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HAZ nicrostructure,' stress and\hydrogen level ai-e the fundymen—
: \

tal factors infl g 9& cold cracking susceptibi}xty of the RAZ.

.

[Implarft testing at v rious hydrogen leve‘ls over a range of steel coupo

siﬁj:on; and he in s shows how the HL\mcrost‘&cture—and <hydrogen
: -
level influence the critical °stress necessary for cold—crackxng.

" -Based Sﬁ iﬁplant test data, a correlation formula preditting the

’ ..

’ .‘ - -~ :
‘critical stress necessary for cold cracking for given HAZ hardness, %

- - ‘ . ’

& . . s e
martensite in the HAZ .and hydrogen Tevel, is proposed. Employing this

. . ) - 5 & L . am s R
correlation, together wi;b prediction of 4 martengNte in the HAZ -and- .

. .o Ul S

“HAZ hardness, based on heat transfer calculations, % martensite;cqmﬁosi-
- .

® N

tion-cooling rate relations and hardness-compositiom-coollng rate:rela-
M . N 'l - e - -

tions, an algorithm which can b;cdict the critical stress necessary far
3) ' . ; = i
cracking for given implant compgsition, ¢ooling rate and hydrogen level,
. . *e

is constructed. -

o »

- - ‘ -

o .

cracking is an improvement over the existing regreséion formulas forx
estinating cold—gfacking susceptibility. .

- This formula has been sucééssfully adapted to prédict cold-crxack-—-

-
.

ing susceptibility data as obtained through® other tests such as rigid

restraint, and to recommend preheat levels necessary to avoid cold-crack-

ing. Development and use of an implant testing machine with-an automatic

welding and loading facility is also rcported. - e

- ’

e S ddd : -, Y .
~ 7 & \5 =

This method of predicting the critical stress'necessary for cold .
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CHAPTER 1

- INTRODUCTION

Hydrogen induced cold-cracking has been cne of the major problems-

in we{din s;eels. Cracks of this” type can take ma;y forms, although
éﬁey have some general characteristics and are influenced by common
basic factors. |
. As the name implies, these cracks form at low temperatures --
generally below 200°C, and often exhibit a dela§ phenomenon. Even after
the weld has coo}ed to room temperature, there may be a further lapse of
.time ranging from a few minutes to séveral hours.. |
Cold-cracks are not tolerated in a structure, and since they are
often-difficult to detect and expensive to repair, it becomes essential
fox tﬂe fabricator to take precautions during welding to prevent their
formaﬁiOnf
Even though the general causes of hydrogen cracking and the mesns
of prevenéing these cracks are known, recent ind&strial surveys have
shown that coid-cracking is still widely encountered, indicating that |
the ability to satisfactorily predict cold-cracking suscept{bility has
not been developed.
Hence, development of a reliable, quick and economic method for
predicting hydrogen cracking in a real welded joint is desirable to de-
termine when conventional welding techniques can be used without the

likxelihood of failure from hydrogen cracking. In addition, needless

expense of preheating and low-hydrogen techniques could be avoided; re-



_ sulting-welds would beymore reliable; and welding repair costh would be -
X .... ..‘ . .. s ___.- /

/. . _ . S .

Chapter 2 of the.present study reviews the existing linear empiri- - '

cal weldability forgmlas and c‘.emnstrates. the superiority of Impﬁnt Test—

ing over other weldability tests for assessing cold—crac:king suscepti-

) bzllty in terms of the Lower Critical Implant Fractura Stress {c ).

In Chapter 3, publ:shed implant test data is analysed for the

influence of Heat Affected ZOne (HAZ) microstructure on the Lower Critical

Irxplant Fracture Stress (UCR) and a modified correlation formula for %cr

.
is proposed.with HAZ % ma:tensite‘ggd HAZ hardness as parameéters. The

influence of hydrogen level on ©

CR is also incorporated.into the cor-

relation formula on the basis of published implant testgdata for various
hydrogen levels, and the role ofihydrogen in influenting UCR is analysed
py calculating the combinations of stress intensity and-hydrogen levgl

in the region of maximum triaxiality in front- of the notch of the implant

specimen, for different HAZ microstructures, bulk hydrogen levels, and

r i g._._.
the corresponding CR

Chapter 4 presents the method of predicting the HAZ % martensite

and HAZ hardness by using heat transfer calculations, % martensite-com-

] .
position - cooling rate relations, and hardness-composition-cooling rate

relations. Comparisons between predicted and experimentally observed
HAZ % martensite and hardness show a good agreement. Together with the

correlation formula proposed in Chapter 3, @ is predicted for given

CR

plate thickness, plate composition, preheat level and residual hydrogen

level. It is shown that predicted o effectively Serves as a parameter

CR

for observed wéld cracking % over a wide range of low-alloy steel com-



—.r—g W T

pos:.tj.ons. . .

- Lo L] : -

In Chapter S, employing a critericn t.hat the reacr.ion stress

davaloped in the weld doe to joint restraint should not excead the
Lower Critical Implant Fracture Stress (UCR) for the same welding con-
ditions, preheat levels necessary to prevent cold-cracking are predicted.

The influence of preheat on O, is predi-ct.ed in terms of the contribution

of preheat towards altering the HAZ microstructure and the rdésicdual

. hydrogen level. Hydrogen diffusion calculations are used far predlct-

ing the residual hvdrogen level, on the basis of dJ.fference in cooling

time between 450°C and 100°C for thermal conditions with and without pre-
) ’ .
heat. Assuming that the intensity of restraint varies linearly with the

plate thickness, preheat levels for fillet welds are predicted and com—
pared with the réco:mended {(British Welding Standard) preheat ltevels
over a wide range of plate thicknesses, heat inpﬁts and hydrogen levels.
Chapter 6 'dﬁ::ibes the development and use of an implant test-
ing machine with automatic welding and loading facility. Details of
standardising the in:plan;_\testing are’ presented. Results of the pre-

e

liminary experiments carried out on two steels under the same welding

L

conditions are reported.

T

Conclusions of the present study are listed in Chapter 7,



. . CEAPTER 2 . :
ASSESSING THE COLD CRACKING SUSCEPTIBILITY

. OF THE
HEAT-AFFECTED ZONE (HAZ) IN STEEL WELDMENTS

2.1 - .¥Weldability Formulas for Assessing Cold-Cracking Susceptibility

Since Dearden and O'Neill(l) suggested a carbon equivalent for-

¢ . v -

myla in 1940,ia number of weldability.formulas have been proposed to

assess cold-cracking susceptibility. The formulas of this type are in-

tended to:

-y

1) estimate the weléabil}ty 0of a newly developed steel with '
minimum expense ada work;

2) to serve as a guide to safe welding procedures;

3) to_providé directions for developing new types of steel.
All the formulas developed relate crack susceptibility to the

hardenability of the steel. A limit of 350 D.P.N. on maximum hardness

iﬁ the Heat Affected Zone (HAZ) was first suggested by Dearder and

(1)

O'Neill as a criterien for crack-free weld;, Taking this limit on

4
the maximum HAZ hardness, various researchers have ‘recommended maximum
carbon-equivalents for welding without having to take precautions.
. 11 ..

Winterton has presented an excellent review of various
carbon-equivalent (C.E.) formulas based on correlations with HAZ crack-
ing and weldability data. Table I shows various formulas proposed.

Some of the qualifications to be noted are:

1) variocus weldability tests {(Reeve, bend angle, bead-on-plate,

:

controlled thermal severity (CTS)) have been used for

S/
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2) maximmm allowable HAZ hafanése_-. criterion has/been used to
suggest;ﬁhqimaiiﬁ;m C.E. that coﬁld be ﬁeld&d without
precaution;;'

3) different_tes;s éuggest différent carbon equivalents and
prescribe di;%ef;nt C.E. limit¢s for good weldability;

4) different teség ;ffer different restraint levels. Hence,
carbon equivalents derived from these tests only help to
arrange different steels in an "order of weldability” for

N the restraint characteristic of each test.
Based on his proposed carbon equivalent (Formula 10) scale, -
Winterton(ll) sugges&ed welding precautions as shown in Table II.

-

Later, Bradstreet(l3) concducted a series of controlled thermal

severity (CTS) tests and assigned a weldability index based on the ther-

mal severity number (TSN) required to cause cracking (see Table III).

He expressed the weldability index in rerms of the critical cooling

rate at 300°C, required for cracking. He further suggested an approxi-

mate relationship between carbon equivalent (Formula 10) and weldability

index for /low hydrogen electrodes (see Table IV}. Finally, with a rela-

tion between
1) Heat Input (E)
2) Thermal Severity Number (N)
3) Initial Plate Temperature Factor (T = 300 - £°C)
4) Cooling Rate at 300°C (R)
given by

1 E + 100ON
"R~ 54T (1 + T/1000) (N + 1/2)

&

(12)

'l
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and the critical cooling rate at 300°C as per weldability indices, he
prescribed uélding conditions for prevention of cold-cracking, as shown
in Table V.

Based 35 the HAZ haréness criterion for good weldability, Bai- .
ley(14) 1ater-developed a system to éetermine safe weléing procedures L.
in terms of critical cooling rate at 300°C. Figqure 1 shows a.nomogram
illustrating his system. It is important to note that Bailey has in-
troduced the effect of hydrogen by taking 350 D.P.N. as the crit;caz
harédness for normal welding procedures, 400 D.P.ﬁ: for low‘;}uragen
processes, and 450 D.P.N. for very lo; hydxog;n processes.

Experience with HAZ ¢01§fcracking has shown that susceptibility
of HAZ to cracking is mainly governed by:

1) microstructural characteristics of the HAZ,

2) stress level in the HAZ,

3} hydrogen level in the HAZ.

Thus, the HAZ cracking susceptibility has to be assessed in terms of the
influence of HAZ microstructural characteristics, stress level and hydro-
gen level. |

Bradstreet's(l3} welding procedurxes based on CTS tests and the

'Bailey(l4) nomogram based on the maximum hardness c¢riterion, are lack-

ing in a guantitative assessment of the susceptibility of HAZ toward

-

cracking for different stress and hydrogen levels in the HAZ.

Ito and Bessyo(ls'ls)

conducted a series of y groove restraint
tests and proposed an empirical parameter (Pw) based on the correlation
between % weld c;ac.ki g, and plate composition, plate restraint, and

hydrogen level. This bxacking parameter (Pw) which is designed to
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- ’ : - ' TABLE III ’
Weldability Index Proposed by
. . Bradstreet
. WELDABILITY JXNDEX FROM CTS TESTS
Criltep!l Cooling TSN for cnld cxacking in CTS Tt . -
Late (af S00°C) (757 teg Lengir fillels) : .
abocr which cracks Present xith Abovnt with T cllability
_occur (°C/arc) TSN TSN -
’ Over 32 —_ 12 and crder A
2032 12 nnd erer S and uader . B
11—20 Sand inver 6l under C
G-—11 Gand over 4 and uuder n
+—6 4 and gver 3 and under E
2—3 3 and eyer 2 and under F
Under 2 2 and oter —_ G
? -
< R . TABLE IV
Y Relation Between Carbon Equivalent and Weld-
) ability Ind=x for Low Hydrgen Electrodes
- _ . : WECLDABILITY INDEX FROM

STEEL COMPOSITION

(for Iow hydrogzen electrod=s)
Range of c.f:r.':::h equiclents, Weldaehility

7S ]Nl‘.'?-'v

L'p L 0,40 A

0.41—0.15 AR 11

0.i7—0.350 I C

. . Q51--0.55 D

. . - 055000 E
0.61—0.65 ’ ¥

More thau 063 C



TABLE V

Wedding Procedure for Prevention of Cold-Cracking
WELDING CONDIIIONS FOR TAE PREVENTIGN OF COLD CRACKING

. “Weldabhlicy :
Juiot Severity tocex }!i:.\l:n‘..‘.:l‘p:
. ol stedd with the fol
. b 2= 30
TEX Deercecanennnane A W
.. e B w 4
. C w W
(Tvo 11t In. platex, D 25 w
ots) I 175 w
. . ¥ 25 100
TEN Y. i A AW 3
{Two )3 ia platex O n w w
thrwe 13 [, plates, oo C 2> w
174 i», o0 12 fu. N 159 ]
plate, ©1£.) ¥ 225 19
[ 32 s
LY
TEN o iieea el A w w
{Two 172 in, plates, or B —_25 w
thres 173§ gelatos, O C 1235 r
1/4la. v 3,4 in, plate b 25 100
) ¥ 7S 175
. F 3N 235
TN B e A o w
(av3/bin, plates, ng B 1Y =25
vhete L2 0 platles, or C 25 100
172 L. on 1 i, piage, o] kIt 20
[ 24 1 370 2.5
¥ [ L) 350
by of 2 05~ S Y 100 w
(Taso 1 L plate we I 175 73
Civven 2,3 {0, plutes, oc C 275 17>
1/2 in, on 1-1/2 in, D 0 2¢5
©oplates, ot E 375 325
. ¥ ] <00
TEX Ve o vnrinnn . A 175 75
(Two 1 1/2 o, plates, H 2.0 17
or there 1-in, plates C R i3
ur 1t on 2o, plate, D 409 1%
cte ) E 425 375
v 475 v
TENI6H L. A 175 T
(Twoo 2-in. plates, or n 259 200
thore L-163 G pdates, C 350 200
o~ L-ln. on 3 in. plate, D LD 375 .
=5 B E <0 400
¥ 153 450
SN2 e A 175 e
(Two 3 in. plates, or B 250 20
throee 2 in, plales, wr (94 3.0 I
any larger faint) D F1gh] Y
F. 40 <00
¥ 475 450

*  Trmperatetres are guoted iz 25°F sters
W deurriem 3 [ranperatade beow =000,
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assess the influence of plate camposition, HAZ stxess:;nd HAZ hydrogen

levels, is given by: . - - ' o .
- k! . .
" si Mn Ni _C .M.V .. . HE _K
PWeC+a+tntamto s 0 R e T 07 (13)

o~

' where K is_the intensity of restraint. |

" Relating Pw to the critical time necessary between 300°C and
100°C tq.avoid c;acﬁing. Ito—-Bessyo Suggesﬁéd a system to'de rmine safe
wélding procedures wi;h the criterion tﬁat for given Pw, the gctual time
of cooling betweég 300°C ;nd 100°C shoulé be greater than the critical )
time necessary tg a;oid cracks (see ?igure 2)..
hThé Ito-Bessyo(ls'lS}

system is indeed an advance over that
& -

qffered by Bailey since: ' w )
1 ;t.gés been observed that HAZ hardness élone cannot fully
cha:;cterize the H4Z microstructural condition for
assessing its cracking susceptilhility (éee Figures 6 and 7);

2) it includes the influence éf hydrogen level as well as

stress level on the cracking susceptibility.

However, the Ito-Bessyo approach is completely linear and empigi-
cal. In order to get thé correct understanainé of the p:oblem, we must
be able to relate and gxplain4the difference in the HAZ cracking suscep-

*
tibility in terms of: 8 '

1) the microstructural characteristics of the HAZ, like % of

variéus HAZ microconstituents, maximum HAZ hardness, HAZ
toughness, etc.,

2) specific role of hydrogen in assisting cracking,

3) influence of stress conditions.

N . /

-~



14

]

(91)

goanpesoid bujproy ojes buyupnzolsd 103 wo36hs oAgsog-03I
— -

udygop juyol %
8900 1YY 230Ld +4

BUUT} FPUUD

) Juyg coyaud

mraemax Duyanp

anduy jeol

b

oanpedoad Juyprop

i

OEAUﬁv
$U0TIONIIBUCD [D03E

*cawoc uy owyy Juyyroo)d

TeYI03BH

D3R IUY_FOU YOVID

=

0 eI TUY HIUVID

z canbid

D

JUOWPTIA JO Je

JUTVR}EIL JO A3ysuajul

' H

930U vabx uy uaJoapAy

21QYSOJFYP JO FunOwWy

sojuld 10038 JO

uo13ysedwod yeaywaid

Ad

2o oweaed

Suyoead JudWpTIIN

‘ —

huﬁvow.

SuxouvTD pProM prose 03

*

owr} SUT0Ud YYPTITIO



oo, E . - -
2.2 Implant Tbéting-for ASsessing Cold-Cracking Susceptibilit}
N . ~a I

Several research workers have carried out tests with a simlated

HAZ. However,.2 s;mulated HAZ seens to depart ccnsidarably from the

actual HAZ conditions in regnrd 0 m1crostructural as well as hydrogen

- -

distribution characteristics. AN ’ ) -
Of the varioty of laboratory weldability tests like bead-on-—
plate, cruciform, Leighih, Tekken, ETS. RRC, TRC, simulated HAZ notch

tensile tests, etc., the Implant Test has emerged as the most success-

ful laboratory test for quantitative asséssment of ,HAZ cold-cracking

susceptibility in terms of HAZ microstructure, stress condition and
hydrogen level. To- ‘ -

The Implant Test introduced by Grajon‘?”

involves implanting a
cylindrical specimen of the steel to be tested into a mild steel plate
by welding, as shown in Figure 3. The cylindrical specimen has a cir-
cular notch (see Figure 4) which is located in such a way that, upon.
welding, it lies in the HAZ. After welding, the specimen is subjected
to a constant tensile load and the time to fracture is noted. As the
tensile load is decreased (see Figure 5), the time to fracture_inc;;ases
and the tensile stress at the notch section, below which fracture doés
not occur for 24 hours, is reported as the lower critical implant frac-
ture stress (GCR).

océ is the measure of the susceptibility of the HAZ towards

cracking. The advantage of the implant test over other laboratory weld-

ability tests lies in the fact that this test allows quantitative assess-—

ment of the cold-cracking susceptibility of the real HAZ, in terms of



/'

WELD \*;: : . 4f¢;¢;b¢¢‘ .
— ‘J,—ELECTRODE

-

NN

-

IMPLANT~— 4 ~— PLATE

L

Figqure 3 Implanting Steel Specimen by Welding

LOAD

Figure 4 Schematic Diagram Showing Implant Test
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Figure 5 A Typical Stress vs Fracture Time Curve

For an Implant Test
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the lower critical fracture stress, below which cracking will not occur

for the given HAZ nicrostructural characteristics and hydrogen level.

Implant testing of steels of -various cnugositlons.at different
ueiding heat inputs, preheat lévels, plate thicknesses- and hy n
lévels Bffers a complete quantitative evaluation of tﬁe influehce of the
HAZ microstructural characteristic; and hydrogen level on Sk

Correlations based on implant test data can allow us\ to predict
the HAZ cold-cracking susceptibility for given welding parameters (heat
input, preheat),_piate composition, joint design and restraint, and

hydrogen level.




\.‘ﬁ\j"\

" CHAPTER 3 ..

INFLUENCE OF HAZ MICROSTRUCTURE . -
ON THE '
LOWER CRITICAL IMPLANT FRACTURE STRESS

#

3.1 Correlation Formulas Based on Implant Test Data

Since 1969 when H. Grajon(17),introduced the idea of implant

testing, Christensen et al, Augland et al, Hart and Watkinson, and

. Savage et al‘ls) have carried out implant testing on various steels.

In 1970, Augland et al(lg) reported that the UCR correlates

very well with C + Mn/8, after testing C/Mn steels with caxbon ranging

from 0.049 to 0.218% and manganese from 0.92 to 1.47%.

In 1971, Christensen‘zO) presented a correlation between HAZ

hydrogen level and OCR as:

9eg = A - B log [H] (14)

where A and B depend on HAZ microstructural characteristics, and H is the

hydrogen level in ppm measured by IIW procedure (IIW/IIS-315-68).

. 21 . .
Hart and Watklnson( ), in 1972, reported a correlation as

follows:

Ong = 923 - 2250(C%) - 0.28(yield strength N/mm?)

i

r
+ 40 (arc energy kJ/mm) - 3.l(plate thickﬁess mm)

In 1973,(22'23) Christensen et al, based on their implant test

data, suggested a correlation

o = a+ bl - m)yE (16)

CR

19




where a and b are functions of hydrogen lewvel, and m is the martensite
fraction.in the vicinity of the fusion boundary.

Conbining Equations (14) and (16), they presenﬁed the correlatioé

. 1
a = a* - b* log [H] + a**(1l - m) 2
CR
. 1,2 - .
- b**() - m) “log [H]" {17)
R Y
This correlation is very useful as it relates HAZ microstructural charac—

teristic and hydrogen level in regﬁ:d to their combined inf%gence on S.p
- ‘ . - F

3.2 Influence of HAZ % Martensite and Hardness on UCR

Even though a general increase in HAZ hardness decreases the OCR

it is known that HAZ -hardness.alone cannot fully characterize the HAZ
condition for assessing HAZ cracking susceptibility (see Figures 6 and 7).

(23)

Christensen's correlation based on ® M in the vicinity of the

fusion boundary, may be explained in terms of the mechanism of the mixed
structure failure, advanced by Berry and Allan.(zq) The sequence of
events tha; they outlined to explain their obéervation that the HAZ
cracks at the intersection of the areas of mixed structure of martensite
and high temperature transformation product, is as follows:
1) Plastic flow occurs in bainitic-ferrite and dislocations
pile up against the lath boundary.
2) Martensite attempts to relieve the stress built up due to
pile‘up in bainitic ferrite.
3) Dislocations in mart;nsite move in several intersecting

~ systems (i.ec., work hardening occurs rapidly) and no further

relief of stress can be achieved.
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4) Fracture starts on or near lath boundary (possibly by the
coalescence of edge disloc§tions_in bainitic ferxrite), and
follows such boundar;es in an *unzipping” mot;on.

Thus .. martens;te can be said to be contributimng towards louerxng

of HAZ fracture toughness by: - - . .

1) providing stress concentration sites at the boundary
separating the martensite and high temperature trans—
formation product;

2) raising the HAZ yield strength lgvell

For a given composition, an increase in the % martensite increases

the HAZ hardness and HAZ yield strength. " However, the HAZ ha;dness de-
pends both on the % martensite and the hardness of the martensite itself.
Since the hardness of martensite is affected strongly by its carbon con-
tent, we can see that % martensite by itself cannot be an adequate measure
of the HAZ yiéld strength level. Thus, characterization of the HAZ by %
martensite alone would only partially take into account the contribution
of maxtensiée towards the lowering ;f the fract9re toughness by raising
the H#Z yield strength. Hence, both % martensite and maximum HAZ hard—

ness (measure of HAZ yield strength) should be the correlation parameters

for assessing cold-cracking susceptibility of the HAZ.

3.3 Modified Correlation Formula for GCR

-~ . 2
. From the analysis in Section 3.2, we used Chrlstensen‘s( 3 data

on implant tests (see Table VI) to look for a correlation with % marten-

site as well as HAZ hardness as parameters. We ocbserved that implant

fracture stress OCR correlates very well with the HAZ INDEX given by:

[
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‘TABLE VI
' L Christensen;s Impalnt Te;t pata’
No- c R = Si :en::rt; HarH:nzess : /if'nz Inz:i:::t
V 1l0kg g kT /mm
1 0.109 1.61 0.43 67 330 420 0.9
2 0.109 1.61 0.43 53 320 480 1.3
3 | o.109 1.61 0.43 36 295 550 1.7
4 0.140 1.57 0.43 86 370 325 0.9
5 0.140 | 1.57 0.43 77 363 375 1.3
6 0.140 \Ea 1.57 0.43 70 a5 440 1.7
7 c.170 |X 1.59 0.43 94 \'.;:20 250 0.9
8 0.170 1.59 0.43 88 395 300 1.3
9 0.170 1.59 0.43 79 370 350 1.7
10 0.215 1.59 0.43 97 465 215 0.9
11 0.215 1.59 0.43 94 450 240 1.3
12 0.215 1.59 0.43 91 445 275 1.7

* Hydrogen level 7 ppm.




.

EAZ INDEX = [1565 — 10 x (% martensite} - (maximum HAZ hardness)] "}18)

where BAZ hardness is measuzed on Vickers 10 kg scale.” See Figures: 8

.through.ll and Table VII for. the correlation p:ocesst
=4

' Our correlation baséd on both % martensite and HAZ hardness as

parameters shows a standard deviation of 8.3 N/om?. Christensen’s %Y

correlation based on % martensite alone has a standard dévigtionfof

17.8 N/zm?.
Further, including Christensen's implant test data at various

hydrogen levels (Table VIII), we Iind that o__ correlates very well with

CR

the HYDROGEN INDEX and HAZ INDEX in the form:

1
Oop = (HAZ INDEX) 72 (uvDROTEN INDEX)

= (1565 - 10x %M - g)yb x {31 - 15.5 log [H]) (19)
where E is the maximum HAZ hardness. Figures 12 and 13 show the cor-

relation diagrams. »

3.4 Role of Hydrogen in Affecting 5(:9.

In regard to the role of hydxogen'in affecting the cracking
susceptibility, several interactions have been put forth in literature:

1) Hydrogen absorbed on the iron surfaces decreases the coh}esion

across the cubic cleavzse planes as postulated by Pfeil(zs),

or absorbed hydrogen lowers the surface energies of cubic

s (26)
cleavage planes as postulated by Petch and Stables , and

Unling. (27

2) Accumulated molecular hydrogen produces “pressure” effects

(28) . (29)

as described by Zapffe anc Sims » Simalowski ,» Tetel-



.-‘ ' .
-’\ —
“TABLE VII

‘Comparison Between Oux’s and Christensen's Correlation

.- - , -

No. :E::::t | c Mn '8i Reported mrrOZiated c’éﬁfﬁ's
kY | Ser Ser " Sen

. — ™/rom N{m" N e

i 0.9 0.109 1.61 0.43. 420 429 440
2 1.3 0.109 1.61 0.43 480 481 506
3 1.7 0.109 | - 1.61 0.43 550 543 562
4 0.9 0.140 | 1.57 | o0.43 "325 329 332

5 1.3 0.140 a7 0.43 {.. 375 374 s
6 1.7 0.140 1.57 0.43 a40 410 426
7 | o8 0.i70 | 1.59 | 0.43 250 258 262
8 1.3 0.170 1.59 | - 0.43 | 300 306 317
9 1.7 0.170 1.59 0.43 350 362 377
10 0.5 0.215 1.59 0.43 | 215 205 223
11 1.3 0.215 1.59 6.4} 240 ' 238 262
12 1.7 0.21% 1.50 | 0.43 275 261 292

* Hydrogen Level 7 ppm

Christensen's Correlation OCR

Our Correlaticn

standard Deviation for our Correlation

Icr

g~

8.3 I~1I/rnm2

130 + 540(1 - m)]"2 N/mm?

i 2
= 18 x (1565 - 10 xM - H) N/ mm

standard Deviation for Christensen's Correlation 17.8 N/mz

-
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—
TABLE VIIT
- Influence of Hydrogen Level on Ien
Heat
. No. Input C Mn - 81 Hydrogen c
: CR
k J/mm
Magadid ™Nmm
1 1.3 0.140 1.57 0.43 3 500
2 1.3 | 0.140 1.57 0.43 7 375
3 1.3 0.140 1.57 0.43 30 175
4 1.3 0.170 1.59 Q.43 3 400
S 1.3 0.170 1.33 0.43 7 300
\6 1.3 0.170 1.39 0.43 30 130
7 1.3 0.215 1.59 0.43 3 320
8 1.3 0.215 1.39 0.43 7 240
9 1.3 0.215 1.59 0.43 30 100

Y
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man(3°) and Robertson and Tetelman.gsl)
3) Embrittlemeﬁt'pfoduced by the presence of brittle hybrides

as postulated by ﬁelchselfelder(az), ox hydrogen rich phases

as suggested by Wéstlake.(33)

~

Beachem(ZT), in his new model for hydrogen-assisted cracking,

puts forth the easing of dislocation motion or generation or both, as

A

the basic hydrogen-steel interactiocn, suggesting that hydrogen aids

‘whatever deformation processes the microstructure wiil allow.

Beachem's (3% model puts forth two important aspects regarding
the role of hydrogen in influencing cracking susceptibility:

. 1) For a given microstructural éhqracteristic,,cracking will
occur at critical combinations of stress intensity and
hydrogen concentration.

2) Since hydrogen merely assists cracking by aiding dislocation
motion or generation or both, it only';adds" to the effect
of externally applied stress and its internél stress inten-—
sificaéion. Hence, at higher hydrogen concentrations, the
stress intensity required for cracking will be lower, as
represented in Figure 1l4.

The second aspect of the Beachem(34) model for hydrogen-assisted
cracking is very important since it is opposed to the theory whicﬁ says
that for a givegﬁ;zziostructure, the hydrogen concentratégn réquired for
cracking is independéﬁt of the stress intensity level. 1In other words,
a definite critical hydrogen concentration, characte;istic of the micro-
structure, has to be reached before cracking, regardless of the stress

intensity level.
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STRESS INTENSITY

Figure 14

HYDROGEN CONCENTRATION

Stress Intensity and Hyd-ogen Concentration Combinations

4
For Fracture as Suggasted by Beachem (34)
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Tréiano(BS) has demonstrated that hfdxogen cracking occurs in the

reglon of h;gh triaxial tensile stresses in front of the notch on the
specimen. Hydrogen migrates to that region by stress-induced dlffnsion
(see Figure 15). Thus, analysis of the implant test data in texms of
the stress intensity in front of the notch on the specimen,’ and the
stress induced diffusiocn of hydrogen to that region, can give us infor-

mation on the role of hydrogen in HAZ cracking.

3.4.1 Calculation of Hydrogen Concentration {g; Stress Intensity in

the Regioh of Maximum Triaxiality

(36)

-

Urednicek has analysed the stress induced diffusien of hydro-
gen to the maximum triaxial stress region in front of the notch on the
implant specimen. His analysis gives the equilibrium concentration of
hydrogen attained in the region of maxim?m triaxiality as follows:

F2

v a"(cy)

Fer, H I a' 1
in (—I—) =T {ln e B;-E_ + 1] + 5) (20)

for a mode I crack under elastic-plastic plane strain condition where

HCR is the equilibrium hydrogen concentration feached in the
maximum triaxiality region,

HI is the concentration governed initial hydrogen content in
that region,

vH is the partial molar volume of hydrogen,

a" constant = 2,

(cy)I is the yield stress of the microstructure in the criticall
region of the HAZ,

R is the universai gas constant,

T is tempereture in kelvin,
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Influence of Notch Radius on the Location

of Hydrogen Assisted Cracking (35)
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(k,m)I is the implant test €hzes%:;l intensity,
a' constant = 3.
E = Young's Modulus of Elasticity, . ' . '4

bo constant = 2.2 x 104 nﬁh‘='13.91 x 10~% VINCH

‘Assuming, aftex Urednzcektss), that the concentratlon governed '

hydrogen content in.the cr;tical regmon of the HAZ to be 0.4 H. where H
is the initial hydrogeh content of the weld, and carrying out appropriate
substitutions in the formula (for details see Appendix 1), we have:

i HCR

In ¢ 4H) = 1.6393 x 10—3(0Y) {1n [3.23 x 10-3(0 ) + 1] + _} (21)

where stress is expressed in N/mm?.

For éhristensen(23) data, we calculated the HCR'values at dif-
ferent h?dxogen_levels fot the same microstructure from Equation 21 with'
the HAZ yield stress estimated £yom HAZ Hardness. Table IX shows the
calculated HCR va}ues for hydrogen levels of.l, 3 and 7 ppm. Figure 16

shows the combinations of HCR and stress intensity levels for different

HAZ microstructures and hydrogen levels.

3.4.2 Discussion
From Figure 16, we can see that for a given microstructure, the

required in the critical region for cracking is not independent of
{34)

HCR

the stress intensity. This is in agreement with Beachem's model for

hydrogen assisted cracking. Thus, the role of hydrogen in influencing
the cracking susceptibility seems to be that of just éiding or assisting
the applied stress soO tﬁht cracking can occur.

This suggests that Urednicek‘s(36) procedure of extending the

results of the implant tests to actual welds by'treating the hydrogen




TABLE IX

~ Calculated Stress Intensity and H

‘Levels at O

CR: CR
No ™ Hydrogen %cr Km HCR
° Hardness Bulk N/mm? XSIYINCH PP
. PR ‘ ' l
1 77 363 1 660 28.6 10
~ 2 77 363 3 500 21.7 21
3 77 363 7 375 16.7 36
4 88 395 1 520 22.6 9.5
s 88 395 3 400 17.4 20
6 88 395 7 300 13.8 37
-7 94 450 1 430 18.7 13
8 94 450 3 320 13.9 26
9 94 450 7 240 10.5 44

-Fr
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concentration (H ) needed a.t the critical region as remaining indepen—

.‘dentoﬁthestr&csintensityfora mcrostructmtoc:rack isin

serious error. For the smmcrostrucmre, m cracks at different

hydrogen oonoentrat:.ons in the critical reg::.ons, depend:.ng upon tbe

stress intens:l.ty. h:.gher the stress mtensity in the ot:Ltical re—
Z.

gion of the HAZ, ower the hydrogen concentration needed in thas

r +

region-for cracking to occur.




CHAPTER 4

\\’/ PREDICTION OF GCR ON THE BASIS OF HEAT-INPUT, .

PLATE EHICKNESS, PLATE COMPOSITION AND HYDRDGEN LEVEL

.
-~

4.1 . General Remarks

In the last chapter, we presented a correlation between GCR,

maximm hardness, % martensite and hydrogen level by:

O ™ (31 - 15.5 x log [H]) (1565 - 10 x %M - ﬁ&yh (19}

Prediction of ;Sk on the basis of heat input, plate thickness,

plate composition and hydrogen level can g&éatly aid in evaluating vari-

ous welding procedures for different steels at low cost and in minimal

time.
The system of prediction is shown in the block diagram in Fig.l7.

{a) Based on the heat input and plate thickness, we first predict
the cooling rate by heat transfer calculations.

(b} With cocling rate and plate composition as inputs, we predict
the HAZ, % martensite and hardness. '

(c) Finally, we obtain Scr through the correlation formula for the
expgcted hydrogen level in the weld.

4.2 Prediction of Heat Affected Zone Cooling Rate

4.2.1 Heat Transfer With 3D Heat Flow

Heat flow by conduction can be characterized by 3D, 2D or 2.5D,
as shown in Figure 18. For our analysis, we neglect the surface losses

through convection and radiation.

-

.42
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Rosenthal's(37)

ing has been used by many researchers for éharacterizing the thermal

cycle of the welding operation.

analysis of the 3D and 2D heat fiow éuring weld-

For plate thicknesses over 1 inch, it is abserved that 3D mode

of heat flow prevails. Rosenthal's equation for ther3D mode temperature

distribution is given by:

T_T.--—Le‘lviﬂ
o 4tk R

where T - temperature

To - iﬁitial temperature of the platea

g - heating rate

) . Specific Beat x density
thermal conductivity

£ - distance along weld line, relative to the point source

£ =x - vt

v - speed of the source

R - /52 + y2 + z* position of the point of interest relative

to the source

t - time

If we consider the center line of the weld, we have y = z = 0,

therefore > |r| = }E]

and when. the source passes the point of interest;

£ = vt

(22)

where t is the time, since the source passed the point of interest. Thus,

for a point on the weld center line, the temperature is given by:

- - 2 1
T To 4ﬂk,x TET



or

-~ " [

- - 2 1
T To {4vk x vt . . (23)

Equation (23) assumes a2 plate bounded by planes z * =, ‘However, foxr weld-
ing conditions, we have the plate bounded by z = 0 and z = g, where g is
the plate thickness. Equation (23) then becomes:

_ e S 2
T To‘ Sk x vt {(24)

In Equation (24), g is the rate of heat actually supplied to the plate.
In terms of the heat input (g') given by welding arc voltage and current,
we can write:
g = (I.F.)gq'
where (I.F.) is the efficiency factor.
Egquation. (24) then becomes:

- - (= gy 1

T To (Zwk) x (I.F.) x (v) x T . (25)
ql
v

The factor (=) can be taken as characteristic of the heat input. Calling

(%;) = E = heat input per unit weld length, we have:

1 Tl
T - T° = (Zﬂk) x (I.F.) xx E x T {26)

4.2.1.1 Application of 3D Heat Flow Relations

Equation (26) does not take into account the variation of thermal

conductivity with temperature. Also, the effects of release of heat of

#

fusion, phase transformations, surface and radiation losses are ignored.
-Hence, Equation (26) is not precise: in predicting actual temperature

profile.

(38) (39) (40)

However, Dorshu, Signes, and Graville measured actual

cooling rates in welding and found that the form of the Rosenthal Equa—-,



tion (26) can be retained by introducing proper valugs of the constant

involving thermal conductivity. Rearranging Equation (26), we have:
(T -T) t-.-(L (I.F.) x E (27)
o) % ) X .F. .

pifferentiating Equation (27} with respect to 't' and substituting for

}‘t‘ from Equation (26), we have:
atr _ _ 21k 1. _ 2
at TFy) *E ¥ (T To} (28)
21k
I effective
Introducing a constant BBD 2ﬂkeffective §nd ABD I.F)xE °’

Equation (28) can be written as:

B
<y 3D 2
. ‘ dt {I.F.) x E x (T To) ‘ (29)
ar - 2
T A3D x (T "ro) . (30)
(40)

Graville observed that for-coolihg rate measurements at a

given temperature for various heat inputs E, A, in Equation (30) varies

« . 37 .
inversely as E (see Figure 19). This shows that Rosenthal's( ) equations

can be used with appropriate constants to predict actual cooling rates.

(40)

Graville also obtained the variation of 83 in Equation (29) with

D
the temperature at which the cooling rate was measured. Thus, in Fig-
ure 20, we see that the value of B3D varies linearly from

5.5 x 10~3 oc Ysec~ kI in~lat 300°C to 3.6 x 10”3 0C lsec !xJ in~! at 600°C.

Signes(39} has also carried out similar experiments and has re-~

at 700°C to be 3.02 x 10" 30F lsec 1kJ in ! or
(38)

ported the value of QBD

5.44 x 10 3 x OC lsec k3 in"!. Dorshu reported the constant B

3D
at 700°C to be 3.03 x 10 3 OF lsec 1kJ in ! or 5.45 x OC !sec *kJ in"}.

Both Dorshu'3e) and signes>”) used Gas Metal Arc Welding (GMAW)
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while Graville used Submerged Metal Arc (SAW). Thus, the difference in !
arc efficiency can explain the differenpce in the values of the constant

B3D'

‘4.2.1.2 prediction of Cooling Time Between 800°C and 500°C

The cooling time between 800°C and 500°C ha; been used by many
resgarchers to correlate the HAZ hardness and microstructure with the
cooling rate. Rosenthal's(37) equations and the values of constants
’ (B3D) determined from actual welding thermal cycles can allow us to pre-
dict the cooling time betweeh 800°C and S00°C for a given heat—input and
plate thiqkness.

For the time A+ between 800°C and 500°C, we can write, from

Equation (26): @
1 1 1 '
At = {(—=) x (I.F.) xE X - - - {31)
800-500°C 21k [(500 To) (800 To) ]
Introducing B3D = Zﬂkeffective’ we have:
1 1 1
At = {(=—) x (I.F.}) xE X — - — ] . {32)
800-500°C B3p [(500 T) . (800 'ro)

. T~
Inserting the average value of the variation in B,, reported by

Graville, Equation (32} becomes:

1 2
At = 5.74 x 103 x (I.F.) xE x - (33)
800-500°C ] [(SOO-TO) (SOOATO)]
seconds :

where E is in kJ/mm; 4, To is in °C.

4.2.2 Heat Transfer With 2D Heat Flow

In the previous sections, we have restricted outselves only to

3D heat flow. However, for plate thicknesses lower than } inch, 2.5D or
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2D heat trahsfer 5:&%@113. Thus, to be able %o predict cooiing‘time b;—
tween 800 and 500°C for plate thilcknesses less than 1 inch, we ha;e to
look into the analysis of the 2.5D and 2D mode éf heat flow. For the
2D Qode of heat flow, the egquations are well defined. Corresponding to
3D equations (26), (28), and (32), w; have 2D heat flow equations as
follows:

S 1 (I.F.)XE

o 2vkepT x g

ar . - 2 (r-1)3 . (35)
& " % *FHmaEart ©

where B, = 27mkcp

1l )
x 7T {34)

2D . ;
At 2 x (I.F.32 x E; x 1 L ] (36)
= el . - <L = _ &
800-500°c 2B2n g (500-T ) Igo0-T )

4.2.3 Heat Transfer WIth 2.5D Heat Flow

2D and 3D heat flow modes represent two extreme conditions of
conduction of heat through "thin™ and "thick" plates. For both 2D ;nd
3D modes, we can see from Eguations (26) and (34) a unique dependence
upon arc energy input represented by E, which has dimensions of energy
per unit length. It is not the épeed with which energy is introduced;
but rather the amount of energy per unit length of the weld which deter-
mines the cooling rate, ‘

The problem can thus be reduced to determination of the tempeﬁa-
ture distributions and cooling rates which follow instantaneous relea;e
of a specified quantity of heat along 2 straight line whiqh lies on one

{41)

surface of a flat plate. Jhaveri, Moffatt, Adams et al have given

the general representation of the results of such an analysis by the use
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of dix.ngnsionless parameters as follows:

Temperature:
h oy = 2wp C vg? (T-T,) G
a
T:ime: .
X = :—g a = thermal aiféusivity (38)

In texms of these parameters, Adams et al represent the temperature at '

the location of the line source by the equation

- 2 T1 .7 -n2
'y = ;[5+ie_n /x] : (39)
1
] N
and the cooling rate by the equation
ay 2 [1 § a2 —nzfx]
EJ‘(- 3 ['5' g { ” 1} e {40)

For "thick".plates (3D mode), the series terins in Equations (39) and (40)

disappear, and the time, X, can be eliminatg? algebraically to give:

&y . .2
o y (41}

Eguation (413 is identical to Equation (28).
Similarly, for “thin” plates'(2D mode) , it can be shown that

Equations (39) and (40) reduce to:

%{’. = :2% (42)

Equation {42) is identical to Eguation (35).

4.2.4 Graphical Representation of Heat Flow Conditions as Functions of

Plate Thickness

Thus, in order to get into the region of 2.5D mode of heat flow,

or, in other words, to relate absolute cooling rate to plate thickness
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ar .
- € . .
- - 4

hetﬁeen éhe 2D and 50 regiéns of heat flow, Adams et al introduced a

graphical relaticn, as shown in Figure 21. In terms of the dimensionless

parameters defined above, Figure 21 is a plot of
'(in) tey/dx) vs Y/2%.

In th; coordinates of Figure 21, Equation (28) is represented-by
the horizontal at 1.0 (i.e., top edge of the graph) and Egquation (35) by
the straight line of 45; slope. The curve corresponds t; the cooling
rates on the top surface of the plate an;\have been calculated using
Equaticns (39) and (46;.

Clearly, for the values less than 0.35 on the horizontal scale,
Equatien (35) quite accurately predicts coo}ing rates fhroughout the

-

thickness of the plate. In this region, heat flow is almost pufely 2D.

For the values .on the horizontal scale greafer than 1.2, heat
flow is 3D and Equation (28) is accurate. In between in the 2.5D region
where neither 3D nor 2D ecquations apply with great accuracy and- hence,

in this region, the graph in Figure 21 is useful in calculating cooling

rates. ' 1

4.2.5 Procedure for Predicting Cooling Rate

The procedure to predict the cooling rate for a plate of any
thickness can then be put down as follows:
1) first calculate 3D cooling rate for the given heat input.
For example, 3D cooling rate at about 700°C can be obtained

by Eguation (32).

from Atgh0-s00°c

£

- 3 1 _ 1
R3D 300/(5.74 x 10°) x (I.F.) % E x[(SOO-To) - (BOO—TO)] (43)
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2) using Figéme 21, calculate the actual cooling rate for the
r plate thickness of interest. .

" For example, after calculating R,.., e enter Pigure 2} with -

ahscissa

x = pcgz(700-T )e—) x (I —_—) . *{44) -

F.

and find the corresponding ordinate 'QF
If x> 1.2 R_a?tual = R3D

If x < 0.35 R actual = R3D * X

If 0.35 < x < 1.2 Ractuwal = R, * O

e,

4.2.6 Discussion

Christensen(ZZ) has reported the cooling time between 800 and 500°C

fd’ga}fferent heat 1nputs, with single beads deposited oan 30 mm thick
fplate. Table X shows the comparzson between the predicted and cbserved
cooling times between 800 and 500°C for an arc efficiency of‘O-BS.

It is important to note that Equaticn (32) has been derived for
cooling conditions which prevail on the center line of the weid. The
distributiqn of the cooling rates around the wgld center line can also.
.be calculated, bﬁt computation is somewhat involwved. Hcﬁever, the cool-
ing rate is mawximum on the weld center line and‘the shape of the cooling
rate distributi;n is such that the center line cooling rate is only 5
to 10% higher than that in the weld HAZ 1) and is therefore represen-

tative of the cooling rate in the HAZ region.

e eami B



¢ TABLE X

ison Between Re ed & Calculated
Cooling Times Between 800°C - 500°C

PP R

Plate Reported Calcualted
No. Heat Input Thickness Cooling Time Cooling Time Mc
. XJ /mm - EBfficiency
mn {sec.) (sec.)

1 0.9 30 3.6 3.5 0.85
2 1.3 30 ] 5.1 " 5.1 0.85

: R ]

3 1.7 30 6.6 6.6 . 0.85

-
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4.3 Predict:.m of Heat A.ffected zZone nicrostructnre

4.3.1 L] nicrocmzstiment - chposa.ucm = Cooling Rate Relations .

»
On the basis of CCT a:.agrm. Dolliet—-Mayniexr et al“z) have

developed lineaxr regress:.cn fomlas to predict mcrosu'nctnre as a
function of chemical compos:.tion, log cooling rate denved from cooling
time between 800 and 500°C, and an a.ustenizatidn ;:arameter.

The fomlas.are in the form of critical cooling rates necessary
to yield 100, 90 and 50% martensite (M}, given by vi00, v39, ana V30 re-
spectively. ‘Similarly, there are formulas for critical coolir_xg-rates
necessary for .0, 10 ;nd 50% ferrite-pearlite (F-P) given by V;OO, vso,
and Vgo respectively. For a given steel con:position; V}-OO, vgo, vio

points separate martensite a.nq bainite regions, and V;OU' 'Vgo, and Vgu

separate the bainite and ferrite-pearlite regions. Figure 22 illustrates

this.
The formulas for the c.ritical cooling rates are as follows:
1ég(vi°°) = 9.8 - (4.62 x C + 1.10 Mn + 0.54 Ni + 0.50 Cr +
0.66 Mo + 0.00L8 Pa) : (45)
1og(v§°) c 8.76 - (4.04 C + 0.96 Mn + 0.49 Ni + 0.58 Cr + 0.97 Mo +
’ 0.0010 Pa) : (46)
log(V§°). = s.so‘- (4.13 C + 0.86 Mn + 0.57 Ni + 0.41 Cr + 0.94 Mn +
- 0.0012 Pa) _ 47
1og(v1°°) = 10.17 — (3.80 C + 1.07 Mn + 0.7 Ni + 0.57 Cr + 1.58 Mo +
C 0.0032 Pa) - L 48)
1og(v3®) =10.55 - (3.65 C + 1.08 Ma + 0.77 Ni + 0.67 Cx + 1.49 Mo +

0.0040 Pa) . (49)
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log(v, ) = 8.74 - (2.23C + 0.86 Mn + 0.56 Ni + 0.59 Cr + 1.60 Mo + . .
. o.c032Pd) - ' (50)

where cooling rates are in °C/hr.

Pa is the austenizaticn parameter for grain size, given by

- -1 - .
1 _ 2.303 x 1.987 t
S (E - ST x103  * 9 E) L

T is the austenizing temperature in °k, t is the holding time at T, to -~

is the umit of time used.

4.3.5 Hardness - Composition -.Cooling Rate Relations

~

Dolliet and Maénier et al(42) have also developed linear regres—

sion formulas which give hardness of martensite (M), bainite (B) and

rrite-pearlite (F-P) as a function of chemical composition and cooling

rate. The formulas are as follows:
Hardness of martensite (HM) vickers 10 kg
'=127+949C+27'si+1an+SN>i+16C2‘+_21‘1°9(R) (52}
Hardness of bainite (HB) Vickers 10 kg
=185 C - 323 + 330 Si + 153 Mn + 65 Ni + 144 Cr + 191 Mo

+ log(R) (98 + 53 C - 55 si - 22 Mn - 10 Ni - 20 Cr - 33 Mo) (53)
Hartness of ferrite-pearlite (HF-P) Vickers 10 kg
= 42 + 223 C + 5351 + 30 Mn + 12.6 Ni + 7 Cx + 19 Mo

+ log(R) (10 - 19 Si.+ 4 Ni + B Cr + 130 V) (54)

where R is the cooling rate in °C/hr.

4.3.3 pPrediction of HAZ % Martensite and Hardness

Using the Dolliet-Mawnier formula for % martensite and hardness,
together with the analysis of Section 4.2 for predicting cooling rates, (

we can predict BAZ microstructural characteristics by the following

7\

t
S

I
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1)

2)

3

4)

5)

6)

Ea)

-

Using the analysis in Secticn 4.2 on prediction of HAZ .

cooling rate, we first db%ain tye actual cooling rate in
the HAZ for given plate thickness, heat—input ané p:éheat . i
For calcglating the austenization parameter, the welding

cycle is assumed to be equivalent to be 1400° - 1 sec. .

austenizing condition. .Substituting this in Equation (51)

‘we get: -

-1
g = 1 _2.303 x 1.987 1 . (55)
1400 + 273 130 x 103 -°9 3600

= 1067°. - 1 hr.
For the given steel composition, Dolliet-Maynier formulas

are then used to obtain critical cooling rates in terms of

v1i00 90 50 100 90 50_

lrvlrvlrvz .Vz,andvz

On the basis of critical cooling rates found in Step (3), the
curve between these points is ‘obtained. The curve between

100 and 90% martensite is obﬁaihed on the basis of Vioo and

vgo. Similarly, the curve between 90 and 50% martensite is’

obtained on the basis of Vgo and Vio (see Figures 23 to 25).

with the shape of the % product vs loé cooling rate established
for the steel composition of interest, we use the cooling

rate from Step (1) to obtain % martensite, bainite and ferrite-

-

pearlite in HAZ.

Using the hardness formulas, we calculate the hardness of

martensite, baipite and ferrite-pearlite.

HAZ hardness is then estimated as the weighted average based

»
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on % products obtained in Step (5).

Thus, staiting from the welding heat input, plﬁte thickness and
chemical composition, we.can predict the HAZ % martensite and HAZ hard-
ness.

Figures 26 and 27 show the comparison ﬁetween the predicted and
observed HAZ % martensite and HAZ harfBiness for Christensen's data.
Figure 28 shows a comparison between cbserved and p¥edicted HBAZ

hardness for Ito—Bessyo data (Table XII)?

4.3.4 Discussion

It is iﬁportant to note that our prediction below 70% martemsite

loses accuracy in comparison to that between 100% and 70%. This limita-

tion arises from the fact that we determine the curve between 90% and

50% martensite on the basis eof Vio and Vio- In fact, over a large range

of 40%, Vio and vio cannot form a sound basis on which the curve can be

founded. Only the availability of more basis points like v;", ir:‘i°, etc.
can improve the accuracy down to 50% martensite.

At this point, we are capable of predicting GCR for a.given heat
input, plate thickness, plate composition, preheat level and hydrogen
level.

Section 4.2 predicts cooling rate. Section 4.3 predicts HAZ %

martensite and hardness, and the correlation from Equation (19) gives us

the UCR'

Figure 29 shows the comparison between the predicted and cbserved

%%er for the Christensen's data given in Table XI.

.- .
Figures 30 and 31 show the Ito-Bessyo % weld cracking data
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. “PABLE XI .

" Prediction of ¢ __ on the Basis of Heat Input,
CRp—————= ‘
- Plate Thickness, Plate Cokmposition and Bydrogen Level

o

No. éﬁ?ﬂi ¢ L Mn si Hydrogen Observed Pr°d§°ted
k3./mm : - %cr Ser
bpm N/ ot N/ mngi—
. 1 | o.9 0.240 | 1.57 | o0.43 7 325 313
2 -| 1.3 ] o.140 1.57 0.43 3 500 483
.3 1.3 0.140 1.57 0.43 7 375 - 366
4 1.3 0.140 | 1.57 0.43 30 175 166
s |~ 1.7 0.140 | 1.57 0.43 7 440 417
6 0.9 | 0.170 1.59 0.43 7 250 266
7 0.170 1.59 0.43 3 400 403
8 0.170 1.59 0.43 ¥ 300 306
9 0.170 1.59 0.43 30 130 138
10 1.7 0,130 1.59 0.43 .1 ' 350 346~
. 1 0.9 0.215 1.59 0.43 7 215 194
12 1.3 0.215 1.59 0.43 3 320 305
13 1.3 0.215 1.59 0.43 7" "240 231
14 | 1.3 0.215 1.59 0.43 30 100 105
15 1.7 0.215 1.59 0.43 7 w275 256
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(Table XTI) plottedagainstpredictedo andthec:adqngpameter?.
respectively. OnecanseeﬁhatfoxtheIto-Bessyomd:ipgparmter :

(P),obta:.neduithl:.near@timizaﬂm. the scatter band for % weld

' cxacking is 0.110 P_ units. OurpredxctedGCRasaparamter operating -
without optimization on the same % weld cracking data shows a reduced
scatter band of 0.082 Pc mits. fl‘his comparison clearly shows that the ‘
predicted OC.R based on HAZ & martensite, hardness and hydrogen level can )

- serve as a very effective cracking parameter.

Thus, we can see that our system of prediction of- GCR on the :
basis of heat input, plate thickness, plate composzt:.on and hydrogen
lev;zl using heat transfer calculations, % martensite - composition -
coo}ing rate relations, hardness - composition - cooling rate z"elatio::s.
and implant test correlation, provides a reliable, rapid and economic
assessment of cold-cracking susceptibility of steel weldment.

. It is 'importa.nt to remark here on the parameters wh:Lc:h were

-
ol .

adjusted to correctly predict the welding cooling rates, HAZ % marten-

site and hardness using the heat transfer calculations and published %
martensite - composition - re]ftims.and hardness — composition - rela-
tions.

In _the heat transfer c;x}cuiations, the effective constant B,

* :&ch efficiency are used as adjustable parameters to ar.:curately pre-
dict cooling rates and time approériate to the welding cond:.t:.ons and
temperatures of interest. In regard to the % martensite ‘- composition -
cooling rate - relations and hardness - composition - cooling rate rela-

uons. the base constants :.n the linear relat:xons have been slightly

ad3usted for cm::l.stensen 5(23) HAZ % martens:.te and hardness cbservations

.
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DETERMINATION OF PRACTICAL WELDING PROCEDURES
O THE BASIS OF IMPLANT TEST

5.1 General Remarks )

- ~A lirgq number of small scale weléébiiity.tests (hgad—on—plate,-’,

crucifo¥m, Reeve, bend angle, CTS, Lehigh, Tekken, RRC, TRC) have been

‘developed to cope with the urgent need of developing welding procedures
that would prevent an occurrence of cold-cracking on actual welded

sStructures. However, a méthod that would successfully permit us to’

transpose, in a gquantitative’ manner, results of small scale cracking

tests, is still lacking. ‘ .

5.2 Relatich Between Implant Test and Other Restraint Tests -

Implant testing has an advantage of offering quantitative assess-

ment af cold-cracking susceptibility in terms of the léwer critical im—

plant fracture stress. In order to transpese the results of the im-

5 (43)

plant test to actual welding structures, Satch et al carried out

experiments to find out the correlation of implant tests and RRC~TRC -

- -

tests. They found that the iower critical stress obtained by inplant
tests is almost equal to the critical stress obtained by RRC and TRC
tests (see Figure 32). This finding is quite importantlfor transposing
the iﬁ;laﬁf test results to the actual welded structures. Thus, if
based on weld joint geometry and restraint, one can estimate the reac- '

tion stresses in the critical region of the HAZ, a criterion that the
1 4
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: jreact:on ss should no€<be greater than the lower cxlthcal implant

-

tf:actu:tistresstd )y can be used to\recoumend qgf; ueldxng p:ocedures
Ve ) \' .7'

* -

5.3 Determ;nation of‘Preheat To Avozd Crack;gg

"b. o H;th our'abxllty to pred;ct o for a'given welding heat 1nput,
...,:\

plate thzckness, hydrogen level and plate ccmpos;tlon (Chapter 3), we

‘can have a compIete system of establzshhng safe welding pxocedures-

Figure 33 shows the block dlagram of our basic crxterlon to avoid

cold-cracking in_uelded construct:oa. . a -t

Figure 34 shows 2 schemgtic‘representation of the procedure we
follow for presumptioﬁ of pteheating teméerature to avoid crtcking iﬁ
actual weld joints from lntenszty of restraxnt, on.the basis of implaht -
test results: We assume that for multzoass welds, first pass is crxtlcal
aﬁé_p;e@éat temperature predicted for the f;>§t‘pass.cap be treated as
numlmumlnterpasstemperature-

There are two features which must bé congtdered for pxedictin;fi

- .
the preheat level for a given welded joint: Y
- : 1) We must estimate_the reactlon stress developed in thé joint
as g‘}unction of weld- configuration, joint geometry, and
loading on the joint during the welding process or %p
service.
2) To arrive-at 2 preheat - implant stress relationship, we
have noted that-preheat not only affects the cooling rate
and hence HAZ miérostruétu{e, but it also allows more hydro-

gen to diffuse out of the joint. Thus, the effect of pre-

- heat is twofold: . - .
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' 5.3.1 Estimztion of Reaction Stress Developed

- e o7 . ‘ -
. : + N - - ~
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l\ .t -
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. (a) change nic:ostructure, - T - bt

-

(hﬂ reduction of reszdual h

-
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As for the aspect "{1) ahove, we leave thls to the quign engin—

eers,. They can accurately estimate the reacnon stresses t.hat.my de-

-

velop in the joint. chever for a simple confzguratlon of a butt weld,

the rqyption stress developed can be estxﬁ%;ed hy.(43’ -
- h\ .-
o = X N 5 (56)
. W -
Wwhers m is a numerical factor given by: ", .
- (HWS - B - ma) .
m =g . ., T
. C . . . v -
- a = coeff1c13nt of. thermal expansmon
\ - \ -t
. WS = maximum temperdture of‘weld métal
N . - TP
C ecific heat -
‘ y pecific he ~ .
) AT I ?evel angle : .

H a12x103 to 2.5 x 103 cal/gm.

X = intensity of restraint in kg/mm2 ‘ >
L -
deflned as the magnztuda of the reaction force
per unit weld. length necessary to produce
aberage elastxc change of unit magnitude in the
root gap'along the weld linec

Under a high intensity of restraint, the final reaction stress

'dw deviates from the proportfonal~relationship in Equation (56) and

approaches a constant value nearly equal to the tensile strength of the
-

weld metal. The actual measurements of the intesntiy of restraints on

the welded joints in various constructions are shown in Figure 35.

-, - T



If the K value is taken to be 40 x the plate thickness, it is

o Lo - - ~ -
- usu\ally considered to be safe. THus, if t@plate thickness is known,

“we can hava':i:.tre worst condition estimate of the reaction stress in the

HAZ ., . . - < "‘.'
\. . -.. '.

.5:3.2- "Influénte of Preheat on Residual Hydrogenh Leveld S

» -

For the second aspec:t of the effect qf the preheat on the residual
hy@mg%n dlevel, we proceed as follows: Tadaomi mjii(‘“) has carried out
a‘theo-r‘eti;cal analysis of the diffusion of hydrogen through the weld. He
sx;b;t'ituted a _s.inéle pass of weld metal by a model bead having rectangular
cross—sectio:‘u. of effective thickness (Le), as”shown in Fiqure .36. _He ~
assumed, for simplicity, t.l';at hydrogen absr;:rbed in the molten metal dif-
fuses-only to the ‘upper surface of the weld during the cooling process,

r
a te;_-\the weld metal solidifies.

an .
Thus, the boundary conditions for the diffusion problem are:

e

(MC/CO)) = 0 " No hydrogen diffuses (57)
xX

3 ({x/Le) into the plate
- : e — 9 - i
(c/Co} .= 0 Hydrogen concentration (58)
—;‘;=l at the top surface = 0

4

for nq'iformly constant initial hydrogen oontent Co. ‘It can be shown
that for ' -

Dt |
T = —_zl,e>>0

where D = diffusion coefficient: t = time; Le = effective bead thickness,

we ge t:\° ™ T

= = 8 - n? .
U = C/Co ‘= -5 e T'r (59)

where C is the average-concentration of the residual hydrogen in the weld.
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It is known that cracking occurs below 100°C and hence, the xe—
sidual hydrogen t is important when the weld has cooled to 100°C.
Thn:s:, for the weld darried out without preheat; if E.ZO'C is the hydrogen

-

content measured by the IIW p:oceduz:e, we have: -

- E © . . 2 *
,. 20°C - 9— e_L x T (60)
Co " 4 20°C
where Tio*’ ¢ is the time factor for weld without preheat.

If the EPH is the residual hydrogen content in the case of pre-

heat, we have:

Cen g _-w2

" .
Co ¢ 7 * Tpn _ (61)

-

where Toy is the time factor in the case of preheat. Co is the same for
/

bo:i the cases because the initial hydrogen concentration is’ the same.

Thus, from Equations (60) and (61), we have:

C 2
20°C PH w
I = T Co 7 Tpu - T20ec
or
c [ L ) (62)
InCp, = InChec ~ 7 ey ™ T200c
Since 620°c can be found from the 1IW testing procedure, knowledge of
('rpH - 120,(:) can give us C_ ..

From the preheat eicperimcnts with RRC tests, it is observed that
v
the time interval between 300 and 100°C is important. Since the time
spent in this interval is considerably longer than that spent"é:bove 450°C,

we only nced to evaluate (Tow = Tone~) 1N the range 450°C to 100°C.



C e

- .
- For our range of calculations, the hydrogen diffusicon coefficient
(44) . .

-

-

D = 1.4 x 1073 exp(-3200/RT} (523°%k < T < 773°k) cm?/sec

varies as follows:

. D = 0.12 exp(-7820/RT) - (T < 523°k)  cm’/sec ' t63;, . ?
. Thus, by dividing the weld cooling curve into small temperature éegments i
and using the equation: i |
B '
T = YpiAti/re? = x/Le? (64) )
where Di = diffusion coefficient f:::: temperature Ti
Ati = time defined as ti-ti-1
ti = time to cool to Ti

i = thermal factor defined as EDiAti ' : .

For estimating Le for a given welding procedure, we use the

relation developed by Bradst:eet:(45)
£ A, - . .
(ES ")
A s
3310 (GSL
where A is the area of the weld cross section in square inches
§ is the weld travel speed in ipm )
E is Heat Input (kJ/in.}.
We then introduce ’.
2
cLe? = 2xAx6.25 cm . (66)

ki1

5.3.3 Prediction of Preheat Level to Prevent Cracking

Using the cooling cycle prediction as per the equations in
Section 4.2, along with Eguations (62) to (66), we can predict the re-

sidual level of hydrogen for a given preheat-level. Thus, variation

-2

of GCR with preheat can be predicted.

-

~
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_ Based on the analysis covered in Chapters 3 and 4, we have
developed a compwter programe (see Appendix”II) to predzct the preheat

levels of safe weldlng £or the heat 1nput, plate thlckness, plate com—

poszt;on, hydrogen 1evel range covered in- the completely empirxcal British

{46)

Weldirg Standard {(BS 5135: 1974). The ccmparison bgtween recomgended

(by B.S. Standard) and predicted (by our programme) prehé;Eé (Figufés 37~

\
to 44) shows’ the conservat;ve nature of the British Standard recommended
»

procedures. Tables XIII to XVI show the preheats preé;cted by our pro-
I - T :
grarme.

5.4 Discussion
e - .

Yt is important to note that presently we are predicting the in-
fluence of preheat on the weld cooling cycle by introducigpng initial plate
temperature (To) as preheating temperature. This,'howevér, is not pre-

cise because, industrially, the preheat is often applied in such a way

that the preheating is done Bnly before welding, using gas flames and/

or an electric heatexr over a wigth including the weld line, until the
plate .temperature is raised to the required value.

We have also not considered the effect of tempering i; the case
of the high preheat levels. At higher preéeheat . levels, the cooling pro-
cess is delayed in the range of 400°C to 100°C, 1long enopgh to produce
tempering effectsi -

| J

Apart from the limitations cited for the prediction procedures

used in determininé cooling rates, HAZ microstructure and preheat effects,

we can conclude that our system of establishing safe welding procedures

to avoid HAZ cold-cracking,.on %the basis of the lower critical implant



b ]

Iy

L,

. \ .
fracture stress (OCR) . presents an accurate, . systemt:.c approach to HAZ

- - : i

Y

<t

c:old—crack.xng contyol in act welded Jo:.nts.

and for a given welding heat input,.plate thickness, plate composition.,
hydrogen level and joint restraint level,

. sary, to avoid cold-cracking, is recommended.

¥

'me HAZ . cold-cracking susceptxb:.l:.ty is assessed in terms of:

1} HAZ microstructure,
2) HAZ hydrogen level,

3) HAZ stress level, :

preheat level, if neces—

-

-

-
——a—
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IR, T T TS e ) S Fo
VR - %" -DEVELOPMENT 'AND USE OF IMPLANT TESTING MACHINE -

. : _ ¥ B R ‘ ' - L
6.1 - General Remarks .. - . S | | : e
: 2}f:;+: The abxl;ty of the 1mplant test to offer a’ - titqfiv&iassg§§f- w _-
"ment of the coldecracklng susceptlblllty of the EAZ, in.teyms of the
a;- 1owe—'cr1t1ca1 fracture stress-(a ), below which cracking would not ' -

occu: for the glven HAZ m;cro%%ructural dharacterlstxcs and hyd:ogen

1eve1, is very useful. The lmportance of the melant test data in de-

.

. s : term;nlng cold—crack—free weldlng procedures is seen.from ‘the preced;ng .
chapters. i o

-

Considering éhe-;dvantaée.of the implant test as:a weldability
test and the lack of extens:ve published implant test data, we undertook
to develop an 1mplant test;ng machine Wlth an automatic welding and loéér -
ing facility. Addztxonal test data would bhe used to strengthen,.lmprove ;Q
\ ana confixm gorrelatxons and pred;ctzons based on the test results.

6.2 Des:gn of the Implant Testing Mach;ne . ?j

As described in Chapter 2, a cylindrical specimen of the mater;al -

: '
under investigation, containing a circumferential notch at one end, is
’ v

implanted in a base block agd a Réld is made over the end of the speci~
men (see Figure 4). The test further consists of constant lvad-rupture- '
testing of a series of impiant specimens at decreasing loads, to estah—

lish the critical stress (céR) pelow which rupture does not occuxr (see

Figure 5).



.

The “implant testing machine that.we: have -developed consists of

three major Systems: .

1) 2 system for autcmafic depqsitioﬁ of;ﬁanual.Shie%déd Metal
Arc WEiaing_(ﬁSHAWi electrodes, . |

2) the loadihg syst;m, _ | a .-

ta

and 3) the pressure system. . . o - -

" The design of these three systems is based on features of the implant

testing machine at the British Welding Institute, U.K., as reported by

Peddqr and Hart.(47'48)

6.2.1 Automatic Déposition of MSMAW Electrodes

In considerihg the design of.the equipment for the autdma;ic
deposition of MSMAW electrﬁdes, the prime objective was to keep it simple
and yet maintain adequate control of the Qelaing from the moment when the
arc was first established and adjustea to an appropriate-arc length right
through to thg end of the test weld.

The design of the system is outlined in Figure 45. The drive
system is powe%ed by a d.cjbmotor, the speed of which is cont¥olled by
the supply voltage. The motor drives a lead screw through a reduction
gear. The screw carries ; saddle unit to which is attached the electrode
holder. It was found possible to preset the speed of the motor so that
the feed rate of the electrode was adequately matched to the burn-off
rate of any setting of the welding current and the arc length.

.« - dgeration of the equipment.is simple. Individual electrodes are
héid i;rtﬁe electrode holder which is moved vertiéally at a predetermined
constént ve;ocity, while the test piece being weléed is moved horizontally

under the welding gead by means of a constant speed tractor.

&

L



89pOI308TH MYHSH JO uoy3Tsodog oT3RWOINY 0] WasAS gy 2anb1d

L. Y]
—
‘. \m—/dgucdt—i ’
7 ‘
. L J !
. ‘Yolow .
...0.H¢..bw4m
A ) - \~ h ) —— YATYUY D
f L~
. R I
~
: 25
K - 4 .
wﬁ:._u |Ill..v. : A 4—gartnh ) /
| _“._ . ' , Awd 1631
. pmyos avat " :
| N 2 g e GOY LR T
__ T E O Nt d ..
. T Uy, 1Woddn§
Yaaton

Ry = ]
o | e 154 . acoylod T3



£

. 6.2.2 “The Implant l:.oadmg ‘System

113

The essential fcatures of the 1oad;ng system are shown.ixsfjgure

46. The lcoad is applied through a pneumohyd:aul;cally cperaxed lever

system. The loading bar is positioned along. the lever to glvc a lever

'ratlo of 2: 1, and this is attached +o the implant specimen by a collect.

Resistance.gauges on the loadlng bar measure the actual load on the speci-
men. The stress at the 1mp1ant notch sect;on can be measurcd to an accu-

racy of 15 N/mm?. The 1nterval between the application of the load and

. complete ruptﬁre of the implant specimen is timed autcmatlcally.

The base block in which the impiant specimen is welded is sup-

ported by rollers to allow a degree of self—aiignﬁent between the load-

ing system and the implant specimen.

6.2.3 The Pressure System for the Implant Test
’ &
Pressure from a standard nitrogen gas cylinder is applied to an

oil reservoir via a pressure regulator and a three-way solenoid valve,

(see Figure 47). Before commencment of loading, the necessary gas pres—

sure to give the required tensile load is set on the pressure gauge.

When the pressure system is switched on, the solenoid valve opens. The
gas pressure transfers to the oil cyl;nder through the flexible precsure
hose and oil pressure activates the ram. The loading commences immedi- '
ately after the solenoid is operated, and fulllload is achieved in about
2 seconds. The gas line is also equipped with a_needle valve to allow
any desired rate of loading to be used. The load applied to the notched

section of the implant specimen can be adjusted if required, by manual

adjustmegf of gas pressure. At the moment of failure of the implant
'/
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. " . - .
: B . BASE PLATE
- . Fa\ P i .
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1 . . )
PRESSO RE—s LOR i _ .
A : CoLLaT STRADN .ﬂ
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Figure 46 ' Implant Loading System )
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- Figure 47 Pressure System for Implant Test *
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speéimen,lthe timer stops-and the gaS‘solenoid’ﬁalve cloées. : )

Figure 48 sﬁowé the general view of the implant testing machine.:"
Figure 49 gives the details of the arrangements for welding, and Figure
50 illustrates the loading system. o

6.3 Standardization of the Implant Testing Procedure

The welding heat input, welé fusion zone shape,‘the location of
the notch on the implant specimen relative to thé fusion line, potentia}
ﬁ&d:ogen level from the electrodes, and the notch geometry, affect the
lower critical implant stress (UCR) considerably. Hence, the‘need for

careful control and standardization of the testing procedure.

6.3.1 Welding Conditions &~

Three levels of heat inputs - 0.6, 0.9 and 1.2 kJ/mm, were selec-
ted for sﬁandardization. The welding speed was set constant and the heat
input was altered through welding amperage selection. Several welds were
made to dééermine the proper feed rate for the electrodes at each heat
input level. During each weld, the arc voltage was controlled to 1 volts
and arc amperage to *5 amperes.

After the weld was complete, the plate was sectioned’to observe
the shape and size of the fused zone to determine the location of the
notch on the implant specimen for each heat-input lewvel.

After a series of experiments, welding parameters, as shown in
Table XVII, were selected.l The Table also gives the bead size and the
location of the notch from the end of the specimen for each heat-input
level.

Figure 51 shows the sections of the weld bead for the three heat-
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" TABLE XVII

‘Welding Heat Input Details

Heat . Current Voltage welding Electxode N oteh
Input < volts Speed inch ( ) Distance
kJ/mm | Amps- : mm/sec. YE mm

- 3/32"
0.6 80 21 3 (7018) 0.90
1/8"
0.9 130 20 3 (7018) 1.45
' 5/8“
1.2 1?5 20 3 (7018} 2.00




117

A31T1ToR4 buipro] pue bBuipToM OTIBWOINY UTA
a391duo) jusudinby burisal, aueldul 2yl JO MBTA [erausd gb 2anbTtyg

®iy.

'R A .—fwﬂm.aaﬂ [ S



118 -

. Figure 49 D2tails of the Welding'Arrangement
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input-levels."Thermal cycles were also measured with Pt-Pt-1ORh Thermo—"" = i ‘ l

Acouple placed next to the weld bead. Pigure 52/ shows a typlcal thermal
cycle prof;le for 0. 6 kJ/mm. Coollng tlme be r 800°C and 500°C was - “_ -
calculated from the thermal cycle for each heat—;nput. Table XVIII com-

pares the observed cooling: ‘times and the predlcted coollng tlme at an° _ R } —

arc—efficiency of O. 85.~

ing them in an oven at 30°C.

6.3.2

prepa

Moisture level in the .electrode coatings was controlled by stoxr-— -

- -

-

PR SRt ol

Implant Test Details : _ - ' .
: L . . N
In order to facilitate comparison with the draft recommendation
red by sub-commission‘IXB of IIW, the description is itemized below: A

1)

2)

3)

-

Geometry of the Implant (see Figure 53)

[

Diameter of the implent: 5.6 mm
Notch: 40° vee, 0.5 mm deep, Y = 0.1 mm
Notch distance: dependent on heat input (see Table XVII} '

Sampling Procedure

Specimens oriented with their axes.in the directgoﬁ of

rolling.

Specimens machined from mid-plate thickness.

Ten specimens for each combination of steel hfﬁrogen level

and cooling programme. 5

4
., . .

Details of the Base Plate (see Figure 54)

Steel grade - C-Mn steel
Thickness: 30 mm
Dimensions: 250 mm by 175 mm

Five holes in each plate. - . . !
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0.9 kJ/mm
0.6 kJ/mm
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for Three Heat Inputs
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Figure 51 Weld Bead Sect
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Comparison Betwe

TABLE VXIII

A

e

Observed and Predicted

Cooling Times Between 800°C = 500°C

_ .
Predicted Log

. -
.' ey
bﬂ.‘:'.
LI -
. N
- -
—
¢
-t -
= P
.

Observed Log.

.,

Heat Input

Predicted™ -

Cooling Time
(sec.) :

. Observed
Cooling Time
(Sec l-) ° .

|

* {cooling rate)
°C/hr

{cooling rate)
°*c/hr-

0.6 2.4, 2.6 5.66 T s.ex
5.9 3.5 3.8 5.49 5.46 ¢
1.2 4.7 . 4.9 5.36 5.34
: e - | : )
H‘~<!C;r\
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- The step—by-step_prgceduxé'to be 9sed'foruthe implant testing
machine is given in Appeﬂdix IXI.

The specimens which do not fracture can be Sectioned (Figure 55)

for hardness measurements?énd microstructural features. Figure 56 shows

3

the txpical‘variaticn of hardness across the weld section. Maximm hard-
ness in the coarse grained regiocn of the HAZ (50 to 100 pym from the fusion

line} is taken as the characteristic HAZ hardness.

.

6.4 Preliminary Tests

?réliminary experiments. for evaluating the performance of the
machine were carried out on two steels under the same welding conditions.
The specimens were made to the specifiﬁations in Section 6.3.2. The
chemical composition of the steels is given in Table XIX. The specimens
Qere austenitised at B90°C for 1 hr and tempered at 400;C for 1 hr. The
implant testing was done according to the procedure given in the Appendix'
at the heat-input level of 0.6 kJ/mm with low hydrogen 7018 electrodes.
Figures 57 and 58 are the stress-fracture timé diagrams for the two steels.

Steel No. 1 was characterized by o of 471 N/mm?, and Steel No. 2 was

CR

characterized by o of 429 N/mmz.

CR
6.5 Discussion

It is seen from the Oop Values for the two steels that the implant
test developed by us is able” to distinguish the two steels under the same
wdlding condition.

Steel No. 2, because of its higher carbon and manganese content,

is indeed expected to have a lower Ucﬁ than for Steel No. 1. In principle,

-
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Figure 55

Section of Implant Specimen
the Location“of the Notch

Showing
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Chemical Compositions of the Steels

129

TABLE XIX

Used for Implant Testing

- St

Steel c Mn si p s
1 0.185 0.31 0.02 0.010 0.028
2 0.223 0.49 0.07 0.006 0.037

e
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-wé‘éhould be:able to predic£ the éiffereﬁcefih'dCR for the tw; steels én
the basis of prediction of HAZ % martensite and HAZ hardness. However,
we are not yet in a posxtlon to compare the observed UCR with that pre;-
‘dicted, since for the steels that we are using, for 2 heat input of 0.6 - -
- k3/mm, HAZ %Amartgnsite'is predicted to be less than 50%, which is our
present -prediction limii. Thg correlation formula also cannot be used
with the observed % martensite and hardness as inputs, since the tech-
nique of quantitative estimation of £he HA; 3 mgrtensite is yg#'to be
developed. Comparison betweeﬁ predicted and oﬁserved GCR can be made in

future by carrying out tests on higher carbon equivélent steels.

Another aspect to be noted for tests at 0.6 kJ /mm ;s that for
this heat—inpdt; the width of the weld bead approaches the diameter of
the‘ specimen. Under these circumstances, unless a very flat weld pene-
tration brofile can be obtained, all the circumference of the notch can-
not be situated in the high temperature HAZ.. Slight misalignmen£ of the
weld further aggravates this situation. In fact, at the side of the
specimen, the notch is more likely to be sxtuated in the lower tempera-
ture HAZ. Thus, it was seen in some cases that the fracture did not fol-
low the notch around the whole circumference but preferred to propagate

' -
through coarse grained HAZ and ignored the notch on the side of the speci-

men. This type of fracture was associated with increased times to fail-

ure.



CRAPTER. 7

CONCLUSIONS

On the basis of published implant test data; a correlation for-
mﬁla is developed to predict the influence oleAZ microstructure
and hydrogen level on lower critical implant fracture stress |
(GCR) with % martensite, HAZ hardness and hydrogen levels as
parameters. . 4/, |

Calculation of the stress intensity and hydrogen cpncentration
in the region of maximum triaxiality in front of the gotch on

-

the implant specimen at o shows that for a given microstruc-

CR’
ture, the hydrogen concentration attained in the critical region
decreases with increasing stress intensity, and vice versa. This
is opéosed to the thesis that a fixed concentration of hydrogen,
depending only on microstructure and not on stress level, has

to be attained before cracking can occur.

Aﬂalysis of heat transfer during wélding is used, together with

% martensi%éw:\compoSition - cooling rate relations and hardness-
composition - cooling rate relations to predict % martensite and
HAZ hardness for given plate thickness, heat input and preheat
level.

The predicted HAZ harxdness and % martensite are in good agree-
ment with observed hardness and % martensite for various weld-

ing conditions and plate compositions. Prediction of %t marten-

site and hardness in the HAZ is employed together with the

133 )
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- torrelation formula to-predict Ocg- It is shown -that the pre-" . k
dicted r effectively serves as a parameter for relating - [ T LT L.

observed weld cracking % for various low alloy steel compositioné.

With the‘criteribn that the reaction stress-devélopéé in the weld

‘should be less than UéRlunder the ‘same weldiﬁg_cgnditiqné}-to o

prevent cracking, an algorithm with hydrogen diffusion calcula;-
tiaks is developed to predict preheat iévels ne&éésary'to pre—
vent cracking for given plate composition, joint d;sién'énd:ref .
straint, heat input and initial hydrogen levél without preheaé:“'
Predicted preheats are compared with recommended fBritish Welding
Standards). preheats for fillet welds showing tﬁe conservative

nature of those standards. . :
An Implant Testing Machine with an automatic welding and loading
facility has been developed and the testing procedure is outlined.

Preliminary tests were made on two steels for the same welding

conditions to assess the performance of the machine.
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PENDIX- I
STRESS INDUCED DIFFUSION OF HYDROGEN
The@hydrogen concentration (H ) attdihed in the region of maxi~

Ioam - trlaxlallty 1n front of the notch on the 1mplant speczmen is gzven

by Uredhmcek(Bs) as follows.

H._  Va" &)

CR. _ H ! .
in (HR). =t [m [(k,m E 1_] + | (20).

I.»

To calcﬁ;ate‘(kTH) from Implant Test Lowar'Critical f:acturg streéSs (GCR)

- to. . ~

we have, again from Urednicek's analysis:

0‘.- S ) _ > A 1]2 - [
. (h&31 = 0.259 x (GN) x (wDI) “u.f. (67)

where DI is the didmeter. of the implant specimen, ¢ N -is. the 1mplant fran_

ture stress calculated for the net cross section given byr

DNet = Net Cross Sectl?n DIA = DN - 2 x RB . ) (58)

where DN is the implanélspecimen diameter at the noﬁch ilp secéioh, and
RB is the distance in front of the notch at which triaxiality is maximgm._
For the implant test; )
DN = 0.180“‘
DI = 0.220"

RB.= 1.52 x 1072" (after Urednicek)

Hence, D = 1.8 x 107! - Ax 1.52 x 1072
Net _ )
= 14.96 x 1072 - (69)
Also,
6. = o x < xDN2 x ———i——f
N CR q %D
Net _
135 )
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e ce s (6.180)2 .- .
. /\ CR (0.1-49}2 - .-
| - - 1.44 x O__ XSI | © o (70)

. . A T
. Substituting the results in Equation (67), we have:.

. "
(k?ﬂ) = 0.259 x (1.44 x GCR) x (v x 0.220)
. ( = 0.31 x GCR KSI . -
. ' ‘ = 0.31 x 0.14 () N/mm? i T {7
Also, )
e 3. ' -
p E 13.01 x 10% x 29 x 103 ' '
o 2 .
. v .
=0 07536 1 : {72)
: KSIVINCH
%3--—- 1.22 x 103 MPa and o” = 2.
a .
Hence, . /f
v u“ & . .
H _ 2 _ -3 2
= - T35 X108 - 1.§393 x 10 o (7:‘;)
T oo ‘Newtons i

¥

Substituting Equations (67) to (73) into Equation (20}, we have:

.

H

_CRy -3 ' [ -3 1
in (HI) 1.6393 x 107 3(0)y 02 [Z_Ln‘.ufs.23 x 10730 )y 2 + 1]+ 2}



Bexe, we: present the_flow c.hart for ‘our- programe to detemne

sa.fe weld:mg procedu:es on the ba.s::.s of heat :.nput, pla.t:e th.'x.ckness,
plate conposa.tzon, 3o:.nt design a.nd restra:.nt, and hyd:ogen 1eve1.
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10.

1l.

12.

13.

APPENDIX IIT -

* IMPLANT TESTING PROCEDURE <
Clean the'notch on the specimen and ensure that the'ﬁotch distance

is appropriate for the heat-input under test.
’

) Ciean the implant hole in the plate.

Place the Plate on the welding table such that- the implant hole
lies above the hole in the welding table platform.
Connect the ground cable to the rear right hand corner of the

plate.

'

Connect the negative voltmeter lead to the front left hand

4

corner of the plate. _ ]

Insert the specimen from below, into the plate and hold it in
position with the clamp. ‘Ensure that the specimen top is level
with the plate surface.

Clamp the plate to the welding table.

Take out the appropriate electrode from the holding oven.

Grind the electrode tip to a coné shape.

c1ip_in the electrode into the appropriate hole in the electrode
-holding block.

Using table and feed controls, position the electrode such that
it is just ahead of the specimen.

Adjust the electrode holder block to a position such that the
glectrode ﬁip is appr;ximately 1 mm left of the weld center line.

Position the welding table such that the electrode tip is 5 cm

139



© 14.

Yol

15.

le.

17.
18.
19.
20.
21.

22.

23.

24.

25.

'H,to 1.2 mm.

140

ahead of the specimen; N _ ,

Adjust the initial gap between the electrode tip and the plafte -

.y

- . -

' Place a copper spacing strip (0.6 mm thick) below the elecktrode

such that the electéode tip is just above the strip edge facing
the specimen.l ! '

Place the line switch to the table and feed cdntrols in "off"
position.

Set the table and feed controls to the levels appropriate to

the heat input under study.

. Place the table and feed control switches in "forward" position.

Ensure that the generator is set for dc reverse polarity and is
in appropriate amperage range, with the high frequency arc
starter in “start" position. .
Set the generator for the welding current level necessary for
the heat input under study.

Place the main power switch for the generator in "on" position.

Switch on the generator and wait for 5 minutes.

"S§it on the chair. Hold the welding shield in your left hand,

with your right hand on the line switch for the table and feed
controls. Place your right foot ligh;ly over the "on-off" foot
switch fqr the generator.

To start the arc, put the line switch for the tablp and feed con-
trols in the “on" position and simultaneously press the foot
switch.

. "

Watch the arc through the welding shield. If the arc does not



26.
27.
28.
29.
30.
31.
32.
33.

34.

35.

36.

37.

38.

S 7' SR T
T\
- get estahlzshed, return the’ llne switch for the-tahle and feed

controls to "off"™ position and release your foot from the foot

switch. )
When the arc becomes steady:.note the arc voltage a;d the weld-
ing current. ' - . . -
When the arc appxoaghes the plate edge, place the line switch
for the table-and feed controls in "off* position and release
your foot from the foot switch.

Switch off the generator and note the time.

Place the table control switch in "off" position and feed con-
trol switch in "reverse” position.

Return the line switch for the table and féed controls to the
“on" ﬁosition. when the electrode butt clears above the plate,
push the feed control switch to "off" position.

Remove the slag from the weld.

Remove the clamps holding tﬁe-specimen and the plate.

Disconnect the negative voltmeter lead wire from the plate.

L:ift up the éalate v:ith gloves on and place two rollers below the
plate. Disconnect the ground cable from the plate.

Engage the loading bar attachﬁent with the specimen.

Put the loading lever through the loading bar slot into the
hinge slot. .

Hold the iever in place by the holding pin.

Adjust the hydraulic jack arm'such“that is just touches the load-
ing lever. Make sure that the loading bar is co-linear with the

specimen.

-
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39.

\

ﬁ%p.

- 41.

- -

43.

-
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Place the micro switch in "on" position and ﬁhé 1ine §witch for
the 1oadxng system in “off" position. |

Adjust the gas pxessure to the required level-

Put on the dc voltage source and increase the voltage to approxX-—
imately 8.75 volts such that the digital voltmeter reads 14.00 mv.
Set the time on the digital clock to 12.00 position.

put the recorder pen in "on® mode with the chart speed set at

300 mm/min.

44. P When the time appropriate to the heat input undexr study has

45.
46.
47.
48.
49.

50.

51.

52.

elapsed since the stopping of the arc in gtep 28, put chart con-
trol "on". .

Switeh the line for the loading system to “on” position.

Note the steady voltage read on the digital voltmeter.

Allow the test to proceed. When the specimen fractures, the
micro switch will be pressed to "off" position, releasing the
pressure and stopping the digital clock.

Note the time of fracture. Switch the recorder pen and chart
contrxol "off".

If the specimen fractures before 2 min., calculate the time
e}apsed between the start of loading and fracture from the dis-
tance travelled by the chart.

If the specimen does.not fracture in 2 min., switch the recordex

pen and chart control "off" and allow the test to proceed.

“If the specimen does not fracture for 24 hours, release the load

by switching "off” the line for the loading system.

After the test is over {(i.e., after fracture Or 24 hours of load-
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ipg),.reﬁbve'thé loading lever and loading baé attachments and

release the residual pressure in the gas line.
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