most con-
,cern for-potential crack initiation and failure because many of the early
failures were associated with HAZ cracks. Heat-affected zones exhibit high

'

hardness in the. low-alloy steels and, as hardness is increased, the tough-
ness. generally decreases. What is important from a structural viewpoint.is
not the hardness per se but the fracture toughness of the HAZ relative to ,

that of, the ~ adjacent base material . It can be shewn that this concern of- !

HAZ brittleness is not warranted if the toughness of the HAZ is . greater at
any given temperature than the toughness of the base material.'

Maximum embrittlement (low toughness) .in the transformed HAZ is nor-
ma11f_found in the grain-coarsened region, whera peak temperatures exceed

'about 1200'C (2192'F), whereas the fine grained transformed HAZ usually
-shows.the highest toughness ci any HAZ regien, The toughness of multipass
welds depenoc on the proportion of RAE that is refined by successive weld j

passes, so it is a function of "ald procedure. Dolby|notas that single -
-past rohenced HAZ regions normally show lower toughness than do multipass
HAZs becausa of the increased prcportion of grain-refined structure sampled-
by.the'tect specimen in the multipass case.5

The transformation in the HAZ of a low-alloy steel is determined by.
.~' the mar.imum temperature. reached and_the cooling' rate.e The resultant

. structures have properties depending on the transformation products.
The maximum value of the hardness occurs in the martensitic-bainitic micro-
structure of the coarse-grained region in the vicinity of the fusion
boundary. A. hardness traverse (Fig. 2) across an SA weldment made between
two 30.5-cm thick (12-in.) plates of SA 533, grade B, class 1, stee18 shows
that the highest hardness is found in the HAZ.

t

3
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ness traverse at quarter-thickness location.
The region of the heat-affected zone that is
most sensitive to-reheat cracks exhibits the
highest hardness.

!

The HAZ of-welds can possess superior tensile and tou
tiescomparedwiththeirchemicallyequivalentbasemetal,ghnessproper- ,

.This is- 1

particularly true for. low-alloy high strength steels that are correctly
postweld heat treated. (Untempered martensite has poor toughness, but |.
martensite that is correctly postweld heat treated has superior proper-
ties.) Figure 3 shows an example of the influence of the microstructure
on-the charpy toughness of low alloy high-strength steel.20 (This figure
does:not represent the microstructures in SA 533, grade B, class 1, or
SA-508, class 2, steel; it is used-only to illustrate the influence of
microstructure on toughness.) The structure with the best toughness is j

, tempered martensite;.the martensite plus bainite structures aro less tough
but still quite acceptable. The most rapid cooling rate occurs in con-
Junction with the coarse-grained region of the HAZ, 'so that this region has
the lowest temperature transformation product possible for the SA-508,

4

class 2', and SA-533, grade B, class 1, steels. Therefore, if' correctly -j'

. tempered, tho' coarse grained region of the HAZ can indeed be superior to (

the remainder of the structure. If incorrectly tempered, it can have the !
poorer toughness. The correct tempering temperature for these steels !

-ranges from about 621 to 677'C (about 1150 to-1250'F), 1

In a similsr manner, enhancement of the surface properties for thicks
plates hastbeen observed in Charpy V-notch tests.ti,12 Figure 4_shows
the Charpy energy curves obtained for material representing the surface,
1/4 thickness-(1/4 T), and midthickness locations. (The ASME Code
considers only 1/4 T properties when assessing the toughness of a nuclear
pressure vessel.) The superior strength and toughness properties of the
surface layers are attributed to the lower temperature microstructural
constituents.13 The SA-533, grade B, class 1, steel transforms throughout
its 12-in, thickness to bainite; however, the surface cools faster and
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transforms to lower bainito. Experiments determined that the surface cools
ten times faster than the midthickness location and about eight times
faster than the 1/4 T location.12 Heasured values were about 2.8, 0.33,
and 0.25'C/s (5, 0.6, and 0.45'F/s) for these locations.

Recently, Grotke et al. have simulated the llAZ microstructure of
SA 508,. class 2, steel weldments using thermal cycins representative of
commercial practice (about 3.78 HJ/m (96 J/in.))." They found that spec!-
mens heated to 1343*C (2450'F) and not tempered (postweld heat' treated) had
room-temperature Charpy energy values less than those of the quenched and
tempered base metal, llowever, in all tests in which the specimens were
given a multicycle thermal excursion representative of a. multipass welding

~

procedure, the Charpy toughness of the HAZ microstructure was superior to
that of the base metal.

>

The specimen blanks obtained from the weld thermal cycle simulations
were also used for precracked Charpy tests to obtain dynamic fracture
toughness data for the simulated liAZ microstructure. The room-temperature-
dynamic fracture toughness of specimens heated to the peak temperature
1343*C-(2475'F) was about 30% lower than that of the base metal. When the
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! specimens were subjected to a thermal excursion simulating that of a multi-
pass welding procedure, the llAZ'toughress was superior to that of the base
metal. Glover mentioned in his literature survey that low toughness is
found when the microconstituent exists as large blocky particles of lath
martensite associated with bainitic carbides'in seBregated pools."'
Toughness was. enhanced if the particles were fine, uniformly. distributed,

.

and in.the form of higher carbon twinned martensite. Thus, in addition to
; ". the grain size, the fine microstructure effects also are important.

! TRANSFORMATION PRODUCTS IN WELD HEAT-AFFECTED ZONE

To understand the transformation in the weld HAZ, it would hn benefi-

cial to' correlate the transformation phenomena occurring during continuc'ts

i: '

'
_ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ .
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cooling with isothermal data. The fundamental character of the isothermal
diagram and its importance in understanding the heat treatment of steel are
fully recognized. This diagram can, however, be quantitatively applied
only when austenite is made to transform at substantially constant trapera-

l8ture. Davenport has pointed out the need for correlating the transforma-
tion phenomena during continuous cooling with isothermal data and has out-
lined the principles of a " cooling transformation diagram." ,

The isothermal diagram shows the fundamental transformation behavior
of austenite at constant temperature; however, most actual heat treatments
involve transformation as it occurs during cooling through a range of
temperatures. The isothermal diagram is not, therefore, directly appli-
cable to cooling transformation, but it can be used if the relationship

~

between the two types of transformation can be established.

A cooling transformation diagram analogous to the~ isothermal diagram
can be derived from isothermal data or determined experimentally." It
lies below and to the right of the corresponding isothermal diagram. The
amount of the displacement, in general, increases with more rapid cooling s

up to the rate that just produces, on cooling to room temperature, a fully
martensitic structure.

!

The . derived relationship" between transformation on cooling and iso-
thermal transformation may be employed to advantage in actual heat' treat-
ments provided the cooling' history is known; it may also be used for deter-

: mining the rate of cooling necessary to achieve a desired final transforma- -

tion product'and combination of mechanical properties. The transformation r

during hardening, welding, or heat treating by -any method of controlled
cooling can bc1 predicted from the isothermal and the continuous cooling _

,

diagrams, which aid-in understanding and designing such heat treatments. '

'The properties of welds in low-alloy high strength steels depend on
the microstructures and. compositions of the welds. Therefore,;the rate at q
which welds cool and transform from austenite after freezing exerts a
strong influence:on their properties. Since the cooling rates depend on
the conditions of ~ welding,' an understanding of the ' interaction of welding i

: parameters on the cooling characteristics of weld metal is essential' if -.:
reliable weldments are.to be produced.ie

An' isothermal transformation (IT) diagram representative of SA-533,12

grado B, class 1,. steel . is shown in' Fig. ' 5. ' Lukens ' Steel Company provided'
- this diagram of A 302, grade C, steel, which is-quite similar to SA-533, .

grade B,, steel. .The diagram contains a.bainitic shelf,_and the pro- 'I
cutectoid ferrite transformation-is retarded. ;

7

The cooling rates = superimposed (for approximation only) on the IT
.

diagram imply that,.at the' surface and 1/12 T locations, the structure
does not contain any procutectoid ferrite. -The-1/4 T and 1/2 T locations
may contain approximately 15:and 25% primary ferrite, respectively.
Ilowever, it must be noted that ASTM A 533, grade B, is enriched in C, Mn,
Mo,' and Ni as compared with A 302, grade C. If those-factors (i.e., an IT
diagram instead of a CCT diagram _and an enriched chemical analysis) were

i
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taken into consideration, the IT diagram in Fig. 5 would be expected to be
transposed to the right and downward, llence , the absence of proeutectoid i

ferrite in 12-in,-thick SA-533, grade B, can be explained,

A CCT diagram by Fuji Maki ' for a steel "B" is shown 'in Fig. 6. Thisl

steel is similar: in compositions to SA 508, class 2, steel except that it
is lower in carbon. The critical cooling rate.for martensite formation is3
approximately 74*C/s, and the critical cooling rate for bainite formation
without ferrite decomposition (bainite + martensite) is 11*C/s, All the
ste.els. tested by Fuji Maki showed bainitic structures accompanied by

- proeutectoid ferrite for the range' of practical cooling rates,18 and,
therefore, it was reasoned that it would be very difficult to generato
martensite in any commercial treatment.e

Klumpes discussed tho' peak temperature cooling time.(PTCT) diagrams of
SA 508, class 2, and SA 533,. grade B, class 1,-and compared real and simu-

~

lated lIAZs.20 In order to construct the PTCT diagram for the steels, he ,

performed several thermal cycles with peak temperatures of 1350, 1250,
.

1150, 1050, and 900*C and cooling times between 800 and 500*C.of 5, 12, 24,
48, 96, and 480 s (giving cooling rates of 60, 25, 12.5, 6.25, 3, and-
0.62*C/s).

1

The PTCT diagram for SA 508, class 2, showed that shielded metal are
'

welding (SMA'<) with a cooling rate of about 50*C/s yields a martensitic

.
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structure in the llAZ with hardness between 450 and 500 ilV30. Submerged arc
welding (SAW) with preheat, with a cooling rate of about 11*C/s, gives
a martensitic-bainitic structure with hardnesses varying between 290 and
350 IIV30. Electroslag velding (cooling rate about 0.6'C/s) gives a
bainite ferrite structure with a hardness of 225 llV30.

Cooling time between 800 and 500*C of 12 s (i.e., cooling rate 25'C/s)
gave the best toughness. Faster cooling rates deteriorated the toughness
because of the increased amount of martensite in the structure. Slower
-cooling rates deteriorated the toughness because of grain growth. After
PWitT, the toughness of test specimens subjected to thermal cycles with
faster cooling rates (cooling time less than 12 s) and pe'ak temperature of

'1350*C is deterioternd further. For the slower cooling rate, the same hont
treatment gives a recovery of the toughness properties.

In the' PTCT' diagram of SA-533, grade'B, class 1, for different cooling !
rates between 800 and 500'C, the hardnesses obtained were somewhat higher
than those of SA 508, class 2. The depth of hardening in SA-533, grade B,
class 1, exceeds that in SA-508, class-2.

.

i.

1
- . - - - _ _ _ _ - _ _ _ - .
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In the-as welded condition, the Charpy V transition temperature for
material subjected to thermal cycles with peak temperatures of 1350'c is
the lowest for cooling rates faster than 60'C/s (a fully martensitic
structure). For these cooling rates, a heat treatment of 6 h at 610'c
deteriorates the toughness. For a slower cooling rate, the same heat
treatment has a very beneficial effect on the transition temperature,

-especially when compared with SA-508, class 2.

For comparison of real and simulated HAZ microstructure, Klumpes con-
sidered grain dimensions and hardnesses.20 His comparison of grain sizes
between real and simulated HAZ for peak temperature of 1350'C is given in
Fig. 7(a) for SA 508, class 2, and in Fig. 7(b) for SA-533, grade B,
class 1. The major cause of the difference in grain sizes is the steep
temperature gradient occurring in real HAZ, which hampers grain' growth,
whereas in simulated test specimens the grain growth is greater because of
the relatively large volume of metal at the same temperature (i.e., less
temperature gradient). The hardnesses in real HAZ appear to be 30 to 40
HV30 higher than in the simulated HAZ for steel SA 508, class 2. Steel
SA 533, grade B, class 1, gives a better agreement, but some hardnesses in
enu :-*1 HAZ are higher than in the simulated ones. The differences in
hardness correlate with grain sizes.

Klumpes finally concluded that a PTCT diagram provides a good evalua-
tion of HAZ, especially on predicting changes that occur by changing
welding parameters 80

The effect of preheat on transformatiors other than the effect on
cooling rate is not obvious from CCT diagrans, especially since only incom-
plete diagrams are available. The partial CCT diagram shown in Fig. 8 for
SA-533 material does indicate that the transformations to bainite and
martensite are the most important considerati7ns, but the diagram does not
extendLto'the faster cooling rate characteristic of weld HAZs in heavy
plate. In this diagram, the bainite finish temperature agrees closely with
a calculated Martensite start (M,) temperature _of 680*F, and the extension
-of this bainite finish line would be expected to be approximately Ms. A

calculated value for the Martensite finish (M ) (90%) would lie
~

f
.approximately 100'F below the M,, and the Mf (99%) would be approximately
200*F beiow the Ms. From these values, one would predict that the

'transformttion from austenite to bainite and/or martensite would be
~

complete ar- the preheat temperatures, and the sole effect of preheat would
be to drive off hydrogen. However, the coarse-grained HAZ may transform
differently from what the continuous cooling curve suggests for lower
austenitizing temperatures. Further, subsequent thermal cycles may
reaustenitize the HAZ or cause any remaining austentte to transform at
higher temperatures to bainite or, alternatively, may stabilize the
austentte and retard its transformation even at preheat temperature.

-STRESS-RELIEF CRACKING OF WELD HEAT-AFFECTED ZONE

The term stress relief cracking is associated with the stress-telief
heat treatment of welded components. Stress'-relief heat treatment (PWHT)
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is usually applied to the welded structure to reduce the residual stresses
that formed in the weldment when it cooled to root. temperature. The resid-

_

ual stresses are relieved by plastic flow and creep processes.21 Materials
containing carbide forming alloy elements often exhibit precipitation of
the alloy carbidos within the grains of the weld HAZ during stress relief-

heat treatment (PWHT) and serve to strengthen the matrix relative to the
grain boundary. The creep strain necessary to relieve the residual
stresses is forced into the weakened grain boundary region, and, conse-
quently, extensive grain boundary deformation may induce cracks in the HAZ.
Thus, this type of cracking has often been called stress relief cracking
(SRC).

Investigations 22 2' have shown that the cracking is primarily inter-
__

granular in nature and confined to the grain coarsened HAZ. The typical

microstructural features that accompany and promote cracking are fine
carbides precipitated within the grains of the llAZ in combination with a
denuded or weakened grain boundary region. The creep strain normally
accompanying thermal stress relief is forced into the weakened grain
boundary region, and the resulting extensive grain boundary def )rmation,
usually accommodated by grain boundary sliding, produces intergranular=

cracks. The presence of grain boundary carbides often observed in the
susceptible steels further restricts the amount of grain boundary
deformation that can be accommodated without cracking. The weld HAZ is
particularly susceptible to cracking because it has undergone a high-'

temperature thermal cycle that serves to redissolve many carbides, and
subsequent reprecipitation may occur during thermal stress relief.

as 2eDetert and Lorenz concluded that heating alloy steels to tempera-
tures above 1250'C (2300*F) brings the alloy carbides into solution so that
enhanced Brain growth occurs. After rapid cooling, the interior of the
coarse austenitic grains transforms into a hardened martensitic structure.
During subsequent reheating, such as in a creep test or during a postweld
treatment for stress relief, the carbide-forming elements such as Cr, Mo,
and V precipitate in the form of submicroscopic alloy carbides that
stabilize the hardened martensitic structure. Simultaneously, at the site
of former austenitic grain boundaries, coarse precipitates are formed,

Bertram and Banga indicated th.:t the extent of the low creep duc-
tility of the coarse-graiuod structure of a HAZ varies from steel to
steel.25 It depends on the amount of alloying and on the alloy elements.
Creep ductility m asured in the coarst grained region of SA-533 rteel was2

at least 1%. Creep ductility of the same microstructure of SA 508,
class 2, steel was measured as low as a few tenths of a percent in certain
heats. This may indeed be the reason why underclad cracking occurs more
often in SA-508, class 2, steel.

The tendency toward SRC increases with the degree of mechanical con-
straint imposed on the weld region, and it has recently been shown that
the SRC tendency is related to the purity of the steel.27 In a study of
the Mn-Mo Ni pressure vessel steels of the SA-533, grade B, type, Brear and

2sKing showed that a high-purity heat (prepared by vacuum induction
melting) was not susceptible to SRC. They reported that the cracking

. .. ... .. . . . .
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tendency increased with the value:of the following impurity parameter
(whnre the symbols in parentheses represent the weight percentages):

L

0.20(Cu) + 0.44(S) + 1.0(P) +-1.8(As) + 1.0(Sn) + 2.7(Sb).

This parameter was obtained from experiments on laboratory heats of fixed
base composition in which the impurity contents were systematically varied. i

11. Nakamura" established an equation, based on extensive tests with
low-alloy high strength structural steels, that predicts crack sensitivity
on the basis of the main alloying elements:

AG - %Cr 4 3.3(%Mo) + 8.1(%V) - 2 . ;

A positive AC'value indicates that a steel is sensitive to reheat cracking.
Another formula,27 which appears to be insufficiently rigorous for low
vanadium contents (0.05%), is

Pgg - (%Cr) + 2(%Mo) + 10(%V) + 7(%Nb) + (%TL) - 2 .

Both formulas, which were derived'from an extensive series of welding-

tests, have-the same limit value-of 2.0; that is, they contain the 1

severity of the testing' procedure as a parameter. Nevertheless, the
Nakamura formula has proven useful-as a tool for selecting steels for .!
welding.

Applying Nakamura's equation to nominal. compositions for SA 533,
grade-B, class.1, steel-(0.21% C, 0.17% Cr, 0.47% Mo', 0.48% N1) and '

SA 508, class:2.-steel (0.26% C, 0.75% Mn, 0.45% Cr, 0.61% Mo, 0.81% Ni,
and 0.05% V) provides ~ aG values of --0.27 and +0.86, respectively,2 which

88'and McMahon ! that SA 508, class 2, steel2agrees with the work of Ierenz
is. considerably more sensicive'to reheat < cracking than is SA 533,-grade B,'- ;
class 1,. '

toLiljestrand and his colleagues extensively studied the formation of-
microcracks -during stress relief annealing of 'a weldment'in SA 508,
class 2, They concluded that the coarse grained HAZ has.very low duc ^
tility at elevated temperatures and that cracks' form in the primary grain

. boundaries:at small strains. Also; there.was nothing to indicate that the
,

' presence of impurities -in the material is the primary -cause of the . low '

-ductility. They also found that the high temperature strength of the,

structure enables relaxation to' occur.'torsome extent by grain boundary
' sliding and, hence, crack formation.'

,

HYDROGEN EMBRITTLEMENT'
|

Hydrogen embrittlement is another phenomenon of possible concern in
vessel steels. O The potential source of hydrogen is release by a corro-

'

~ sion reaction in the water environment. A critical appraisal of the
applicable information. indicates that this is not a significant problem '

for low alloy steci vessel materials.30 The maximum probable concentration

+,
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of corrosion produced hydrogen appears to be an order of magnitude less
than that required to produce measurable embrittlement in these stects. It

is known that cold working can increase sensitivity to hydrogen
embrittlement, and this sensitivity would be of potential concern in the
locally deformed region resulting from warm prestressing.

The literature review revealed that, although certain phenomena in
regard to the weldability and HAZ cracking problems of SA 508 and SA 533
have been studied, the information is insufficient for prediction of the
transformations and thus the properties of the RAZs and their response to
welding imposed residual stresses and to service stresses.

HYDROGEN ASSISTED CRACKING

Hydrogen assisted cracking is not confined to welding but may occur
in steel during manufacturing, fabrication, or service. When cracking
occurs as the result of welding, the cracks are situated in the HAZ, in
the base metal, or in the weld metal itself. Cracks in the HAZ are
usually situated at the weld toe, at the weld root, or in the underbead
position, as shown schematically in Fig. 9 for fillet welds and butt welds.
The HAZ cracks in fillet welds usually are oriented along the weld, but in
butt welds subsurface cracks can be transverse to the weld. Intergranular,
quasicleavage, and microvoid coalescence fracture modes all have been ob-
served in hydrogen cracks. Beachem31 has shown that the operating fracture
mode depends on microstructure, the crack tip stress intensity, and the
concentration of hydrogen.

As outlined by Coe,32 hydrogen assisted cracking occurs when the
following four conditions occur simultaneously:

1. Hydrogen is present.
2. Tensile stress is acting on the weld.
3. A susceptible HAZ microstructure is present.
4. A low temperature is reached.

Hydrogen is absorbed by the weld metal from the are during welding.
Although much of the hydrogen may escape during cooling, some may diffuse
into the HAZ and the base metal. The amount diffused depends on the
initial' amount-absorbed, size of the weld, and decreasing solubility
(Fig. 10). Hydrogen is dissociated into atomic hydrogen (H+) in the weld
arc and is dissolved in the metal as an interstitial constituent or as
recombined hydrogen gas located in traps. The interstitial solubility of.

33hydrogen in molten steel is governed by Sievert's Law

%H - K Pp, ,

where %H is the percent of the hydrogen dissolved in the molten steel, K is
a constant, and Pp, is the partial pressure of hydrogen in the atmosphere
above the molten steel. In steel, hydrogen may also be trapped at grain

..

:
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Fig. 9. Ilydrogen-induced cracks in 11AZs of (a) 1.111et weld and
'(b) butt weld. Source: F. R. Coe, Welding Steetls Fithout Cracking, The
Welding Institute, Cambridge, England, 1973.

boundaries, carbides, nonmetallic inclusions, dislocations, and microvoids.
According to 1.ancaster, the total concentration of hydrogen in the traps
may be up to 10' times the interstitial value. ' The; portion of hydrogen
that diffuses out of the weld at room temperature is known as diffusible

- hydrogen and is expressed as milliliters per 100 g of deposited metal.
Typical weld hydrogen levels range from 30 mL/100.g of deposited metal-in

_ shielded metal are covered-electrode wolds to 2 mL/100 g of depc, sited metal
in gas shielded metal are welds.

-

Ilydrogen . is introduced into the are atmosphere from the cons.umables,'
or from the surfaces of_ materials to be welded. Coesa described the
principal sources of hydrogen <in welding consumables as

_
1. moisture'in electrode coatings or in the fluxes;.
2. any hydrogeneous-compound in the coating or flux; and
3. . oil, dirt, and grease on the surface or trapped in welding

, wires and. electrode wires.
_

Coe also described the principal sources of hydrogen'from he material to
'- be welded as

d 1. -oil, grease. dirt, and paint on the weld surface; and
~2. degreasing' liquids employed to clean welding surfaces.r

E
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Steels Without Cracking, The Welding Insti-
tute, Cambridge,LEngland, 1973.

As'the weld cools, stresses developed as a result of thermal con-
_

traction must be accommodated as strain in the weld. The stresses tend to
be' concentrated at the toe and root of the. weld and at inclusions or any

other defect that acts as a notch. Hydrogen appears to lower the stress
level at which cracking at the notch occurs.

The region of the RAZ adj acent to the fusion zone experiences a
temperature. sufficient to produce a coarsened grain size that is more
hardenable and less ductile than regions farther from the fusion boundary,
The greatest risk of cracking is-therefore.in the coarsened region.

As the . te.nperature of the weld decreases after welding, the rate of
diffusion of hydrogen decreases, thus reducing the amount of hydrogen
removed from the weld. As shown in Fig.'ll, this effect is particularly
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Fig. 11. Diffusion rate of hydro-
gen through ferritic steel Source:
F. R. Coe, Welding Stecis Without
Cracking,-The Welding Institute,
Cambridge, England,.1973.

mal ked l'n the range of 20 to 150*C (68-300*F). Preheat slows-down the
co aling rate above 150*C (300'F) and allows more time for the escape of

~

h,' drogon'. 3

'/heory of Ilvdronen-Assisted Cracking

Much research, time, and effort have been devoted to determine the
exact cause and nature of hydrogen-assisted cracking in welding and other
metallurgical operations, but still no unifying theory explains precisely
how the presence of' hydrogen within a metal structure leads to the for-
mation of cracks under some circumstances and not in others. According-
to Bernstein,35 all' the proposed theories of the role of hydrogen fall,
into one or more of four general categories:

1. pressure,
2. surface adsorption,
3. binding energy, and

- 4 ', dislocation mobility modification.

_ _ _ - _ _ _ _ - _ _ - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The oldest and, until recent.y, the most popular of these theories
has been the pressure theory first proposed by Zapffe and Sims.**
According to this theory, molecular hydrogen precipitates into preexisting
wesaic rifts in the lattice, resulting in high internal pressures and
subsequent failure alon6 mosaic boundaries.

In the surface adsorpt; n theory first proposed by Petch and Sables,
hydrogen, oa precipitation from the lattice, is adsorbed on the surface
of the internal lattice imperfections and reicrocracks." According to this
theory, the surface energy at the crack nucleus would be reduced and a
lower stress could extend the submicroscopic rift into a catastrophic
crack.

The pressure theory and the surface ar' orption theory were advanced
before the exact nature of hydrogen assisted cracking was recognized.
Both theories were inadequate in explaining many observed details of de-
layed brittle fracture. For example, in some cases the effects of hydro-
gen in steel can be completely removed by baking.8' If the embrittlement
of the steel by hydrogen is the result of hydrogen trapped in the micro-
scopic voids, it is difficult to explain how, at low baking temperatures,
this mechanism could operate.

8Troiano ' proposed a cracking theory based on the stress induced dif-
fusion of hydrogen in an effort to more fully explain observed cracking
behavior. In this theory, hydrogen distributed in a matrix diffuses to
the area of highest triaxial stress just ahead of a crack tip. When suf-
ficient hydrogen is concentrated in this region, a crack is initiated.
The. hydrogen is thought to reduce the cohesive strength of the lattice by
interacting with the electron structure to lower the. binding energy of the ,

base metal.

The dislocation mobility modification model proposed by Beachem"
unitee parts of the previous cracking models to explain the observed de-
crease in microscopic plasticity and changes of fracture mode associated
with some forms rif hydrogen assisted cracking. This model suggests that
the presence of sufficiently concentrated dissolved hydrogen in the lat- !

tice just chead of. the crack tip unlocks dislocations, allowing them to
multiply or to move at reduced stresses. This process aids whatever de-
formation process the microstructure will permit (intergranular, quasi-
cleavage, or microvoid coalescence) and thus explains various fracture
features observed in hydrogen assisted cracking.

Prevention of Hydronen Assisted Crackinn

Cracking in low alloy steels must be prevented by hydrogen control
and temperature control. 1.ow hydrogen welding processes and procedures
must be used in fabrication. Temperature control includes both preheat
and postweld heating methods of preventing hydrogen assisted cracking.
The general effects of preheating have been summarized by Coe" as
follows:
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1. reduces cooling rate in the HAZ to produce softer and less
susceptible microstructures,

2. allows "self" tempering of martensite, and
3. promotes diffusion of hydrogen away from the HAZ after welding,

,

Because of the hardenability of low alloy steels, preheat has little
effect on their RAZ microstructure and hardness. Apblett et al " showed
that, in 2.25Cr 1Mo steel, softer transformation products could not be '

produced by a practical preheat temperature. preheats as high as 315'c
(600*F) resulted in only a minor decrease in the maximum liAZ hardness.

In low alloy steels, preheat increases the rate of diffusion of
hydrogen and thus accelerates its removal from the weld, preheat require-
ments are related to chemical composition and thickness. As thickness and
alloy content increase, the, preheat temperatures to guard against cracking
also increase. Carbon content is the most important factor in establishing
preheat temperatures. The presence or absence of free ferrite in the
structure is a secondary consideration. In addition to alloy content and
material thickness, the mass of the joint and degree of restraint must also
be considered when determining preheat temperatures.

When preheat cannot remove sufficient hydrogen to prevent cracking, a
weld interpass temperature or posthenting temperature high enough to avoid
cracking must be held long enough to allow hydrogen to diffuse away before
the weld cools. Any decision as to postheat temperature and time must be
based on consideration of the hydrogen concentration at the end of welding
and some critical concentration below which cracking will not occur when
the weld cools to ambient temperature. There is yet little information on
critical hydrogen concentrations for low alloy steels, and posthenting
procedures are generally based on practical experience.

Microstructural Effects on Hydronen-Assisted Crackinn

The HAZ microstructure is one of the most important factors in
determining the hydrogen assisted cracking susceptibility of any steel.
Linnert" has listed, in order of increasing propensity to hydrogen-
assisted cracking, six microstructures commonly found in the HAZ of steel
welds:

1. ferrite and carbides (e.g., pearlite), ,

2. bainite,

3. bainite mixed with martensite,

4. martensite,
5 .~ martensite with some ferrite, and

.6. martensite with internal twinning,
i

The microstructuro produced in any steel weld depends on the cooling- ;

rate through the transformation temperature range of the material and on
its composition and hardenability. The cooling rate is governed by energy

! input, plate thickness, joint geometry, and preheat temperature. The
hardenability of a steel is governed by its composition and grain size. .



- __- --. _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ .

>

24 ;

'In summary, review of the current literature reveals surprisingly
little information on the relative hydrogen assisted cracking sensitivi.

.

ties of SA 508 and SA 533 steels even though those steels have been fab. !

ricated by velding for a number of years. Most of the studies have concen.
trated on establishing the relative cracking sensitivities of only a few
selected low. alloy materials, and little effort has been direct 6d toward
explaining the observed cracking behavior on the basis of compositional or !

microstructural differences. It is therefore apparent that a more broadly
based investigation of the selative hydrogen assisted cracking sensitivi- *

ties of SA 508 and SA.533 materials is needed to address more adequately
the effects of microstructure and composition on cracking sensitivity.

TRANSFORMATION BEHAVIOR

;

The transformation behavior for SA.508 and SA+533 steels has not been '

adequately documented for either isothermal or continuous cooling con.
ditions. This is especially true for the high austenitizing temperature
characteristics in the HAZ of wolds. This transformation behavior must be
adequately defined to permit prediction of RAZ properties in both the as. r

welded and the PWHT condition.
"

1

EXPERIMENTAL PROCEDURES

,

MATERIALS

1

Oak-Ridge National Laboratory (ORNL) purchased a 6 in. thick SA.533,
grade B, class 1, plate from Lukens Steel Company for its Heavy Saetion
Steel Technology (HSST) Program.42 A portion of that material was used for i

.

this program,- The order specified that the stv1
7

' 1. meet the requirements of Sect. III of the ASME Code for Class A
auclear vessels,

2. be vacuum degassed.
3.- be made by the basic electric furnace process, and
4. Lhave concentrations of phosphorous and sulfur as low as possible

but restricted to 0.012-and 0.015% maximum.
=

.

Heat treatment of the plate consisted of

1. - austenttizing at 1675.1 25'F for a 6 h hold period, followed by
: vater quenching;

2. renustenitizing at 1575 1 25'F for a 6 h hold period, followed
by water quenching;.

3. tempering at.1225 1:25'F for a 6 h hold period, followed by
water quenching; and

4. stress relieving 3 at 1125 1 25'" "or a 1 h hold period, followed i

by air cooling.
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The heat treatment for plate and forgings of SA 508, class 2, is simi-
lar - austenitizing at 870 to 900'c (1600 to 1650*F), followed by a quench
in highly agitated water or brine. The quenched r. teel is tempered, usuallyt

at 650 to 675'C (1200 to 1250'F) for a minimum of I h per inch of

[ thickness ' The compositions of both steels examined in this study are
shown in Tabic 3. Note that the SA 508, class 2, is higher in C, Ni, Mo,
Cr, and Si contents and contains some V, whereas SA 533, grade B, class 1.
is higher in Mn and contains no V.

_

Table 3. PercentnBe compositions of materials SA-533, grade B,
class 1, and SA 508, class 2

L
Material C Hn N1 Ho Cr St P $ Cu V

3A-533, grade B, 0.21 1.38 0.48 0.47 0.17 0.18 0.010 0.014 0.12
class 1

SA-508, class 2 0.26 0.75 0.81 0.61 0.45 0.26 0.010 0.014 0.05
; .-

L'

The experiments conducted were to characterize and provide a thorough
understanding of the transformation characteristics of SA 508 and SA 533
materints under the continuous cooling that occurs in the llAZ of welds and

- to study the isothermal transformation (IT) behavior of those materials at
" low temperature (within the preheat range and above). The transformation

products were studied as to their morphologies and properties.

ISOTilERMAL TRANSFORMATION BEliAVIOR

L

' The IT behavior of austenite can best be studied by determining the
transformation behavior at a series of temperatures below A1 (by quenchings
small samples to the desired temperature in a liquid bath, allowing them

- to tranrform isothermally) and following the progress of the transfctmation
metallographien11y or dilatometrically. This procedure not only provides
the rates of transformation at the various temperatures but also furnishes
information as to the metallographic structures characteristic of the vari-
ous temperatures of transformation and thus permits estimation of the
properties of those microstructures.

Thus, to study the IT behavior, 25 specimens of each material were
cut into 0.5 in, cubes and heated to 1700'F, held for 1 h, and then

_

quenched in a salt bath. The specimens were held in salt bath for dif-
ferent time periods at five different temperatures. Lukens Steel Company
provided an IT diagram for SA 302, grade C, steel, which is shown in
Fig. 12. The composition of SA 533, grade B, class 1, is similar to that
of SA 302, grade C, and therefore the transformation behavior of both
steels should be similar. On the basis of that prediction, the hold times
were selected to range from 1 to 10,000 s, and temperatures were 550, 800,
950, 1150, and 1250'F. A :omplete schedule for both steels is shown in

s
L

.. _ _ . . _ . . . . . . . . _ . . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 12. Isothermal transformation diagram for ASTM A 302, grade C,
s t e e l'. (The analysis of A 302, grade C, is identical with that of
A 533, stade B.) The rapid cooling rate near the fusion line in combi-
nation with the coarse austenite grains results in a microstructure that
is predominantly martensitic.

Table A.1 of Appendix A. After reaching the temperature of the molten
bath, the samples were held for the required period of time, withdrawn, and
quickly quenched in cold water to room _ temperature. The cubes were sec.
tiened and examined microstructurally. As the temperature of the molten
bath (and consequently the transformation. temperature) changed, a series of
data points was obtained and used to construct the isothermal diagrams.

CONTINUOUS-COOLING TRANSFORMATION BEHAVIOR

4Continuous-Cooline Transformation Obtaine,d.by Resistivity Measurements

Electrical renistivity measurement equipment was extensively
used to study the behavior under CCT. This equipment was develo
severalyearsattheUniversityofTennesseeatKnoxville(UTK)'pedoverand
recently adapted for computer control. A description of the procedure
involved in measuring resistivity follows.

Mant,a1 measurements at room tem 9erature. The resistivity (p) of a
rod sample was calculated from

2p - 0.7854VD fyt ,

. .
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where
t

D = diameter of a rod,

L - sample length along axis,
V - voltage drop across length,
Ia current passed through rod.

The diameters of rods were measured with a micrometer having a vernier
scale of 0.001-in resolution. An average value for the diameter of each
rod was obtained through multiple reading both along the rod axis and
around the rod circumference.

The sample len6th L was defined by the span between two knife edges
glued to the cut ends of a quartz cylinder. The span was calibrated under
a reflection optical microscope equipped with a precision traveling stage
micrometer. A knife edge standard of 25.438 1 0.005 mm was prepared.

The resistivity was aeasured by mechanically fixing the rod across
the top of the knife edges and connecting the ends to a precision-
controlled current source in series with a calibrated standard resistor,

as shown in Fig. 13. With a current passing, voltage drops were neasured
between the knife edges, designated as V, and between the terminals of the
standard resistor. The voltage drop across the standard resistor was
divided by the calibrated value of its resistance to provide an accurate
value of the electrical current, 1.

Voltage drops were read with a digital voltmeter (5 1/2 digit). Data
Precision Corporation model 3500'with an accuracy of 14 pV in the full
scale 0.12 V. . Readings were taken with the current in forward and then in
reverse direction and the valuea averaged to cancel thermal emf effects in
the circuit. The reproducibility of the resistance' measurements of a
specimen with 0.02 O was 16 p0 or 10.034. However, the absolute accuracy
is limited by the accuracy of the diameter and the measurement uniformity
of diameter of the rod, which is about 10.5%. As a consequence, the absc.
lute-accuracy of the resistivity measurements was determined ti be 0.5%. -

Measurements at elevated temocratures under dinital comnuter ornrol .
A'PDP 15/35 digital minicomputer was adapted to measure the resis (ty of

' samples over wide ranges of heating and cooling rates. The computer,
equipped with analog to digital converters, digital-to analog converters,
and_ relay switching, allowed both resistivity measurements and temperature

' control to-be programmed with great flexibility. FORTRAN IV language was
used in programming.

--The resistivity'of the sample was first measured manually at room
temperature. Two nickel wire probes, 0.020 in, in diameter _ wore spot.
welded-about 7 mm apart near the center =of the specimen. The actual
distance-was back calculated through the known resistivity and the voltage

!drop induced by a known current. Two Pt_vs Pt-13% Rh thermocouples were
spot welded onto the specimen in the vicinities of the nickel probes, as
shown in Fig. 13.

. . . -
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D : Diameter of a rod

L z$ ample length along axis
0.78 56 VD', Q
IL V zVoltage drop across length L

I z Current assed through rod

a)

L. - -- -
V 2 3438 cm

-MA I: IH
y AStandard

Resistot
0.Olohm

Knife edgee Sample dia. O.318 cm

Themoccuplea Pt/Pt 13% Rh

& x" A
m

V

e.- ( - -4 Nickel wires
s 7mm

Fig. 13. Schematic representation of resistivity measurcment at room
temperature. Source: University of Tennessee.

The specimen was suspended vertically in a 2.5 in. diam ceramic tube
lined with 0.010 in.. thick nickel foil as a reflector to decrease the heat
lost. Direct current to heat the specimen was supplied by vertical

-1/4-in. diam graded copper and thin nickel rods. These rods along with
ceramic tubes for thermocouple and voltage probe wires supported ten
radiation shield disks, which, with a series of radiation shields below the

specimen, provided acceptably low heat loss. All these leads passed
through vacuum tight seals in the wall of the specimen chamber, which was
maintained at a vacuum of 5 x 10'8 torr or lower.

Controlled cooling rates up to 0.5'C/ min can be programmed. Faster
cooling rates were obtained by blowing helium gas on the specimen. The
cooling curves were recorded on a strip chart recorder. Resistivity versus
temperature curves are represented schematically in Fig. 14. The reaction-
start and reaction stop temperatures were determined by the change in
slope. The strip chart recorder trace of temperature vs time was used to
develop the time base. The transformation temperatures as previously
determined were located on the temperature time trace. Zero time was taken
at the peak temperature,

l
,

. - . _ _ _ _ - _
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,

The pertinent times and temperatures for each of the transformations
over a variety of cooling rates were then plotted on a temperature vs log-
time scale to generate the continuous cooling transformation diagrams.
The specimens with different cooling rates were saved for metallographic ,

examination.

Continuous Cooline Transformatipn Behavior obtained Dilatometrically

The continuous cooling characteristics of SA 533, grade B, class 1,
and SA 508, class 2, low alloy steels were investigated dilatometrically
with a high speed time temperature control device known as the aCleeble."
This evaluation is directly related to veld llAZ transformations.

Specimens (0.25 in, diam x 3 in long) of SA 533, grade B, class 1,
and SA 508, class 2, were subjected to different thermal cycles with peak
temperatures of 2400*F i 40'F and 1650'F 1 20'F, followed by cooling rates
appropriate to the energy input and preheat. The dilation of the specimens

was monitored with a high speed dilatometer to generate a CCT diagram based
on thermal cycles that duplicate those experienced by the llAZ of arc welds,
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The Cleeble. The device called the Gleeble, developed at Rensselaer
Polytechnic Institute, reproduces a thermal cycle for a particular point of
interest in the llAZ of an actual weld in a specimen of suitable size for
testing. Thus the microstructure found at the point of interest in the
weld }lAZ is created in the test volume of the specimen experiencing the
corresponding thermal cycle.

Briefly, the apparatus (Gleeble) consists of a proportional, variable-
rate, on off, time temperature controller that has the ability to dupli.
cate, in a specimen of convenient size, the thermal conditions existing at '.

any point in the llAZ of an arc weld. In operation, a specimen is clamped
between two water cooled copper jaws, one fixed and one movable, which are
connected to the secondary of a transformer. The specimen is thus heated
by its resistance to the passage of an electric current and is cooled by
extraction of heat longitudinally to the water cooled jaws.

By use of a thermocouple welded to the specimen, the Gleeble compares
a programmed reference signal with the specimen temperature 120 times a
second and makes the necessary corrections. Any thermal cycle may be re-
produced with heating rates up to 3000'F/s and controlled cooling rates up 0

to approximately 1000'F/s.

The dilatometer_. To generate a continuous cooling transformation
diagram, a high speed dilatometer was used so that volume changes accom-
panying the various allotropic transformations could be monitored and
recorded. The dilatometer, shown in Fig. 15, consists of a precision
rectilinear transducer and solid hinge mechanical linkage. Quartz rods

3

are used to contact the specimen.
|

Volume changes in the specimen were transmitted through the hinge to !

the rectilinear potentiometer, which was in turn connected to a precision
bridge circuit. The output of the bridge was connected to a-channel in
recording oscillograph'(lloneywell Visicorder M906 B) containing a galva- |
nometer (M100 120) with a sensitivity of 11,0 pA/in. In this manner, a. j
continuous record of the dilational behavior of the specimen was produced.

The thermal cycles used in this investigation consisted of the weld
thermal cycle corresponding-to:

A' 20 kJ/in. Preheat 80'F
I 32 kJ/in. Preheat 80'F

II 50 kJ/in. Preheat 80'F ;

III 100 kJ/in. Preheat 80*F i

IV - 136 kJ/in. Preheat- 80'F !

V 136 kJ/in. Preheat 300'F
VI 136 kJ/in. Preheat 500'F

'

!

Weld thermal cycles were calculated for 1 in, steel plate for initial
plate temperatures of 80,-300, and 500*F. The CCT behavior studied was 1

for the coarse grained region next to the fusion zone with a peak tempera- |
ture of 2400'F and the refined region with a peak temperature of 1650'F ,
in the outer extremities of the llAZ, As the energy inputs and preheat i

!

!
!
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Fig. 15. liigh-speed dilatometer.
Source! University of Tennessee.

Increased, the integrated time at peak temperature increased and the
cooling rates decreased. Multiple runs were made for each of the weld
thermal cycles studied, using a new specimen for each run to ensure that
the same initial microstructure was present.

1

on thermal cycling, two related traces were obtained: a dilation

vs time and a temperature vs time. From those data, dilation was plotted

against temperature, as shown schematically in Fig. 16. The reaction start

and the reaction stop temperatures were chosen as the points where sensible
departure from the smooth thermal contraction curve began. The transfor-
mation temperatures as previously determined were located on the
temperature time trace, Zero time for cooling was chosen at the peak
temperature, The minimum peak temperature used was 1650'F. For the higher
peak temperature, a time differential must be applied to evaluate the
transformation equivalently (cooling time from 2400 to 1650'F = 10 s).
The pertinent times and temperatures for each of the transformations over
a variety of cooling rates were then plotted on a temperature vs log time
scale, thereby generating the CCT diagrams, The specimens with different
thermal cycles were prepared for metallographic evaluation,
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SCHEMATIC DIAGRAM
DILATION vs TEMPERATURE

COOLING RAf t

e r..
a u.m.
e sie.

2
9
H
<
d
Q s.

W
>
E '

< 8'
u,

J
W e,
ct: u.

,w

u.

1 I I 1 9 f

1600 1400 1200 1000 600 600 400 200

TEMPERATURE (Y)

Fig. 16. Schematic representation of dilation
vs temperature curves. Source: University of
Tennessee.

COLD CRACKING TESTS

Cold cracks usually occur in the base metal HAZs at low temperature
(usually below 200*C). Cracking in this range is almost invariably
associated with the presence of dissolved and diffusable hydrogen. To
study the cold cracking behavior, two experimental methods were employed:

1. Underbead Crack Test - Battelle Memorial Institute developed a test
for determining the underbead crack sensitivity of steels." Battelle
samples, 2 in, wide by 3 in long in the direction of rolling, and
1 in, thick were cut from the two steels. 'A weld bead 1 1/4 in. long
was deposited on the surface of each block with a 1/8-in.-diam E6010
elect. rode, a current of 100 A at 24 to 26 V, and travel speed of
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10 in./ min. The small blocks were precooled or preheated to one of
several temperatures such as 32, 85, 200, 300, and 400*F. Upon
completion of weld, the samples were held 24 h at 60'F and then
tempered to 1100'F for 1 h. After PWIT, the samples were sectioned
longitudinally (along the centerline of the weld bead) to examine the
underbead crack metallographically. The Battelle test specimen and
the par.imeters used for this test are shown schematically in Fig. 17.

g UNDERBEAD CRACKS

- ,

~< -
p f.

/| // /

! ''
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Fig. 17, Underbead cracking test specimen. Source: University of
Tennessee.

2. Ilydrogen Susceptibility Test (HST) . A testing procedure, developed at
the University of Tennessee, reproduces hydrogen induced cracking in
small laboratory-scale specimens and allows direct observation of both
initiation and propagation of the cracking. The specimens were pre-
pared 5/8 in, wide x 1 5/8 in. long x 1/8 in, thick. Autogeneous
GTA welds were made parallel to the rolling direction. During the
deposition of the welds, hydrogen was added to the shielding gas to
saturate the weld fusion zone with hydrogen. Figure 18 shows a c.che-
matic drawing of the specimen and gives the welding parameters.

The testing device shown in Fig. 19 imposes an augmented strain on the
welded surface of the bead on plate weld. Five minutes after welding, the
samples are strained in the device. The approximate value of the augmented
strain on the top surface of the weld in the longitudinal direction can be
calculated by the relationship

E = t/2R ,
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: R.D -

Current 80- 100 amps
Voltage 10 V '

Travel Speed 5 ipm
Shielding gas 5% H,95% Ar, flow rate 30 CFH
Electrode 2%thorlated tungsten 1/16 dia,

w/60' included point

Fig. 18. liydrogen susceptibility test specimen. Source: University
of Tennessee.

Specimen

[ / [ [
J

. ,.

Die Block

R

b

Yb /
o

Fig. 19. Schematic representation of apparatus used to strain
specimen. Source: W. F. Savage, E. F. Nippes, and E. S. Szekeres,
"llydrogen Induced Cold Cracking in a Low Alloy Steel," Weld J. (Miami)
57(9), 276-83-s (1976).
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where

E - augmented strain in the outer fibers,
t - thickness of specimen,

R - radius of curvature of the die block (where R >> r).

Therefore, either by substituting a die block with the appropriate
radius of curvature or by changing the thickness of the specimen, any
desired augmented strain can be applied to the outer surface of the spect-

The augmented strain applied for both stocle was 4%. This strain ismen.
sufficient to cause cracking in the specimens and provide a conservative
assessment of cracking sensitivity. The cracking was tested as a function
of preheat temperatures of 32, 90, 300, 400, 590, and 600'F.

STRESS RELIEF CRACKING

Stress relief or reheat cracking may occ ur in the ilAZ of welds in
alloy steel during PWitT or during service at ilevated temperature. Crack-
ing is due to the combined effects of embrittlement and stress relief.

To reveal information about the phenomenon of stress relief cracking,
ilAZ structures were created by resistance heating and rapid cooling of
base metal samples (0.25 in, diam x 4.75 in long) in the Gleeble. The
specimen shown in Fig. 20 was treated with different simulated welding
cyc13s. -The thermal treatment and stress applied are represented sche-
matica11y in Fig. 21. Af ter the desired !!AZ thermal cycle, the sample is
reheated to liS0*F with stress simultaneously applied. The basic thermal
cycles employed for SRC tests were Cycle 11 (50 kJ/in.) and Cycle VI
(136 kJ/in. , 500'F. preheat) to create martenpitic and bainitic structures,
respectively, in the simulated grain con &ened region. The two transfor-
mation products were further tested with superimposed cycles (such as a
hold at 600'F or multiple high temperature cycles) and also as a function
of stress. Table A.2 in Appendix A shows a complete schedule of the ther-
mal and stress treatments employed in SRC testing.

0.8
X -20 Threads

_ u

K\\\\\\\P 4i M"

Jb
'

~dM 4--*

| --+ M 6--

< 4M* >
i

Fig. 20. Stress-relief cracking specimen

used in the Gleeble. Source: University of
Tennessee,



. . , - .

36

. - DEttRED THERWAL CYCLE2400 ---

W
E
D
k
E
g ._ ._ _ _. __ _ _ ._ . P W H T SlW UL ATION___ ._ _ _ __ _., n,,
W
"

STRESS (
r - - -- ---

p el)
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TIME

Fig. 21. Schematic representation of reheat cracking studies.
Source: University of Tennessee.

The specimens with simulated brain coarsened weld HAZ microstructures
postweld ' neat treated at 1150*F usually failed within a stress relieving
time of 120 min. If the specimen dio not fail within 120 min, the test was
discontinued. The test data provided the reduction of area and time to
failure for each specimen. The failed specimens were retained for metal.
lographic and fractographic evaluations.

CHARPY IMPACT TOUGHNESF OF HEAT-a'ertCTED ZONE

The Gleeble microstructure simulation technique for aseessing the
Charpy notch toughness of HAZ structures was used in this investigation.
The procedure involves subjecting a number of specimens to one or more
peak temperature veld thermal cycles and testing in the as walded or Pk'HT
condition.

The material used for Charpy blanks was chosen from the 1/4 7 and
3/4 7 depths of 6 in, plates of both steels. Charpy blanks were machined
with a longitudinal orientation according to the dimensions shown in
Fig. 22. The Charpy blanks were subjected to different thermal cycles
and post treatments in the Gleeble. A complete schedule of thermal heat
treatments is shown in Table A.3 of Appendix A. The thermal cycles
selected were Cycle II (50 kJ/in.) to obtain a fully martensitic structure

|

_
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ROLLING DIRECTION

UNIFORM LY HEAT-TREATED ZONE

o" / AW /
?$ /s

r

~

2165= =

/
Standard Charpy Thermocouple location. Removed whr.n
specimen from hoot-treated specimen was notched

blank

Fig. 22. Details of Charpy specimen preparation. Source: Univer-

sity of Tennessee,

and Cycle VI (136 kJ/in. , 500*F preheat) to obtain a fully bainitic
structure.

Each specimen 0.42 x 0,42 x 2.5 in. long was ciamped in water cooled
copper jaws of the Cleoble, and a fine wire thermocouple was percussion
welded to the specimen surface. The reference generator was adjusted to
provide the proper time temperature program, and the specimen was subjected
to the programmed thermal cycle. Each specimen was then removed from the
apparatus, the thermocouple was clipped to a length of approximately
1/2 in., and the specimens were stored at ambient temperature. The 1/2 in.
length of the thermocouple was Icft attached to serve as an index of the
center of the volume of metal subjected to the desired thermal cycle so
that the V notches could be located accurately when the final machining was
accomplished.

We obtained 54 spacimens for each material, of which 48 were subjected
to the selected thermal cycles and heat treatments (Table A.3 in
Appendix A). The remainder were tested to obtain base metal toughness. Of
the 48 specimens, 24 were set aside for pWi!T. For SA 533 the specimens
were postweld heat treated at 1150 i 50'F for 40 h, whereas for SA 508 the
specimens were postweld heat treated at the same temperature for 24 h. The
time of pWitT is similar to that employed commercially.

Af ter the final r.achining of Charpy blanks to the standard Charpy bars
0.394 x 0.394 x 2.16f in., the temperatures for the impact test were
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selected as 25'r for IA.533 and 72*" .or SA.508. Those temperatures were
based on the transi':f o;t temperati'.c .or the base material. For each
thermal treatment, three Charp, bars were tested, The averages of three
values were used to construe'. t',e bar graphs, which represented ener67
absorbed and lateral expansfor, as functions of different thermal heat
treatments. The broken bars were retained for metallographic and fracto.
graphic examinations.

RESULTS AND DISCUSSION

To achieve a better understanding of the veldability of the two
steels, one should have available suitable diagrams for predicting the
microstructure of the llAZ after heat treatment and after welding. To
provide that fundamental information, we determined the isothermal and
continuous. cooling transformation behavior for both steels and drew the
appropriate diagrams.

ISOTHERMAL TRANSFORMATION BEHAVIOR

The isothermal transformation (IT) diagrams for SA 533, grade B,
class'1, and SA 508, class 2, steels are shown in Figs. 23 and 24,
respectively. These diagrams are based on microstructural observations
and the hardnesses obtained for the microconstituents.

gk g g
"

LAott ANALYSTS (wtM

loothermal Transformation Diagram
i600 Isa m c,a eti I

' ' " '

nne

e e s %I s1700
,

_
+

h'"' h3 8 8 8*

*
$'00 8,,, ,, 8 8 8 8

-. _

._

= * * gm.ee g_._ .g g g
-

400

700

i ..I i ..I i,J e .i . .t i i i i . ..I .i,.

2 3 4 s 6I 10 10 10 10 lo 10

Tiut (seel

Fig. 23. Isothermal transformation diagram
for SA-533, grade B, class 1, steel. Source:
University of Tennessee.

|

|

..



_ - - -

39 |

L ADtt Ansattsis (.t's b $ d;5 da M;;;h $ $
loothermal Transformation Diagram

n,00 - hi m ei 7 1
,

"'8
f eine s

3 8 h CB'
9 8 8 8, 8

,,,,

.

h'"' d 8 ; 8 B-

$*00 8 8 8 A CL-
= _.tL*.r 1 _ C
!**' d . m e _ __ _ a ._ 8 s :

- ;

$00 -

200

1 i .. Ii .1 i . .t i i. . .t 11. i..

3 3 S 0
I 10 10 10 10' IO 10

flut (sec)

Fig. 24. Isothermal transformation diagram
for SA-508, class 2, steel. Sourect University
of Tennessee.

,

At the austenttizing ternperature, the steel is composed of a singic
constituent, austenite, which can exist as loi.g as the temperature is
maintained above a certain minimum ternporature. When austenite is cooled
below .this critical teroperature, it becomes unstable and transforms into
a mixture of ferrite and carbide. For other than snartensite, this change

of austenite requires a coroin incubation period before the transformation
begins and then a certain amount of time to complete the transformation,

In the IT diagram in Fig. 23, representing the behavior of SA 533,
grade B, class 1, steel, the ferrite nose occurs at approximately 800 m
and the bainite nose at approximately 7 s. Transformation to martensite- <

'

(which in this: steel occurs at about 700'F) differs-from transformation
of ferrite, pearlite, or bainite in that it-is not diffusion contro11ed'
(time dependent) but occurs almost instantly upon cooling beim the M ,f

- and the percentage of transformation depends only on the teniperature to
-which-it is cooled (0-100% from M, to h ).- Thus, in this steel, transfor.f
-mation,to murtensite atarts on cooling, at 700'F (designated as the M,
temperature), is 90% complete on cooling at about 632'F (calculated
value).. and is essentially 100% complete at about 550'F. In Fig. 25, a

fully martensitic structi*ce is shown for a specimen quenched to 550'F
~

from the austenitizing comperature. .

Above 1100'F, f.irrite is the primary constituent forming with the
onset of pearlite at. longer times in this temperature range. The con-
stituent formed below 1100'F is bainite, which consists of a nonlamellar ,

aggregate of ferrite and carbides. The snorphology of bainite changes
j gradually with transformation temperature so that it is difficult to
1

-

i
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Fig. 25. Specimen 3TOA of SA-533, grade B,
class 1, steel (held for 1 s at 550*F) shows fully,

''
martensitic structure. HRC 50. Super picral etch.'

Source: University of Tennessee.

uniquely define out st anding charac terist ics . In Fig. 26, the micro-
structure of the spe( imen, which was held at 800*F for 10 s, shows
martensite and bainite On isothermal holding, the austenite begins

. to transform to bainite, the untransformed austenite remaining in the
specimen at the instant it was quenched to room temperature appears in
the final structure as martensite, which is a readily distinguishable
transformation product. Similarly, in Fig. 27 a speciuen held at 1250*F
for 1000 s, followed by quenching. shows a ferritic and martensitic
structure

The IT diagram in Fig. 24 for SA-508, class /, represents isothermal
transformation behavior similar to that observed for SA-533. grade B,
class 1, steel. The ferrite nose has not changed position (start at
800 s), but at longer times (6000 s) another microconstituent, pearlite,
is noted (the pearlite nose in SA-533, grade B, class 1, is apparently
at times greater than 10,000 s).

In SA-508, class 2, steel the t ransf ornia t i on to martensite occurs at

approximately 700*F; it is 90% complete (calculated value) on cooling at
about 593*F and essentially 100% complete at about 550*F. In Fig. 28, a
fully martensitic st ruc t ure is shown for a specimen quenched to 550*F from
the aus t eni t i:-i ng t empe ra t ure of 1700*F.

$
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steel (held for 1 a at 550'F) shows fully marten-
sitic structure. "RC 52. Super picral etch.
Source: University of Tennessee.

Figure 29, representing the specimen held at 800'F for 100 s, shows
that most of the austenite transformed to bainite; the untransformed
austenite remaining in the specimen at the instant-it was quenched to
room temperature appears in the final structure as martensite. We con-

cluded that austenite beS ns to transform to bainite at times less thani
100 s. Therefore, on the basis of microstructure and hardnesses, we
estimated that the bainite nose occurs at approximately 35 s.

The specimens held at 950'F appear to have less bainite than the
samples held at 800'F. The hardnesses correlated well with the micro-
structures because the hardness is higher for the specimens held at
950'F than for the specimens held at 800'F. The observations suggest

s - that the bainite start temperature for SA 508, class 2, steel is lower
than that observed in SA 533, grade B, class 1.

Transformation of austenite to ferrite is shown in Fig. 30 for the
specimen held at 1250'F for 1000 s. The untransformed austenite appears
in the final structure as martensite, which wts attained upon quenching.
For the same holding temperature of 1250'F and longer time of 10,000 s,
a new microconstituent, pearlite, is formed ' Fig. 31). This figure shows
ferrito, martensite, and pearlite. The lamellar appearance of pearlite
is not clearly visibic at this magnification because of its fine struc-
ture. The scanning electron microscope (SEM) was used to achieve better
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Fig. 31. Specimen 8M4E of SA 508, class 2,
steel (held for 10,000 s at 1250'F) shows ferritic-
pearlitic-martensitic structure. HRC 34. Super
picral etch. Source: University of Tennessee.

resolution of the pearlite, and pearlite lamellae were clearly observed
(Fig. 32).

Comparing the isothermal diagrams of SA-533, grade B, class 1, and
SA-508, class 2, steels shows that the bainite nose for SA-508, class 2.

steel is shifted to larger times, approximately 30 s (Fig 33). The
bainite start temperature for SA 508, class 2, is lower than the bainite
start teniperature for SA 533, grade B, class 1. The ferrite nose for both
steels is identical, located at approximately 800 s. A pearlite nose for
SA-508, class 2, is seen at approximately 6000 s, whereas no pearlite was
formed in SA 533, grade B, class 1, for holds up to 10,000 s.

The M, values for both steels are approximately 700*F, and the Mj
value for SA-533, grade B, class 1, is estimated to be slightly higher
than that for SA-508, class 2, steel. This estimation is based on the
hardness values obtained at the hold temperature of 550*F for all times.
We estimated that Mf for SA-533, grade B, class 1. is 550*F, whereas Mf
for SA-508, class 2, steel is approximately 520*F.

t21.ukens Steel Company indicates that because the analysis of SA-533,
grade B, class 1, steel is similar to that of SA-302, grade C, steel, the

transformation behavior of both steels should be nearly identical. To

1
i
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i men 8M4E of SA 508, class 2, steel (held for 10,000 s

at 1250'F). Super picral etch. Scanning electron
micrograph. Source: University of Tennessee, j

verify that information, isothermal transformation diagrams for SA 533,4

i grade B, class 1, and SA 307, grade C, steels are compared in Fig. 34.
Transformation of the two stocls is not identical; the transformation for
the SA 533, grade B, class 1, begins at longer times than that for the

i. SA 302, grade C, steel.
.

The isothermal diagrams show the fundamental transformation behavior
of austenite at constant temperature; however, most actual heat treatments,

; involve transformation during cooling through a range of temperatures.
The transformation that occurs during hardening, welding, or heat treatingd

i by any method of controlled coolin6 can be approximated from the isother-
mal diagram, but continuous cooling diagrams are more directly applicabic.

.

Therefore, continuous cooling transformation behavior for the weld llA2. of
SA 533.-grade B, class 1, and SN 508, class 2, stecle has been documented.

CONTINUOUS C00b1NG TRANSFORMATION BEHAVIOR

The problem of materials selection has become increasingly compicx in
recent years. No longer is it sufficient to choose materials for service
on the basis of perfunctory examination. Many invest.igators have shown
that materials that are to be welded must be carefully examined as to
changes brought by the heat of welding.

,
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By careful evaluation, it has been possible to predict the weld-
ability of many steels and to avoid welding conditions that would lead to
poor properties. Meta 11ography is one of the most powerful methods for
evaluating weldability. It has long been known that, in steel, the micro-
structure of the llAZ frequently determines the overall performance of a
weld. Thus it is very useful indeed to be able to predict accurately the
microstructure in the llAZ of a weld knowing only the welding parameters
and the CCT diagram.

,

Many CCT diagrams are available in the literature; however, few of
them are directly applicable to weld llAZ problems. For the most part,

the thermal cycles used to generate the diagrams are not similar to weld
thermal cycles. Austenitization is usually accomplished at temperatures
only high enough to produce complete austenitization. The extreme grain
coarsening seen near the fusion zone in an are weld is seldom duplicated
by the thermal cycles used. The slow heating rates and extended periods
at elevated temperatures used in previous investigation afford a degree
of homogeneity and solution of carbides unattaineMe in the llAZ of an
are weld.

We decided, therefore, to determine CCT diagrams for SA 533, grade B,
class 1, and SA 508, class 2, steels applicable to predicting microstruc-
tures in the ilAZ. We employed two methods to study the behavior of CCT:
(1) measuring the resistivity change of the material occurring on cooling
and during transformation and (2) measuring the dilation of the material as
the volume changes during the various transformations.

Continuous Cooline Transformation Behavior Obtained by Resistivity

Measurements

SA 533. crade B. class 1. The CCT behavior for SA 533, grade B,
class 1, steel is shown in Fig. 35. The specimens were heated to the
austenitizing temperature of 1650 1 20'F, held for 10 min, and then
cooled in vacuum at a predetermined rate. Cooling curves from a to g
were obtained by helium blast, whereas curves h to 1 were obtained in
vacuum at programmed rates. The cooling rates obtained at 1300'F for
curves a to g.are shown at the end of each curve. Table 4 shows cooling
rates obtained at 1300'F and 1000'F for curves a to g and the controlled
linear cooling rates of curves from h to J.

When the steel was cooled under conditions applicable to curves a
and b, only martensite formed and two transformation temperatures were

.obtained, M, and N , whereas for curve e three transformation temperatures *

f
were noticed, which indicates that the critical cooling rate for bainite
is approximately 140'F/s-at 1300*F. The calculated N, (700'F) and Mf ,

(632'F) temperatures correlate well with the experimental transformation
temperatures [H, (720'F), Nf (600'F)).

The bainite nose (Fig. 35) occurs at approximately 9 s and the
ferrite nose at approximately 1500 s. Cooling curves from 1 to 1 show
the ferrite start (F,) and also ahow that the F, temperature decreases
with increasing cooling rates. The critical cooling rate for ferrite is
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Table 4. Cooling rates of material SA 533, grade B,
class 1, from curves a to 1 of Fig. 35

Cooling rate-

Cooling Helium blast 1300.p 1000.p
curves (psi)

('C/s) ('F/s) ('C/s) ('F/s)

a 30 93 167 62 111
b 15 76 137 51 92
e 5 63 113 49 88
d 2 43 77 41 74
e 0.5 37 65 19 34
f <0.25 3 5 2 3.6
g No He used 2.5 4.5 0.6 1.08

Controlled rate

h 0.5 0.9 0.5 0.9
1 0.3 0.54 0.3 0.54
J 0.1 0.18 0.1 0.18
k 0.05 0,09 0.05 0.09

-1 0.010 0.018 0.010 0.018

approximately l'F/s at 1300'F. The F, transformation temperature was dif-
ficult to detect by the electrical resistivity measurement (ERM) method.

Selected samples were examined metallographically. The specimen
experiencing a cooling rate of 167'F/s (curve a) formed a fully marten-
sitic structure, which is shown in Fig, 36. The sample experiencing a

- cooling rate of 4.5'F/s -(curve g) resulted in a bainitic structure shown
'

in Fig. 37. Finally, the specimen with the slowest cooling rate of
? O 09'F/s -(curve k) showed a ferritic, bainitic, pearlitic structure as
shown in Fig. 38. The onset of'the pearlite reaction was not-observed
in the CCT diagrams obtained by ERM.'

SA-508. class 2. The CCT diagram for SA-508, class 2, steel is
shown in Fig, 39. The heating and cooling of the sample was identical'

,

,

:to~thac. described for the SA-533, grade B, class 1, specimens. Table 5
H: 'shows the cooling rates obtained at 1300*F and 1000'f for curves a to 1 t

und the contro11ed'11near cooling rates for curves j to p.

The cooling curves a through-f show'only the martensite transforma- 4

tion, whereas curve g exhibits three. transformation reactions, indicating
that critical cooling rate for the bainite start lies between curves f and
g (approximately 50*F/s at 1300*F)'. The calculated M, (685'F) and Mf~

(593'F) temperatures agree with the experimental-values M, (685'F) and Mt
y (500'F).
L
|.

j
- *
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Cooling rate 0.09'F/s at 1300'F. Super picral
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(a) Optical micrograph. (b) Scanning electron
micrograph. Source: University of Tennessee.
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Table 5. Cooling rates of material SA-508, class 2,
from curves a to p of Fig. 39

Cooling rate

Cooling' Helium blast 1300.p loco =p
curves (psi)

('C/s) .(*F/s) ('C/s) ('P/s)
a 32 110 198 96 173
b 15 85.3 153 66 119
e 5 78 141 55.5 100
d 2 60 108 40 72
e 0.5 51 92 38.6 69
f >0.25 35.4 64 15.5 28
g 0.25 21.6 39 9.3 17
h <0.25 4.5 8 2.6 5

i No He used 3,3 6 0.88 2

Controlled rate

J 0.5 0.9 0.5 0.9
k 0.3 0.54 0.3 0.54
1 0.2 0.36 0.2 0.36
m 0.15 0.27 0.15 0.27
n. 0.1 0.18 0.1 0.18
o 0.05 0.09 0.05 0.09
p 0.010 0.018 0.010 0.018

Figure 39 shows that the bainite nose lies at approximately 40 s and
the ferrite. nose at approximately 3000 s, with the critical cooling rate
for ferrite formation being approximately 0.25'F/s at 1300'F.

The samples exhibiting a cooling. rate of 198'F/s at 1300*F repre-
senting curve a show a' fully martensitic structure (Fig. 40) . Specimens
with cooling rates of 6*F/s at 1300*F (curve 1) reveal a fully bainitic <

structure, which is shown in Fig. 41. The specimen with the slowest
.

cooling rate of 0.018'F/s, representing curve p, formed. ferrite and a
bainite/ pearlite microstructure as shown in Figs. 42(a) and 42(b), .Again,
the pearlite transformation was not' uniquely revealed and may lie in the
same range as bainite for very slow cooling.

'CCT comoarisons. The CCT diagrams for SA-533,' grade B, class 1, and
SA 508, class 2', steels are compared in Fig. 43. . The bainite nose of
SA-508, class 2, is shifted farther to the right (approximately 30 s) and
has slower critical' cooling rate than for SA-533, grade B, c1. ass 1. The
ferrite. nose for SA-508, class 2, has also shifted farther co the right
(approximately 1500 s). A careful observation of the bainite start tem- ;

perature for both stools shows that bainite start temperature for SA-508,
class 2, is a little lower than that for SA-533, grade B, class 1. This
observation also reflects the results of the isothermal transformation
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studies. Thu M, and Mf temperatures of SA 508, class 2, steel are lower
than those of SA 533, grade B, class 1, steel.

The transformation behavior observed with the slowest cooling rates '

in both ste'els showed bainitic, pearlitic, and ferritic microconstituents.
The transformation temperature for pearlite' start (P,) could not be
uniquely' detected. The transformation may be similar to the bainite
transformation for very slow cooling occurring in the same temperature
range.

Comparing the CCT behavior with the IT behavior shows that CCT trans-
formation curves lie below and to the right of the corresponding isother-
mal transformation curves, as expected from previous work.12

It is readily predicted from the CCT diagrams that SA 508, class 2,
steel has higher hardenability than SA 533, grade B, class 1, steel.
Further, these CCT diagrams are not directly applicable to the weld llAZ
because the thermal history of the material for these diagrams is not
similar to weld ilAZ thermal cycles and because the austenitizing tem-
perature was only high enough to produce complete austenitization but not
high enough to produce grain coarsening, which is usually noted near the
fusion line in arc welds, Continuous cooling transformation diagrams were
determined for both steels in a manner that renders them applicable to
predicting transformations and microstructures in the weld llAZ,

Continuous Cooline TransfoDDation Buhavior for the llent-/ fr'ected Zone
Exoosure Obtained by the Cleeble Dilatometric Method

We obtained CCT diagrams for two regions of the weld llAZ. The two
peak temperatures chosen represent the coarse-grained region (2400'F peak)
next to'the~ fusion zone and the refined region (1650*F peak) in the outer
extremities of the llAZ,

SA 533. crade B. class 1. We determined the behavior of SA 533,
grade B, class 1, steel for a peak temperature of 1650*F (Fig 44),
Cooling curve a represents the most rapid cooling attainable in the

:Cleeble corresponding to approximately 20'kJ/in. (1-in, plate). With ,

!-.this rapid cooling, all transformation was to martensite, Cooling con-
ditions,from I_to-VI all pass through the bainite region,. revealing the :

B, and B. f transformation temperatures, and, at the rapid rates..they ,

reveal-mixed bainite martensite transformation. The ferrite region was
not revealed because it would require slower cooling rates and thus

: welding energy inputs not characteristic of 'any reasonable welding process
except, possibly,_electroslag.

. Note:that_SA 533,; grade B, class 1, CCT behavior obtained by the
~Cleeble dilatometric technique (Fig. 44) correlates well with the CCT
? behavior obtained by ERM (Fig, 35)'albeit with different times at-1650*F.
The gap between Bf and N, lines shown in Fig, 44 is due to the ability of f

'the Cleeblo to clearly detect start and finish points, whereas ERM is not,

Las sensitive.in detecting the finish points. The Rockwell C hardness

3
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Fig. 44. ' Continuous-cooling transformation diagram of
SA-533, grade B, class 1, steel for a peak temperature of
1650*F. Source: University of Tennessee.

values are shown at the end of each cooling curve. The hardness values
drop gradually as the microstructure changes from fully martensitic to
fully bainitic.

-The M, and Mg,were determined to be 680*F and 520'F, respectively.
The martensitic microstructure produced by the fastest thermal cycle
(curve a) corresponding to energy input of 20 kJ/in. , 80*F preheat
(1 in.' plate), is shown in Fig. 45. For the slowest thermal cycle
(curve VI) corresponding to energy input of 136 kJ/in. , 500*F preheat

'

.(1 in plate), a bainitic structure results and is shown in Fig. 46..

Similarly, thermal cycles wi.th a 2400*F peak temperature were used
to achieve a coarse grained austenite with the maximum practical amount
of the alloying elements present in solution and to effectively represent

L the llAZ near the fusion line. The CGT diagram for the 2400*F peak tem-
i perature cycle is shown in Fig. 47. As the energy input increases, the
I

I ,

,.
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-Fig. 47. Continuous-cooling transformation diagram of SA-533,

grade B, class 1, steel for a peak temperature of 2400*F. Source:
University of- Te.messee,

integrated time at peak temperature increases and the cooling rate
decreases. Cooling conditions.II and III pass through the martensitic
region,.whereas cooling conditions IV, V, and VI pass through the bainitic-

| region..The M, and Mf in this case were-700*F and 520'F. The microstruc-

|t
tures produced by thermal cycle II (50 kJ/in. , 80*F preheat) and; thermal ,

i
cycle VI (136 kJ/in. , 500*F preheat) are shovi in Figs. 48 and 49,

It respectively.

Comparing Figt. 45 and 46 with Figs. 48 trd 49 show: that th; grain
size for 2400*F peak temperature is much larger (approximately ASTM 2) than
the grain size tur the 1650'F peak temperature (approximately ASTM 13),

_ . - - . ---_____ _ _ _ - _ _ _ . _ _ _ _ . .
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To clearly define the effect of peak temperature on CCT behavior, the
CCT diagram obtained for a peak temperature of 1650*F is superimposed on
the CCT diagram for 2400*F peak temperature in Fig. 50. The higher peak
temperature (2400'F) caused the bainite nose to shift to the right and
down, hence lowering the B, temperature. Taking into account the zero
time difference, the nose has shifted approximately 40 s'and decreased
approximately 100'F. The critical cooling rate shifts from 100*F/s to
approximately 40'F/s at 1300*F. The M, and Hf transformation, temperatures
are not significantly affected by the different peak temperatures.

1600
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Fig. 50. Effect of peak temperature on continuous-cooling transfor-
mation behavior of SA-533, grade B, class 1, steel. Source: University

of Tennessee.
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SA 508. elass 2. The same thermal cycles used for determining CCT
behavior for SA 533, grade B, class 1, steel were also used to determine
CCT behavior for SA 508, class 2, steel. A CCT diagram for peak tem-
peratare of 1650'F is shown in Fig. 51. A thermal cycle of 50 kJ/in. ,
80*F preheat, yields a martensitic transformation, whereas in SA-533,
grade B, class 1, steel a more rapid thermal cycle of 32 kJ/in. , 80'F
preheat, did not give a martensitic transformation. This shows that the
bainite nose for SA 508, class 2, steel is farther to the right than that
for SA 533, grade B, class 1, and the critical cooling rate shif ts accord-
ingly from 100'F/s to 60'F/s (at 1300'F). The ERM results again correlate
well with the CCT diagrams obtained in the Cleeble (1650'F for both). The
M, and Nf were determined to be 685'F and 540'F, respectively. The micro-
structures produced by thermal cycle I (32 kJ/in. , 80'F preheat) and ther-
mal cycle VI (132 kJ/in. , 500'F preheat) are shown in Figs. 52 and 53.
They are the martensitic and bainitic transformation products corresponding
to SA 533, grade B, class 1, steel in Figs. 45 and 46, respectively.
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Fig. 51. Continuous-cooling transformation diagram
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The CCT diagram for a higher peak temperature of 2400'F is shown in
FiS. 54. The bainite start has shifted to longer times and lower tem-
peratures. The M, and Mf temperatures were determined to be 690 and $20*F,
respectively, very similar to the 1650*F M, and Mf temperatures. The
microstructures produced by thermal cycle II (50 kJ/in., 80*F preheat) and
thermal cycle VI (136 kJ/in., 500*F preheat) are shown in Figs. 55 at2 56.
In the case of SA 508, class 2, the ASTM grain size observed for 2400'F
peak temperature is approximately 2; for 1650'F peak temperature, it is
approximately 13. The data for SA-533, grade B, class 1, show identical
grai n sizes.
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Fig. 54. Continuous-cooling transformation diagram of SA-508,
class 2, steel for a peak temperature of 2400'F. Source: University
of Tennessee.
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Superimposing the CCT diagram for the 1650'F peak temperature on the '

CCT diagram for the 2400*F peak temperature (Fig. 57) shows that the shift
of bainite nosn is similar to that observed in SA 533, grade B, class 1,
steel - that is, farther to the right and to lower temperatures. (The
cooling time start temperature alters this somewhat.) In this case, the
nose has shifted approximately 30 s on the time scale and decreased in
temperature approximately 100'F. Again, the M, and Mf transformation
temperatures were unaffected by the different peak temperature exposures.
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Fig. 57. Effect of peak temperature on continuous-cooling transfor-
mation behavior of SA-508, class 2, steel. Source: University of
Tennessee.

.
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CCT comoarisons. The CCT behavior of SA 533, grade B, class 1, and
that of SA 508, class 2, heated to a peak temperature of 2400'F, are
virtually identical. Both CCT diagrams are shown in Fig. 58. Thus in the
actual weld ilAZ, both steels have a similar transformation behavior for
regions close to the fusion line. Further, both steels have similar

hardenability for higher peak temperatures This conclusion is verified
in the hardenability discussion to follow.

1600
STEELS

-- - SA 508 CL 2
SA 533 Gr B CLI

1400 -

t'

t.L
1200 -

W
W
D
& "
<t 1000 - -

'

e -

d /
k / .

y ; .:-

w / B

F 800 -

! _/
u_'

Ms 700 'F

600 -

M, 520 * F

.i , ,
. . , , , ,. .

400
2 3

1 10 10 10

TIME (Sec.)

Fig. 58. Comparison of continuous-cooling transformation behavior
of SA-533, grade B, class 1, and SA-508, class 2, steels for a peak
temperature of 2400*F, Source: University of Tennessee.
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To note any difference in transformation characteristics on holding
at a peak temperature of 2400'F, specimens of SA 508, class 2, and
SA 533, grade B, class 1, were held for 20 s and cooled under condition IV

! [136 kJ/in. , 80'F (1 in, plate)) . The transformation behavior did not
change; the transformation obtained was similar to that observed for
"no holding" with thermal cycle IV (136 kJ/in., 80'F preheat) for both
steels. This indicates that solution of alloy elements is rapid at the
high peak temperatures. When a peak temperature of 1900*F was used with
thermal cycle VI (136 kJ/in. , 500'F preheat), the transformation charac-
teristics were similar to those obtained by 2400'F peak temperature; this
indicates that significant grain growth and solution also occur at 1900'F
peak temperature.

Fuji Maki's" CCT diagram of steel "B" (see literature review), which
is similar in composition to 'A 508, class 2, steel (except that steel "B"
is lower in carbon car. Lent), is compared with the CCT diagram of SA-508,
class 2, steel in Fig. 59. Because of the lower carbon content, steel "B"
has a faster critical cooling rate to avoid bainite transformation than
does SA-508, class 2, steel. The critical cooling rate for steel "B" is

approximately 133*F/s, whereas for SA 508, class 2, steel it is approxi-
mately 50'F/s, The ferrite nose in SA-508, class 2, steel is shifted
farther to the right than in steel "B."

20Klumpes discussed the PTCT diagrams of tteels SA 508, class 2, and
SA-533, grade B, class 1, exposed to several thermal cycles with peak
temperatures ranging from 1650 to 2460*F. The PTCT diagrams of steels
SA-508, class 2, and SA-533, grade B, clast 1, showed that a cooling rate
of 90*F/s gives a fully martensitic structure. This cooling rate seems
to be reasonable in comparison with the experimental results herein for
SA 508, class 2, steel, which had a critical cooling rate of 50*F/s. How-
ever, for SA-533, grade B, class 1, steel, our experimental results show
a critical cooling rate of 140*F/s, which indicates that Klumpes' cooling
rate of 90'F/s would not be fast enough to form martensite. Klumpes
mentioned that '' depth of hardening in the case of SA-533, grade B,
class 1, steel e.seceds that of SA 508, class 2, steel, which means that,
for his steels, the bainite nose for SA-533, grade B, class 1, steel
occurs at a longer time than the bainite nose for SA 508, class 2. This
result is totally opposite to the one we obtained and is not predictable
from chemical composition.

There is an interrelationship between energy input, preheat, and
plate thickness and the cooling rates obtained in wolds. The thermal
cycles calculated for use in this study were for 1 in. steel plate with
different energy inputs and preheats; thus, for direct utility under other
conditions, the correlations predicted by other investigators are reviewed
here for information. Signes" proposed a simple method for predicting
weld metal cooling rates for mild and low-alloy steels. Using signes'
method, different energy inputs were obtained for thicker plates with the
same cooling rate as for 1-in.-thick steel plate, These values have been
summarized in Table A4 of Appendix A and are graphically shown in Fig. 60.
In plate thickness of more than 3 in., the cooling rate does not change

-. . _ _ _ _ _ _ _ _ _ _ _ _ . _ - - _ . - ..
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significantly (i.e., increasing the thickness further has no influence on
cooling rate). Signes' method gives the cooling rate of weld metals (i'.e.,

centerline of the weld) and not the llAZ. Jhaveri and his colleagues''
mentioned that the cooling rate is a maximum on the weld centerline, and

"
that.the shape of the cooling rate distribution curve is such that the '

conterline cooling rate is only 5 to 10% higher than that in the veld ilAZ
and is therefore representative of the cooling rate in the entire weld '

region. . Figures 61 through 68 show thermal cycles for 2- and 3-in. plate
,tthicknesses,

.

ilARDENABILITY OF SA-533,~ GRADE B, CLASS 1. AND SA-508, CLASS 2, STEELS

._ The' study of hardenability in steel is the study of the transformation
kinetics of austenite. Austenitizing temperatures for hardening heat
treatments'are usually chosen to'be high enough so that al'1 alloy additions
are in solution, to maximize their hardenability effect. but not too high
to coarsen the austenite grain size to the point that in detracts from the
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toughness of the hardened steel. At higher austenitizing temperatures, a
more homogeneous austenito is achieved, which reduces nuc1 cation sites for
high temperature transformation and thus increases hardonability. Time at
the austenttizing temperature also influences hardonability, primarily
because time is needed to achieve austenite homogeneity.

Jominy hardenability tests were conducted for SA 533, grade B,
class 1, and SA 508, class 2, materials according to t.he ASTM
Standard A 255. The hardenability curves, Fig. 69, show that SA 508,
class 2, steel has higher hardenability than SA-533, grade B, class 1.
liardness at the quenched end for SA-533, grade B, class 1, is llRC 38 and
for SA 508, class 2, is llRC 46. The hardonability curve for SA 508,
class 2, shows a drop in hardness at an approximate cooling rate of 42*F/a
at 1300'F. Similarly, the curve for SA 533, grade B, class 1, shows a
drop in hardnest, at an approximate cooling rate of 125'F/s at 1300'P, and
the hardness decreases further with slower conting rates.

The CCT behavior obtained by ERM is correlated with the hardonability
curves in Figs. 70 and 71. The critical cooling rate for SA 533, grade it,
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class 1, steel is approximately 140'F/s at 1300'r, whereas with the Jominy
curve, a hardness drop is noticed at a cooling rate of 125'F/s at 1300'F.
This hardneas drop indicates that beinite has formed. Similarly, in
SA 508, class 2, steel, the critical cooling rate is approximately 50'F/s
at 1300'F, and the Jominy curve shows a drop in hardness at an approximate
cooling rate of 42*F/s at 1300'F. This also shows that bainite has formed.

Jominy bars were also austenitized at a higher temperature (2200'F)
in addition to the standard 1700'F. The main purpose was to achieve a
larger grain size. The hardenability curves for 2200'F are shown in
Fig. 72. The higher austenitizing temperature of 2200'F increased the
hardenability of both steels over that obtained with an austenitizing
temperature c.f 1700'F. The depth of hardness fc,r both steels is almost
identical, which indicates that, at higher temperature, both steels have
similar hardenability. This result agrees with the CCT diagrams for
SA 533, grade B, class 1, and SA 508, class 2, steels as determined
dilatometrically for a peak temperature of 2400*F (Fig. 58),
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To better define the transformation characteristics of steels SA.'33,
grade B, class 1, and SA 508, class 2, the Jominy bars were examined metal-
lographically. The microstructure was martensitic at the quenched end and i

gradually changed to a martensitic bainitic structure as the distance from '

the quenched end increased. The Jominy bar with the higher austenitizing
temperature had a larger grain size.

Col.D CRACKING TESTS

The most intensive research in the field of weldability has been that
concerned with " cold cracking." This type of cracking originates primarily i

in the itAZ of base metals. The cracking is brought about through the ;

embrittlement effects of hydrogen in a predominantly martensitic structure,
the dynamic stresses of austenite martensite. transformation, the residual
stress rate, or combinations of those factors.

;

In the welding of certain low alloy steels, a better understanding -

of the mechanisms involved in hydrogen induced cold cracking is required.
i It is usually assumed that cold cracking is associated with hydrogen<

embrittlement of martensite or bainite and that it is initiated by high
residual stresses developed in the weld joint during cooling,

,

Battelle Underbead Crackinn Test

Underbead cracking is one of the forms of hydrogen induced cracking.
Hydrogen can be introduced into weldments by the dissociation of moisture
in organic' compounds in the welding flux, moisture in shielding gas,
moisture on the steel surface, and other sources. The greatest problems

,

arise in shielded metal' arc welding because the flux coating often con- i

tains large amounts of hydrogen bearing materials. ;

'

The Battelle underbead tests, discussed previously in.the "Experi.
mental Procedures" section for steels SA 533, grade B, class 1, and
SA 508, class 2, were conducted at different preheat temperatures ranging

,

from 32 to 300'F. After the specimen was sectioned longitudinally (along '

the weld bend), the cross section of weld bead is polished, etched, and
. examined microscopically. The SA 533,, grade B,. class 1, specimens welded
at 32 to 200*F showed underbead cracking, whereas specimens welded at 300'F

,

Eshowed no cracking. Similarly, for SA 508, class 2, underbead cracks- 1
appeared ~in specimens welded-from 32 to 300'F, and at 400'F no cracking was
observed. Table 6 summarizes results for.both materials.

'
.

!: racking in a susceptibio microstructure can be avoided by ma in-
taining the material at.a sufficiently high temperature until the micro-
structure has been softened,-by tempering, to render it less susceptible,
This principle is employed as postweld hold treatments at the original
preheat temperature.

An increase in temperature increases the diffusion rate of hydrogen
and hence accelerates its removal from the weld. Any measure that slows

I

>

>

t
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Table 6. Results of Battelle underbead cracking tests

Observations *

Preheat or precooled
temperature ('F) SA 533, grade B. SA 508, class 2

class 1

32 Crack Crack'

95 Crack Crack ,

200 Crack Crack
300 No crack Fine crack
400 No crack

' the weld cooling rate also is helpful in reducing the hydrogen level and
promoting softer microstructures. Thus, preheat, by slowing the cooling
rate, not only softens the microstructure but also helps hydrogen to '

escape. Two micrographs of underbead cracks are shown in Fig. 73. The
cracks are formed just below the weld bead and run parallel to the fusion !

line; they tend to Le transgranular but responsive to the orientation of
tho martensitic lath structure. ;'

in the Battelle test, the SA 508, class 2, steel was more susceptible
to underbead cracking than was SA 533, grade B, class 1. !

Results of Hydrogen Suscentibility Testing

The University of Tennessee Hydrogen Susceptibility Test"'" was ,

used to further document the sensitivity to hydrogen cracking using an
-augmented strain of 44.- The SA 533, grade B, class 1, steel welded from 1

32.to 400'F cracked, whereas specicens wolded'at 500'F did not crack. !

Similarly,-cracks were observed in SA 508, class 2, specimens welded fromE

32 to 500'F, but no cracking was. observed in the specimen welded at 600*F. :

These results show.that, for.the most critical situations, a preheat of

t 500'F for SA 533, grade'B, class 1, and'a preheat of 600'F for SA 508, .

class 2, are sufficient to drive off hydrogen and prevent cracking. The

results are' summarized in Table 7.- Macrographs.of the cracking observed ,

!in the University.of Tennessee Hydrogen Susceptibility Test are shown in
Fig; 74 The cracking is shown as a. function of preheat temperature.

.V
'

We c'oncluded from both cracking tests that SA.508, class 2, is more
susceptible to hydrogen induced cracking than is-SA 533, grade B, class 1.1

.The preheat required to prevent cracking in the University of Tennessee;

Hydrogen-Susceptibility Test is higher than the preheat required to
eliminate cracking in the Battelle Underbead Cracking Test. This result

L is in line-with other evaluations on' carbon manganese steels. The pre-
heat determined in the Battelle test has been shown to be adequate in

-fabrication.
,

For the University of Tennessee Hydrogen Susceptibility Test, the
ease of ranking steels as to hydrogen susceptibility is good. However,

. ,-.
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.

class 2, steel. Source- University of Tennessee.
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Table 7. Results of University of Tennessee
hydrogen susceptibility tests

Obse rvations
Preheat or precooled

temperature ('F) SA 533, grade B, SA 508, class 2

class 1

32 Crack Crack
90 Crack Crack

300 Crack Crack
400 Crack
$00 No crack Crack
600 No crack

the results (preheat temperatures) of the hydrogen susceptibility test
are not sufficiently realistic to be used for actual fabrication con-
ditions because the test is quite severe, and the results tend to be
conservative. The advantage in this test lies in its ability to quickly
rank the weldability of steels with respect to welding conditions, hydro-
gen levels, and preheat temperatures.

STRESS RELIEF CRACKING

Stress relief cracking (SRC) (or reheat cracking) may be defined as
intergranular cracking in the coarse grained HAZ occurring during the
exposure of welded assemblies to the elevated temperatures used for PWHT
or service. The cracks generally occur as a result of the redistribution
of residual welding stresses coupled with RAZ metallurgical changes when
sound weldments are heated to elevated temperatures.

1

Thn HAZ cracks are intergranular, and the material exhibits low
ductility, showing little or no evidence of plastic deformation near the
cracks. Because the cracks are usually confined to the coarse grained
region of the HAZ, cracking is directly related to prior high temperature
exposure.

According to the experimental procedure described earlier, SRC tests
were conducted for SA 533, grade B, class 1, and SA 508, class 2. The
time to rupture and the reduction of area for each specimen are functions
of the stress applied and of the thermal treatment given to the specimen.
The results are summarized in Table A.5 of Appendix A. The specimen with
the bainitic microstructure produced by Cycle VI (136 kJ/in., 500'F pre-
heat) took longer to rupture than the one with'the martensitic structure
produced by Cycle 11 (50 kJ/in. , 80'F preheat).

For comparing the steels on.the basis of stress rupture strength and
stress rupture ductility, time to rupture versus percentage reduction of
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area and applied stress are plotted in Fig. 75. The SA 508, class 2,
steel exhibited a higher stress to rupture (for equivalent titees) than
did SA 533, grade B, class 1, indicating a stronger inaterial at the pkHT
teroperature, whereas SA 533, grade B, class 1, exhibited a higher creep
rupture ductility than did SA 508, class 2.

4
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Fig. 75. Stress-rupture properties at 1150'F of simulated grain-
coarsened weld heat affected zone of SA 508, class 2, and SA-533, grade B,
class 1, steels. Source: University of Tennessee.

pense et al 22 performed considerable work on SRC in carbon and high-
strength steels. The results of tensile and stress relaxation tests on
plain carbon and carbon boron steels indicated that SRC is not a problem
in those stects but that A 517 F (Ni-Cr Mo B V) was highly susceptible to
SRC whereas A 517 J (Mo-B) was not, pense also observed that the plain
carbon steel, consisting of upper bainitic structure, had a reduction of
area of 76%; on water quenching, the reduction of area reduced to 33%

i

_ _ _ _ _ _ _ _ _ _ _ _ _
_ - . . - _
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because of massive martensite production. Similar ductility was also ob.
served for carbon boron steel, but for A 517 J the value dropped from 13%
for the bainitic structure to 54 for the martensitic structure because
of the precipitation of molybdenum carbide. Our results agree well with
Pense et al., in the sense that the creep rupture ductility after a ther-
mal cycle was quite high for steels not containing Ni, Cr, and V. In our

study, the bainitic microstructure did not produce a higher creep rupture
ductility than did the martensitic structure obtained by Pense.

The SRC susceptibility can be evaluated by a stress rupture parame-
ter. The stress rupture parameter is the product of the stress for a
rupture life of 10 min and the corresponding reduction of area. For high-
strength steels (martensitic microstructure), if the value of this parame-
ter is greater than approximately 15 x 10', then the stress rupture
strength and ductility are considered good and, accordingly, a low suscep-
tibility to cracking would be expected. Conversely, if the value is less
than 15 x 10', then poor stress rupture properties and increased crack
susceptibility would occur. The stress rupture parameter obtained for
SA 533 is 16.8 x 10' and for SA-508 is 1.3 x 10' (as shown in Tabic 8) .
The results of stress rupture testing, based on the coarse grained marten-
sitic structure, lead to the conclusions that SA 508, class 2, is more
susceptible to SRC than is SA 533, grade B, class 1.

Table 8. Values obtained in stress relief cracking

test for rupture life of 10 min

Stress for a Reduction Stress-

Steel rupture life of of rupture

10 min (psi) area (%) parameter 8

SA 533, grade B, 21,000 8s 16. 8 x 10'
class 1

SA 508, class 2 26,500 0.5 1. 3 x 10'

aThe stress rupture parameter is the product of the
stress for a rupture life of 10 min and the corresponding
reduction of area.

By using the data from the coarse grained bainitic structure to
evaluate the stress rupture parameter, we predict that a bainitic struc-
ture will have lower stress to rupture and creep rupture ductility for
SA 533, grade B, class 1, and SA 508, class 2, steels. Consequently, a
lower stress rupture parameter is obtained, with SA 508, class 2, being
the more susceptible to SRC with a bainitic microstructure.

The nature of the fracture surfaces of the stress rupture specimens
was examined with the scanning electron microscope (SEM). The mode of

4efracture in the specimens was predominantly intergranular. Hamilton

- _ _ _ _ _ _ - _ _ _ _ - - - _ _ - _ - - - - _ -__ _
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plus FWilt forming a martensitic structure; the grain size is large and the
cracks are intergranular. Similar behavior is noted in Fig. 77, except
that the talerostructure is bainitic, produced by Cycle VI plus FWitT. A
similar trend for cracking and a related microstructure were observed in t

SA 508, class 2, steel and are shown in Figs. 78 and 79. The SEM frac-
tographs of the aartensitic structure [ Figs. 76(a) and 78(a)) show traces
of rnicroductility on the grain faces; this microductility is shown in
Fig. 78(c) at a higher magnification. Fractographs for the bainitic strue-
tures [ Figs, 77(a) and 79(a)) sh3w no microductility, but the grain faces
show oxides and inclusions. Those defects are not related to the inter-
granular failure.

>

The results of the SRC tests show that SA 508, class 2, steel is more
susceptible to reheat cracking than is SA 533, grade B, class 1. This
conclusion is based on the struss rupture strength and strest rupture
ductility of the specimens.

Careful handling of susceptibic materials in terms of weld energy
input, weld joint restraint, and choice of FWilT conditions can prevent
stress rupture cracking. Ilowever, in general, reheat cracking is best

,

prevented by correct selection of material and PWHT.

CHARPY V-NOTC1' TOUGHNESS OF SIMUIATED HEAT-AFFECTED ZONE MICR0 STRUCTURES

The toughness of any multipass HAZ microstructure is primarily deter-
mined by the final thermal cycle experienced at a particular location.
Thus, the toughness of a steel subjected to a peak temperature of 2400'F
would not be expected to be identical with the toughness of the same steel
grain coarsened at 2400*F and then recycled to 1650*F. After a material i

has been exposed to high peak temperature thermal cycle it differs from
the original base metai in prior austenite grain size and in the amount
of carbon and other alloy elements in solution. Thus, the influence of
multiple HAZ cycles on properties is of inrsrest.

The energy input conditions were selected for weld thermal cycles
with 2400 and 1650*F peak temperatures. Cycle II (50 kJ/in., 60'F pre.
heat, 1 in, plate) was chosen to provide a fully martensitic transfor-
mation product, and Cyc.le VI (136 kJ/in. , 500*F preheat, 1 in. plate) was
chosen to provide a fully bainitic structure. A number of thermal treat-
ments were employed for this test, among which was a dual cycle treatment
consisting-of exposure to a higher peak temperature of 2400'F (sufficient
.to:cause' complete austenitization) followed by a-lower peak temperature
(1650*F) to obtain a grain refined structure. This.multicycle thermal
excursion represents a multipass welding procedure. Another thermal
treatment emp.'oyed consisted of exposure to a 2400'F peak temperature
followed by postweld hold at 600.or 300*F to temper the initial micro-
structure. A complete schedule of thermal heat treatments is shown in
Table A 3, and harpy V notch toughness is shown in Tables A.6 and A.7
of Appendix A. These values are presented in bar graph form in the
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following discussion. The lateral expansions associated with these in-
pact toughness values for SA 533, grade B, class 1, and SA 508, class 2,
steels are shown in Figs. B.1 and B.2 of Appendix B.

SA-533. Grade B. Class 1

A bar graph of Charpy V notch toughness as related to different ilAZ
thermal cycles is shown in Fig. 80. The impact test temperature selected
was 25'F, which corresponds to the transition temperature (50 ft lb) of
the base metal. A toughness of 60 ft lb was observed fer the base metal.

// PWHT at 1150 50'r ,50xSnI*ba$le*nUie' " ' ' * * ' '*weia

M'''""'"'' vi136 KJ/m.500*F PH.- Dainite

% Testing temreesture -25'r,,

p / T -4
"'

'

j,0

70 vi

: d s[ # # M

0 vi j

~

d [k
/ VI '

: 3 $ 44
"'

>

2dOO 2400+!650 2J00+2 he s. 24 00 + 2 ht s.
hold at 600 hold at 200

Wald Thermal Cycles with Peak & Hold Temperatures ('F)

Fig. 80. Charpy V-notch toughness as related to dif-
ferent heat-affected zone thermal cycles for SA 533,
grade B, class 1, steel. Source: University of Tennessee.
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The coarse grained martensitic structure (obtained by Cycle II) gave a
toughness of about 20 ft lb, and upon PVHT the toughness increased sig. ,

nificantly to 140 ft lb. The hardness decreased from HRC 42 to HRC 1
(HRB 83). For the coarse grained bainitic structure (obtained by .

Cycle VI) an impact toughness of 10 ft lb was recorded, which, upon PWHT,
increased to approximately 20 ft lb. The hardness dropped from HRC 21 to
HRB 80. This result shows that the toughness of the bainitic structure
is lower than that of the martensitic structure and that PWHT increases
the toughness of martensite significantly but does not appear to improve
the toughness of bainite to a great extent. The respective microstruc-
tures are shown in Figs. 81 and 82. .

For SA 533, grade B, class 1, the optimum toughness of the marten-
sitic structure was obtained by multiple cycles with different peak
temperatures (2400'r followed by 1650'F peak), whereas the toughness for '

the bainitic structure was deteriorated by a double cycle. The thermal
recycling duplicating multiple pass welding resulted in properties largely
determined by the peak temperature and cooling rate of the final cycle. <

This fact Serves as a reminder that the HAZs of multiple pass welds com-
prise a complex conglomerate of microstructures produced by a wide range
of peak temperatures spatially distributed in a complicated pattern.
Hardness measurements cannot be expected to be related usefully to the ;

notch toughness of such a conglomerate. The microstructures obtained '

after multiple cycles are shown in Figs. 83 and 84.

Martensite, although very hard and basically strong, lacks toughness;
however, tempered martensite can have high strength and good toughness if ,

it is heat treated properly, because the brittle martensite is replaced
by a fine dispersicu of rigid carbide particles within a tough ferrite

-matrix. The untempered martensitic structure with postweld hold at 600'F
showed the least toughness of all treatments, that is, "as welded" (this -

' thermal treatment is similar to Martempering), but superior toughness was
achieved after PWHT. The bainitic structure showed the best toughness
when a postweld hold (at'600'F) and PWHT were employed. The micrographs
for those thermal treatments are shown in Figs 85 and 86. The untempered
martensitic and bainitic structure with a.postweld hold at 300'F showed
toughness similar to that obtained without postweld holds, but the bainitic
microstructure for this hold showed the second best bainitic toughness.

,

The respective microstructures are shown in Fig. 87, These_ observations
clearly show that tempered martensitic structures are tougher than tempered
bainitic structures. Thus, after PWHT of as welded HAZs, a significant
increase in toughness was observed for martensitic structures as compared ,

with bainitic' structures. This indicates that veld HAZ regions containing
. tempered martensite are tougher than the base metal. '

The hardness results showed that higher hardnesses were obtained for
martensitic structures than for bainitic structures and that hardness has
no direct relation to the toughness. As the cooling rate from the austeni--

tising temperature is increased, the microstructure shifts from relatively
soft aggregates of ferrite and carbide to harder bainitic or martensitic
structures with accompanying loss in ductility. The degree of hardening

- . _
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observed in the HAZ of a welded steel will not be useful in judging the
toughness of that region without prior knowledge of the response of the
steel to cooling rate and resulting microstructure.

SA-508. Class 2

The SA 508, class 2, results are presented (Fig. 88) in a manner
similar to those for SA 533, grade B, class 1. The impact test temperature

'/ PWHT at 1150 50 *F Weld Thermal Cycles,lin. Steel Plate
"''

I 6J 500 P .-sainite"

Testing Temperature 72 *F
80-

11
~

m

h~

/ /: z-

1': "N Y
- // f/1,

'

5%g,m,
1E<rg / ,y

46 46-
, u.

vi

26 3810 . 28
28

1d:tgrs.4002400 2400+1650 2
0 + 2 hd*'0

Weld Thermal Cycles with Peak & Hold Temperatures (*F)

Fig. 88. Charpy V notch toughness as related to different heat-
affected zone thermal cycles for SA 508, class 2. steel. Sourco:
University of Tennessee,
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for this steel was selected to be room temperature (72'F), which corre-
sponds to the transition temperature region of thn base metal. The base
metal exhibited 70 ft lb at 72'F. The HAZ coarse grained martensitic
structure gave a toughness of 37 ft lb and, after FVHT, the toughness in-
creased to 45 ft lb. The hardness decreased from HRC 46 to HRC 28. For
the HAZ coarse grained bainitic structure, a toughness of 8 f t lb was
recorded, which, after FVHT, increased to 16 ft lb. The hardnest dropped
from HRC 28 to HRC 18. These results indicate that the toughness of the
bainitic structures is lower than that of the martensitic structures. The
microstructures are shown in Figs. 89 and 90. The toughness of both
microstructures was increased after multiple cycling with a grain refining
peak temperature cycle (2400*F followed by 1650'F peak), and, after PVHT,
the toughness was further ina*:,ased. The microstructures are shown in
Figs. 91 and 92. These microstructures are similar to those observed for
SA 533, grade B, class 1. steel (Figs. 83 and 84).

The toughness of the untempered martensitic structure deteriorated
when a postweld hold at 600*F was applied, but superior toughness was
achieved by subsequent PVHT. This is in contrast to the results for the
untempered bainitic structure, which showed the best toughness on postweld
holding at 600*F. These results are similar to the ones described for
SA 533, grade B, class 1. The respective microstructures are shown in
Figs. 93 and 94. The untempered martensitic and bainitic structures with
a postweld hold at 300*F showed toughness similar to that obtained without
the postweld hold, but, after PVHT, both microstructures exhibited the
best toughness of all thermal treatments (Figs. 95 and 96). ;

The hardness results showed that martensitic structure had higher
hardness than bainitic structure and that the toughness is not related to

,

hardness per se. The drop in hardness from untempered to tempered struc-
ture is greater for SA 533, grade B, class 1, than for SA 508, class 2.
In general, the hardnesses obtained for SA 508, class 2, steel were higher
than those for SA 533, grade B, class 1.

The results of Charpy tests disagree totally with those of Klumpes.2o
Klumpes mentioned that increasing the amount of certsnsite in the strue. ,

ture deteriorates the toughness, and PUHT of fully martensitic structure
does not benefit the toughness. Our results show just the opposite in
that the best toughness is achieved by the PVHT of a martensitic atruc-
ture, which agrees with Canonico's! statement that untempered martensite
is poor in toughness whereas proporly tempered martensite has superior
properties.

The best toughness of_the martensitic structure is attained when
multiple cycles are employed (high peak temperatures followed by a grain-
refining cycle). This result agrees with Dolby,' who mentioned that the -
multipass HAZs'show higher toughness because of the increased proportion
of grain refined structure produced in the test specimen, whereas single-

1pass unreheated HAZ regions show lower toughness. Canonico noted that
RAZs of welds generally possess superior tensile and toughness properties
compared with their chemically equivalent base metal. We found that the
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tic structure, HRC 18. Source: University of
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(b) Postweld heat treated, tempered mart.ensitic
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HAZ of welds may or may not have a toughness superior to that of the base
metal because the toughness depends on the transformation products obtained
in the HAZ.

We conclude from these tests that SA 533, grade B, class 1, and
SA-508, class 2, behave similarly in the sense that both show a signifi-
cant increase in toughness by tempering the martensitic structure. The
tempered bainite structure showed poorer toughness than the martensitic
sttuctures. Therefore, we recommend that bainitic strectures be avoided in
the HAZ,

It would have been very beneficial to obtain an impact transitica
curve for each thermal cycle schedule, but the program scopo did not allow
it. We sus 6est it for future work.

ENUMERATED RESULTS

The results of the reported experiments for SA 533, grade B, class 1,
and SA 508, class 2, steels in this program can be enumerated as follows.
1, The isothermal transformation (IT) behavior for SA 533, grade B,

class 1, and SA-508, class 2, has been documented,
a. The IT behavior shows that the bainite nose for SA 5C8, class 2,

steel lies at longer times than the bainite nose for SA 533,
grade B, class 1, steel,

b. On holding isothermally as ~?50*F for 10,000 s sotua pearlite is
formed in SA 508, class 2, .. teel but not in SA 533, grade B,
class 1, steel.-

c. -The ferrite nose location in both steels is identical,

d. The bainite start temperature is lower for SA 508, class 2,
-steel than for SA-533, grade B, class 1, steel,

e. The Mf temperature for SA-533, grade B, class 1, is higher
than that for.SA 508, class 2, steel.

2. The continuous cooling transformation (CCT) behavior for SA 533,
grade B, class 1, and SA 508, class 2, determined by resistivity
measurement'and dilatometric method, has been documented.
a. The CCT behavior for both steels obtained by resistivity

measurements is identical with the CCT behavior obtained by
the dilatometric method with a peak temperature of 1650'F.

b. The CCT diagrams show that the critical cooling rate for SA-508,
class 2, is less than the critical cooling rate for SA 533,
grade B, class 1.

c. In the welding situation the higher peak temperature of-2400'F
causes grain growth and shifts the bainite nose to longer times
for both steels,

d. For heat-affected zones the transformation behavior of both
steels with peak temperatures of 2400*F is almost identical,

e. Thermal cycle with a hold of 20 s at 2400*F peak temperature
does not change the transformation behavior of either steel.
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3. The CCTs occur at lower temperature and at longer times (below and
to the right) as compared with the corresponding IT behavior.

4. The CCT behavior of SA-533, grade B, class 1, steel obtained by '

Klumpes" does not correlate with the CCT behavior obtained in
this study, because the critical cooling rate (90'F/s) obtained'

by Klumpes is much lower than the critical cooling rate (140'F/s)
N obtained in this study.

5. Hardenability results show that SA 508, class 2, has higher harden-
ability than SA-533, grade B, class 1.

6. In cold cracking tests, SA 508, class 2, was found to be more
susceptible to hydrogen induced cracking than SA 533, grade B, t"

class 1. a

7. Stress relief cracking (SRC) for.SA-533, grade B, class 1, and SA 508,
class 2, steels has been observed experimentally and metallographi- ,

cally, ,,

a. The cracking behavior in both steels was intergranular,
b. For all the thermal treatments, SA'533, grade B, class 1,

showed higher-ductility than did SA-508, class 2.
c. The stress rupture parameter in SRC test was much lower for

SA 508, class 2, than for SA 533, grade B, class 1, indicating -;

.that SA 508,: class 2,. steel is more susceptible to reheat
'crackin6_than-is SA 533, grade B, class 1.

8. The Charpy impact toughness of SA 533, grade B, class 1, and
SA 508, class 2, for bainitic and martensitic structures, exposed,,

' '' to different thermal heat treatments, has been documented.
a. -Tempered martensite (in the coarse grained region of the'HAZ)1

.,: shows greater toughness than does tempered bainite.
b. An untempered..as-welded, coarse-grained martensitic structure

_

subjected to a postweld hold at 600'F provides poor HAZ . 7

toughness. !

c. Multiple thermal cycles (2400'F , peak, followed by '1650'F peak
temperature)-are beneficial to_the toughness of the martensitic
structures of both steels.

M d. PWHT gives higher toughness oi the weld HAZ of SA 533, grade B,
. class 1, than- that .of SA 508, class 2. -,

e. The hardnesses observed for all identical thermal treatments
were higher for SA 508, class 2, than for SA-533, grade B, .

'iclass 1,-steel.
.

,y

f. The hardnessidrop from an untempered structure to tempered
structure was. greater for SA-533,L grade B, class 1, than for
SA-508, class 2. !

-

9. Postweld heat treatment has a significant'effcct on HAZ toughness.
- 10. Hardness cannot be used as a reliable indicator of notch toughness. ;

h
CONCLUSIONS'"

The transformation behavior for both SA-508 and SA-533 low-alloy I

steels has been' determined under conditions representing standard heat

i
i
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treatment austenitizing (1650'F) and under the high temperature austeni-
tizing conditions characteristic of the coarse-grained region of the llAZ
(2400'F). Although the position of the bainite nose was displaced further i

in time for SA 508 than for SA 533 under 1650'F austenitization, the

bainitic transformation behavior was virtually identical for the coarse-
grained llAZ (2400*F). This is due to the strong effect of grain size in
swamping the compositional differences between the two materials. These
conclusions were confirmed by the Jominy hardenability tests and by
microstructural examination.

Under welding conditions (approxima*cly 130 kJ/in. ) in 2-in plate
.

with a room temperature preheat, the only microconstituent formed in the
coarse grained region of the llAZ is martensite. Slower cooling conditions

represented by higher energy inputs and higher preheats produce a mixed
'

martensitic bainitic structure in the coarse-grained ilAZ. (The equiva-
loney of plate thickness preheat and energy input is illustrated in the
test.) The CCT diagrams developed by two independent means are the first
known reporting of such information for the SA 508 and SA-533 materials.

"'ho SA 508 material was found to be slight.ly more sensitive to llAZ
than SA 533 in the' University of Tennessee hydrogen sensitivity tests.
A preheat of approximately 400 to 500*F would most likely be sufficient~

for both materials under high restraint welding conditions. Postweld
holds at the preheat temperature could permit the application of lower
preheats . for both materials.

The stress-rupture cracking potential for SA 508 was greater than i

that for SA 533. This indicates a need for chemistry control (e.g., use
of SA 508 C) or control of stresses in complex weldments. The SRC crack-
-ing method employed shows-great promise for evaluation of other steels.

With limited data Ovailable on the toughness of the coarse grained
ilAZ, the-following conclucions must be considered tentative. Ilowever,
the trends noted do suggest 'he need for fu:*ther studies on the SA-508
and SA-533 materials .and on slid iar steels. These additional studies
will permit more definitive choics.: ef welding conditions for optimizing
toughness.

The tempered martensite produced in the coarse-grained region of-the
llAZ by the welding conditions with more rapid cooling rate was of poor
toughnessiin the as welded'(single-pass) condition. This microstructure

responded'in an extremely-positive manner to PWilT with toughnesses at a
Lhigher level than those of the base material. The bainitic microstructures-
produced by heat -input that' causes the- cooling curves to pass through the

'bainite nose-also cause poor as welded toughness. Unfortunately, the data-
available indicate that the bainitic microstructures respond poorly to PIIWT-
and- the toughness falls short of that of the as received base metal. A
grain-refining (1650*F) peak cycle subsequent'to the grain coarsening did
not significantly improve the toughness for the bainitic structure. This
tends to indicate that the microstructural constituents rather than grain

s.ize per se control toughness in these materials. The data further suggest

|

|'
V r
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n.
that the_ maximum energy input should be selected on the basis of the CCT
alagram and, when possible, welding conditions resulting in martensite
"should be used (which, fortunately, is the general case).

ACKNOWLEDGMENTS

This research was sponsored by the Office of Nuclear Regulatory
Research, U.S. Nuclear Regulatory Comruission, under Interagency Agreement
DOE 1886 8010 3B with the U.S. Department of Energy under contract
DE AC05 840R21400 with Martin Marietta Energy Systems, Inc. The technical

. guidance and assistance provided by D. A. Canonico and R. K. Nanstad is
gratefully acknowledged.

1

REFERENCES

.1. D. A. Canonico, Significance of Reheat Cracks to the Integrity
of. Pressure . Vessels for Light-Water Reactors, ORNL/NUREG 15, July 1977.

2. -R. D. Stout and W. D. Doty, " Appendix," Weldability of Steels,
~2d'ed.. ed. Samuel Epstein and R. E. Somers,' Welding Research Council,
New-York, 1971.

.

3. M. W.:F. Cane and R. E. Dolby, " Metallurgical Factors Controlling
~ ,

Lthe HAZ Toughness of Submerged Arc Welded C Mn Steels," Welding Research"
t

' Institute, 1974

_

4 '. R.cE. Dolby, "The Effect of Nb on the HAZ Toughness of High Heat,

Input Welds;in C Hn Steels," Proceedings of Conference on Welding of HSLA
(Microalloyed) Structural Steels, Rome, November _1976, American' Society
for Metals.'

~5; N. E. Hannerz, "Effect of Stress Relieving Heat Treatment on the
~

a
'

EToughness Properties of Simulated HAZ's in V . Alloyed Steels," Schweissen
Schneiden (1976).

6. R. E. Dolby,."HAZ Toughness of Structural and Pressure Vessel J
Steels. Improvement and Prediction," Weld. J. (Miami) 55, 225-38s (August

'1979).
7. - T. U. Marston and W. Servet , " Assessment of Weld-Heat Affected

' Zones in a Reactor Vessel Materials," J. Eng. Mater. Technol. 100(3),
267-71_(July 1978),

'

8. H. S. Chung, T._Takahashi, and M. Suzuki, " Microstructural
Gradient in-HAZ and its Influence Upon The HAZ Fracture Toughness,"
Weld. World 16(11/12), 248-61; 1978.

.

*

9. C. B. Childress, Fabrication Procedures and Acceptance Data
for ASTH A 533 Welds'and aL10-inch' Thick ASTH A S43 Plate of the HSST
. Program, 0RNL-4313-3, January 1971.

.

10. . R. D. Stout -and W. D. Doty, "The Properties of Steel Related to
Weldability," Weldability of Steels, 2d ed., ed. Samuel Epstein and

LR. E. Somers, Welding Research Council, New York, 1971,

i

1 ^ -

_ _ _ _ _



t

11

>

11. D. A. Canonico, " Heavy Section Steel Technology Program (HSST),"
Het. Prog.116(2), 32-40 (July 1979) .

12 . , D. A..Canonico, " Microstructure Studies of HSST Plate 01,"
pp. 20, 32 in HSST Program Semlannual Prog. Rep. for Period Ending
August 31,1968, ORNL 4377, April 1969.

13. J. R. Hester, " Correlation of Microstructure with Mechanical
i' Properties for HSST Program Plate 01," M.S. Thesis, The University of

Tennessee, Knoxville, 1970.
14 . - G. E. Grotko et al., Reheat Cracking and Heat Affected Zone

Toughness in SA 508 Class 2 Steel Weldments, Report 76 1D4 Reheat-R1,
Westinghouse Research Laboratory, Pittsburgh, Penn., Feb. 20, 1976, '

15. A. G. Glover et al. , "The influence of Cooling Rate and Compo-
sition on Weld Metal Microstructures in a C/Mn and a HSLA Steel," Weld. j

'J. (Miami) 56, 267-74 s (September 1977).
16. E. S. Davenport, " Isothermal Transformation in Steels," Trans.

Am, Soc. Het. 27, 837 (December 1939).
17. R. A. Grange and J. M. Keifer, " Transformation of Austenite on

Continuous _ Cooling and-Its Relation to Transform at Constant Temperature,"
Transactions, March 1941.

'

18. K. E. Dorschu, " Control of Cooling Rates in Stect Weld Metal,"
Supplement to the Weld. J. (Hlami) 47, 49-62 s (February 1968).

19- H. Fuji-Haki et al. , " Development and Manufacturing of Steel.

Forgings of' ASTM A508 Class 2 for Nuclear Reactor Pressure Vessels,"
pp. 21-35 in Nippon Steel Technical Report 7, Nippon, Japan, November 1975. ,

;20. H. Klumpes, " Peak Temperature Cooling Time Diagram of Pressure
Vessel Steels ASMB SA 508 C1 2 and SA 533 Gr B C1 1," pp. 23-24 in
c1DVS Berichte No. 32, Proceedings, 2nd International Colloquium on
Welding'in Nuclear Engineering Dusseldorf, October 1974.

21. J. D. Murray, " Stress Relief Cracking in Carbon and Low Alloy
Steels'," .Br. Weld. J. 14(8),'447-56 (1967).

22. C. F. Meitzner and A. W. Pense, " Stress Relief Cracking in Low
Alloy Steel Weldments," Weld. J. (Miami)- 48(10), 432-40-s (October 1969).

23.' A. W. Pense, E. J. Galda, and G. T. Powell, " Stress Relief-~

Cracking in Pressure vessel Steels," Weld, J. (Hlami) 50(8), 374-78-s. ,

(August 1971).
24 R.'W Nichols,."Roheat Cracking in Wolded Structures," Welding

.Research Abroad, pp.' 36-44, March 1970.
25. K. Detert, W. Bertram,.and R. Banga, " Stress Relief Cracking in

Strip-Weld Cladded Steel Plates," pp. 1269-76 in Federation of Materials
'Societics, Metals Park, Ohio,: 1976.

26. M. Lorenz and P. Lugibuhl, " Stress _ Relief Cracking-in Overlay-
Wolded Components for Nuclear Reactor Pressure Vessels of a Heat-Resistant
Structural Steel," Sulzer Tech. Rev. 56, 51-60 (1974),

27. C. J . McMahon, R. J . Dobbs ,. and- D. II. Gentner, " Stress Relief
Cracking in Mn, Mo, Ni and Mn, Mo, Ni, Cr Pressure Vessel Steels," Mater.
Sci. Eng._ 37, 179-86 (1979).

28. J..M. Brear and B. L._ King, " Stress Relief Embrittlement in Mn-
Mo Ni Pressure Vessel Steels (ASME SA 533 B/SA 508)," Grain Boundaries,
presented at Institution of Meta 11urgists conference, 1976.

29. L. G. Liljestrand et al., Format ton of Microcracks during
Stress Relief Annealing of a Weidment in Y. 'ssure Vessel Steel of
Type A 508 C1 2, IX 996 76, Aktiebolaget Atoi. wargi, Studsvik, Sweden.

|



\;_
_

116

30. S. Tukaua, Evaluation of Periodic Proof Testing and Warm
Prestressing Procedures for Nuclear Reactor Vessels, USSTP TR 1, General
Electric Co., Schenectady, N.Y., July 1, 1969.

31. C. D. Beachem, "A New Model for Hydrogen Assisted Cracking
(Hydrogen ' Embrittlement')," Metal. Trans. 3(2), 437-51 (1972).

32. F. R. Coe, Welding Steels Without Cracking, The Welding
Insti' ste , Cambridge , England, 1973.

33. H. E. McCannon, The Making, Shaping, and Treating of Steel, 9th
od., 592, United States Steel Corp., Pittsburgh, Pa., 1971.

34. J. F. lancaster, Metallurgy of Welding, Chap. 7, Allen and
Unwin. London, 1980,

35. I. M. Bernstein, "The Role of Hydrogen in the Embrittlement of
Iron and Steel," Mater. Sci. Eng. 6, 1-19 (1970).

36. C. Zapffe and C. Sims, " Hydrogen Embrittlement, Internal Stress
and Defects in Steel," Trans. Am. Inst. Mining Met. Eng. 145, 225-47
(1941).

37. N. O. Petch and P. Staples, " Delayed Fracture of Metals Under
Static Load," Nature 169, 842-43 (1952).

38. C. E. Linnert, Welding Metallurgy 2(13), American Welding
Society, New York, 1967.

39. A. R. Troiano, "The Role of Hydrogen and Other Interstitials
in the Mechanical Behavior of Metals," Trans. Am Soc. Met. 52, 54-80
(1960).

40. F. R. Coe, The Avoidance of Hydrogen Cracking in Welding, The
Welding Institute, Cambridge, England, 1973.

41. W. R. Apblett, R. P. Dumphy, and W. S. Pellini, " Transformation
of Cr Mo Stects During Welding," Weld. J. (N.Y.) 33(1), 57-64 s (1954) .

42. C; E. Childress, Fabrication and Mechanical Test Data for
Acceptance of the First Six 6-inch Thick Intermediate Test Vessels of
the RSST Program, ORNL/TM 4351, October 1973.

43. Tien Shou Lei, "The Effect of 0-8 Wtt Iron on Transformations

of Alpha Phase Ni Mo Fe Alloys with Ni:Mo Ratio," Ph.D. dissertation,
The University of Tennessee, August 1979.

44. . R. D. Stout and W, D. Doty, Weldability of Steels, Welding
Research Council, New York, 1978, pp. 252-54,

45. E. C. Signes, "A Simplified Method-for Calculating Cooling
Rates in Mild and Low Alloy Steel Weld Metals," Weld, J. (Miami) 51,

-473-84 s (October 1972).
46, Pravin Jhaveri, W. C. Moffatt, and C. M. Adams , Jr. , "The Effect .

of Plate Thickness and Radiation on Heat Flow in Welding and Cutting,"
Weld. J. (Miami) 41,12-16-s (January 1962) .

47. W. F. Savage, E. F. Nippes, and E. S. Szekeres, " Hydrogen Induced
Cold Cracking in a Low Alloy Steel," Weld. J. (Miami) 57(9),- 276-83-s

'(1976).
48. I. C. Hamilton, "Ferritic Steel Plates for Pressure Vessels,"

pp. 1-33 in Developments in Pressure Vessel Technology-3, ed.
R. W. Nichols, Applied Science, London, 1980.

49. H. Nakamura et al. , " Fracture in The Precess of Orress Relaxation

Under Constant Strain," pp. 863-78 in Proceedings of First International
Conference on Fracture, Sendai, Japan, September 1965, Japan Welding
Society, 1965.



.i

!

I 117
l

SELECTED BIBLIOCRAPHY
:

1. K. P. Bentley, "Precipitt, tion During Stress Relief of Welds in
Cr Mo-V Steels," Br. Weld. J., 507-15 (October 1964).

!

2. N. C. Binkley and R. W. Herrmann, "An Inservice Reactor Repair
Simulation," pp. 289-98 in DVS Berichte 32, Proceedings, 2d International
Colloquium, Welding in Nuclear Engineering, Dusseldorf, October 1974, 1

3. J. S. Caplan and E. Landerman, Preventing Hydrogen Induced
Cracking After Welding of Pressure Vessel Stoc1s by Use of Low Temperature
Postweld Heat Treatments, WRC Bulletin 216, Welding Research Council,
New York, June 1976.

4. W. Debray, " Reheat Cracking in low Alloy Steels," Het. Constr. 8,
74-77 (February 1976).

5. A. Dhooge et al., "A Review of Work Related to Reheat Cracking
in Nuclear Reactor Pressure Vessel Steels," Inc. J. Pressure Vessels
Piping 6, 329-409 (1978).

6. D, V. Donne and J'. S. Kirkaldy, "Hardenability Concepts with
Applications to Steel," Symposium, AIME, Oct. 26, 1977.

7. R. E. Dolby and G. G. Saunders, A Review on the Problem of Roheat
Cracking in Nucicar Vessels StecIs, Report for the Nuclear Installation
Inspectorate, Dept. of Energy, April 1975.

8. R. E Dolby and G. G. Saunders, " Underclad Cracking in Nuclear
Vessel Steels, Part I," Hec, Constr. 9, 562-66 (December 1977).

9. R, E. Dolby and G. C. Saunders, " Underclad Cracking in Nuclear
Vessel Steels,.Part II," Het, Constr. 10, 20-24 (January 1978) .

10. W. D. Doty, " Welding of Quenched and Tempered Alloy Steels,"
Hot. Eng. Q,, ASM, February 1969, pp. 66-78.

11. G, E. Grotko, "Varestraint Weldability Testing of SA 508 Class 2-
and SA $33 Grade B Class 1 Pressure vessels Steels " 73104 RELST R1,-

Westinghouse Research Laboratory, February 1973.
12. J. M. Hodge, Properties of Heavy Section Nuclear Reactor Steels,

WRC Bulletin 217, Wolding Research Council, New York, pp. 14-22,
13. W. K. C. Jones , " Reheat Cracking Susceptibility of Some 2Cr Mo

Submerged Arc Wold Metals," Weld. J. (Hlami) 55, 42-46 s (February 1976).
14. J. Kameda, H. Takahashi, and M. Suzuki, " Residual Stress Relief

-and Local Embrlttlement in a SA 533 B Reactor Pressure Vessel Weldment,"
Inc. J. Pressure Vessels Piping 6, 245-74 (1978), ,

15. E. H. Kotteamp,.D. A. Canonico, and R. D. Stout, " Prediction of
the Properties of Heavy Section Pressure Vessel Steels from End-Quench
Tests," Weld. J. (N.Y.) 41, 350-54-s ( August 1962) .

16. J . C. Lochend and A. Speirs, "The Effect of Heat Treatment on
Pressure.Vesset Steels," Journal of the West of Scotland Iron and Steel
-Institute 80, paper 623 (1972-73),

17. C. D. Lundin, W. F. Savage , and J . L. Ledman, " Study of the
Transformational Characteristics and the Weldability of HY.80 Steel,"
RPI, January 1963.

18. C. F. Meltzner and R. D, Stout, "Microcracking and Delayed

Cracking in Welded Quenched and Tempered Steels," Weld. J. (N.Y.) 45,

393-400-s (September 1966).
19, R. A. Mueller, D. G. Howden, and F. B. Simmons, "HAZ Thermocycle

and Structure Simulation," Weld. J. (Hlami) 62, 411-16 s (September 1973). ,
-

I

|

_ _ - _ - _ _ _ _ _ _ __ __



118

20. E. F. Nippes, "The Weld Heat Affected Zone," Reld, J. (N. Y. ) 38,
1-18 s (January 1959) .

21. E. F. Nippes, W. F. Savage , and J. M. Paez , "Transformational
Behavior of Mn Mo Armor Steels," Reid. J. (N.Y.) 38, 475-81 s (December
1959).

22. E. F. Nippes and E. C. Nelson, " Prediction of Wold HAZ Micro-
structures from Continuous Cooling Transformation Data," Relds J. (N.Y.)
37, 289-94-s (June 1908).

23. E. F. Nippes , W. F. Savage , and R. J . Allio, " Studies of the
Weld Heat Affected Zone of T 1 Steel," Reld, J. (N. Y . ) 3 6, 531-40 s
(December 1957),

24. J. H. Rogerson, " Welding Defects and Their Elimination,"
pp. 327-55 in Development in Pressure Vessel Technology 3, ed.
R. W. Nichols, Applied Science, London, 1980.

25. W. F. Savage, E. F. Nippes, and E. S. Szekeres, " Hydrogen Induced
Cold Cracking in a Low Alloy Steel," Weld. J. (Hlami) 55, 276-83 s
(September 1976).

26. W. F. Savage, E. F. Nippes, and H. Homma, " Hydrogen Induced
.

Cracking.in HY 80 Steel Weldments," Weld J. (Hlami) 55, 368-76-s

(November 1976).
27. R. D. Stout, Hardness as an Index of the Weldability and Service

Performance of Steel Reidments, WRC Bulletin 189, Welding Research
Council. New York, November 1973.

28. M, Suzuki, H. Takahashi, and M, Saito, Assessment of Allowable
Maximum Crack Size in Toc'HAZ of Relded Low Alloy Steel Components,
IIW X-903 78, Tohoku University, Sendai, Japan.

29. J. E. Vanden Boom and J. P. F. Mulder, " Mechanical Properties
of Strip Clad Weld Heat Affected Zones Determined for Steels ASTM SA 508
Class 2, SA 533 Crade B Class 1. A 302, Grade B and A 387 Crade D, in
View of Susceptibility to Strese Relief Cracking," Reid. Res. Inc. 2(2),
20-36 (1972).

30. A. Vinckier and A. Dhooge, " Reheat Cracking in Welding Structures
During Stress Relief Heat Treatments," J. Heat Treat. 1(1). 72-80

(June 1979).
31. A. C. Vinckier and A. W. Pense, A Review of Underclad Cracking

in Pressure Vessel Components, WRC Bulletin 197, Welding Research Council,
New York, August 1974.

|

<

. _ - - _ . - - _ _ . - - - - - --- - - - .



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ . . . . . . . . . . . . . . . . . . .. . . . . _ . . . . . . . .

Appendix A

- HEAT TREATMENT SCHEDULES, CHARPY TOUGHNESS
DATA AND REHEAT CRACKING DATA

1



|

121

Table A,1. Schedule of salt bath heat treat-
ment of SA-533 (3T) and SA-508 (8M) specimens

aTime Specimens treated at each temperatutc
(8)

550*F 800'F 950*F ll50*F 1250*Fs ,

010 3TOA 3TOB 3 TOC 3TOD 3 TOE

8MOA SMOB 8MOC 8 MOD BM0E

101 3TIA 3TlB 3 TIC 3TlD 3 TIE
SM1A 8MlB BMIC BMID 8MlE

8 3T2A 3T2B 3T2C 3T2D 3T2E10
BM2A

310 3T3A 3T3B 3T3C 3T3D 3T3E
8M3A BM3B BM3C BM3D BM3E

10' 3T4A 3T4B 3T4C 3T4D 3T4E
8M4A- BM4B BM4C 8M4D 8M4Es

-88 - material SA-508, class 2; M - 1/2 T
section of material; 3 - material SA-533, grade B,
class 1; T - surface section of material; 0-4 -
different time periods (i.e., 0 - 10' s, 1 - 101 s,

etc.); A-E = different temperatures (i.e., A -
550'F,.B - 800*F, etc.).

Table A.2, Thermal treatments and stresses
employed in stress relief cracking test

Stress.

Test Thermal treatment 8 applied
(ksi)

1, Cycle II +I PWIT 17
2 Cycle II + PWIT 22
3 Cycle II + PWIT 25
'4 Base metal PMIT 25
5 Cycle II + Cycle II 22 !

(1650*F peak temp) + PWIT- !

6 Cycle 11 + hold at 25

(600*F for 2 h) + PWIT ,

'

7 Cycle VI + PaiT ~ 25
8 Cycle VI + hold at 25

'
(600*F for 2 h) + PMIT

8A11 thermal' cycles employed 2400*F peak
temperatures unless otherwise mentioned.

-

Cycles II and VI~are simulated 50 kJ/in, and
136 kJ/in. (500'F preheat) heat input on !

'

1-in.-thick steel place, producing marten-
sitic and bainitic structures. Temperature
for PWIT for both materials is 1150*F.

i
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Table A.3. Thermal treatments employed in Charpy V-notch testa

Test Thermal treatmentb

1 Run Cycle II
2 Run Cycle VI
3 Run Cycle II + PWHT
4 Run Cycle VI + PWHT
5 Run Cycle II + Cycle II at peak temperature of 1650'F
6 Run Cycle VI + Cycle VI at peak temperature of 1650'F
7 Run Cycle II + Cycle II at peak temperature of 1650'F + PWHT
8 Run Cycle VI + Cycle VI at peak temperature of 1650'F + PWHT
9 Run Cycle II and hold at 600*F for 2 h

10 Run Cycle VI and hold at 600*F for 2 h
11 Run Cycle II and hold at 600*F for 2 h + PWHT
12 Run Cyc1c VI and hold at 600'F for 2 h + PWHT
13 Run Cycle II and hold at 300'F for 2 h
14 Run Cycle VI and hold at 300*F for 2 h
15 -Run Cycle II and hold at 300'F for 2 h + PWHT
16 Run Cycle VI and hold at 300*F for 2 h + PWHT

8For each test, three Charpy blanks were used. Material 508
was PWHT for 24 h and 533 for 40 h, both at 1150 50'F.

bAll thermal cycles were run with 2400*F. peak temperature
unless otherwise-indicated. Cycle II and VI are simulated 50 kJ/in,
and 136 kJ/in. (500*F preheat) heat input on 1-in.-thick steel plate,
producing martensitic and bainitic structures.

Table A.4. Energy inputs as a function of plate
thickness for SMAW process

-

Plate Energy inputs (kJ/in.), preheat (*F) for

thickness each cooling rate in 'F/s at 1300*F.

(in.)
84 35 23- 14- 8

1 50, 84 100, 72 136, 72 136, 300 136, 500
2 54, 72- 130, 72 175, 72 190, 300 200, 500
3 54, 72 130, 72 175, 72 190, 300 220, 500
4 54, 72 130, 72 175, 72 190, 300 220, 500

|

|

|
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Table A.5. Data obtained by stress-relief cracking test@ ,
<

T SA 533, grade B,
class 1 SA 508,~ class 2,

,

S . Test
.

Appliede
,

. Thermal. treatment 8 stress Time to Reduction Time to Reduction 'I'

(ksi) failure of area- failure of area''

o >

(min) (t)- (min) (t) ;,
3

W '1 Cycin.II.+ PWHT 17 36 9.8 >120b
2! ~ Cycle II.+ PWIT- 22 5 5.4 104 4.6 ,

3 ~ Cycle 11 + PWIT 25 3 9.2 22 1.1 *,

4 :liase metal PWIT 25 4 .75.6 17 64.0
5 Cycle 11 + Cycle'II 22 >1206 ,

!
.(1650'r peak tem.o

* perature) + PWIT- ,

,'

Cycle'll + 2;h-hold 25 8 6.8 61 1.66.-
[

'

at 600'F + PWIT -,

7- Cycle.VI + PWIT
.

25 37 4.5 69 4.0
.8 Cycle.VI.+ 2 h hold -25 >1206 >120b

Wu ' a t 600 * F + PWIT .,

-- o
-

:-dAll . thermal ; cycles employed 2400'F peak temperature unless indicated -* '-

-otherwise. Cycles 11tand VI produce martensitic and bainitic structures. PWlT
was done at'1150'F.

|b o failure,N'

N
,

e ;c

I
r

Table A.6', Charpy test data for SA-533 steel ..

tested at'-25'F- i[
i

Enorgy- liardness - J Lateral'. expansion . Shear
Testj( (ft-lb)' (llRC) ; :(mils) (t)'

.

$>, 11 19 42- 2' 30'

'

12 8- 21. .3 0

3 140 11 55 100 i
4 0 .

4 .22- <1 13 0
,

5- 21- 42- 2 30
a 'O
/ 6 5 ,21. ,1-

. 100- !

,

,7 144- 3.3 '62
" ~8 17z .<1- 8 '30

9: 36 39- 1- 0
t

-10 13 19 5 0

11- .139- 6 67 100 .

12 67 -5 ' 4 4 '. 30'

; . . - 13- 17 42 1 20:,
1

li. - 9 21 3 0- 4*

15 136 6 61 100
9 16 '47 10 29 10

Baso 60 10 41 60

metal-

Y , !.s.;;
# :!

1

h

' ; b,
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. Table A,7. Charpy. test data for SA-508 steel
. .- -, . .,

tested'st 72'F '

,

].
' '

'Ener8y Hardness Lateral expansion Shear s
Test ' .1w; '(ft lb)' (HRC) . (mils) (%) 1

r
s '

El '37 '46 5 40 1
t

~,.; : ,

8' -28 4 0 12

. 47- 28 24 50 j3

-4 ,- 16 . 18 8 0 j
*

1
''~

=5= 45- ~48 4 40 ln , ,

,
6 12 -26 -6- 5. q-

,. siE, 7 58; 20 31' 100 b t.
S- - 34' 13 23 30- 1)

=; <

+ " , ,
-

9 12,- i38- 2 -5 :
-

<
,
, -

,

q.
10: 115 26 8 5

'

11 :67; 12i 39 100 si
:12 126 9 17. - 15 ye ,

~13? 36 46 -6 '30 $'

H- ;; *,. , .:141 10 28' '6. 0- 1>

, .,
..-E 15- -L72 ' 12 44- 100 !. j' M ' ' 7

-

16' cy | 34. 11 20 '15 : t
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Appendix B

COMPARISON OF IATERAL EXPANSIONS
IN CHARPY TESTS
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/ PWHTat 1150150'F weld Thermal Cycles 1 In. Steel Plate ',

j/ H MkJ/in. MadeMe/ or 40 h.f
vi 136 kJ/in. 500*F PH Balnite

70-
Testing Temperature -25'F

60- / / /
f / / / .

qSO-

1 / / / // / /Y
.

v / / // /-

i / / // / 55
/ @bLE ",~ / / // /$y 9

1 / / // // <
'

/ // G<3 / / // // h/ <
20- >.

m/ // /// /
f/ ht & //

'~

A L da' 'a
.

2400 2400+1650 2400+2 h 2400+2 h }
hold at 600 holdet 300

Wald Thermal Cycles with Peak and Hold Temperatures (*F)

Fig. B.1. Lateral expansion values for Charpy specimens of
SA-533, grade B, class 1, exposed to different heat-affectedD

zone thermal cycles. Source: University of Tennessee.

.
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'/ PWHT st 1150150'F weid Thermal cycles,1 in steel Plate
li 50kJ/in. Marterisite

/< ' ' "
vi 136 kJ/in 500*F PH-sainite

Testing Temperature 72* F

60-

"mSO-
_

3 Il

f/c

]0- / /
o4 /

/ xy/[
a

530- K E)

/ / 5>-

/
~

/ /s /_/)p_ /// </b dAf/A ,hd f,'"~

A
,

2400 2400+1650 2400+1650 2400+1650
hold at 600 hold at 300

Wold Thermal Cycles with Peak and Hold Temperatures ('F)

Fig. B.2. Lateral expansion values for Charpy specimens of
SA-508, class 2,' exposed to different heat-affected zone thermal
cycles. Source: University of Tennessee.
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