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EXECUTIVE MARY

Scope

This program to investigate the validity of conventional carbon equivalent
formulae applicable to the weldability of nine low carbon micro-alloyed steels
for marine structures included in its scope the determination of CGHAZ
hardness as a function of cooling time from 800 to 500°C, measurement of
cooling times/cooling rate as a function of welding conditions, validation of
calculation methods, the categorization of HAZ microstructures and hydrogen
assisted cracking by three different methods namely; the Battelle Underbead
Cracking, UT-Modified Hydrogen Sensitivity and Implant Cracking tests. The
steels tested were: HSLA-80-1, HSLA-80-2, HSLA-80M, HSLA-100, HSLA-130, HY-
130, DQ-125, DQ-80, and AC-50. '

Six steels, HSLA-80-1, HSLA-80-2, HSLA-80M, HSLA-100, HSLA-130, and DQ-80,
contain copper (>1wt%) and were strengthened by the precipitation of
epsilon-copper. Modern thermomechanical controlled processing (TMCP) was
employed in the production of DQ-80, DQ-125 and AC-50, whereas the Navy
HSLA steels were of quenched and aged variety. The literature review
conducted at the inception of this program revealed the effects of TMCP and
cleanliness of the "new" steels in reducing the hardenability of steels by
providing more sites for ferrite nucleation. Therefore, the carbon equivalent
formulac applicable to the conventional steels generally over estimate the
hardenability of the TMCP steels.

Methods to Estimate Preheat Temperature

In order to estimate the preheat temperature for crack-free welding, two
approaches-Hardness Control and Hydrogen Control-are in common use. In
the Hardness Control approach, the hardenability of steels is represented by
CE(IIW) carbon equivalent, whereas in the Hydrogen Control approach Pg
defines the hardenability. Neither method appears to be applicable to the
steels in this program. The Hardness Control approach is based on the
assumption that if the CGHAZ hardness is kept below a certain critical
hardness, the risk of cracking is greatly reduced. Critical hardness is assumed
to be independent of carbon equivalent (CE). However, it has been shown that
critical hardness decreases with decreasing CE. Therefore, modemn steels with
low CE's may crack if the Hardness Control approach is used to estimate the
preheat temperature. The steels in this program, with the exception of AC-50,
lic outside the validity limits of P.p,, the composition characterizing
parameter in the Hydrogen Control approach. Moreover, in this study it was
found that P.,, is inadequate in representing the hardenability of the steels
. studied. Therefore, the Hydrogen Control approach may not be suitable for the
present set of steels. Another method which is receiving cosiderable attention
is the Critical Stress Control approach. In this method, a lower critical stress
(LCS) is determined experimentally as a function of preheat temperature and
hydrogen content. The risk of HAC is reduced if the LCS is greater than the
intensity of restraint in the welded joint. The applicability of this approach to
the steels of interest has been examined in detail in this report.

Characterization of the Heat Affected Zones
An extensive study was carried out to characterize the CGHAZ's as a function
of heat input. The CGHAZ microstructures corrclate well with the measured
hardness. An Atlas of Microstructures is appended to this document.



Several published maximum hardness formulae were used to calculate the
maximum HAZ hardness and compare these with the experimentally generated
data. A recently proposed formula by Yurioka allowed an accurate
determination of the maximum HAZ hardness in the steels studied. The CEj

formula was employed to define the hardenability in Yurioka's formula. A
comparison of the influence of various alloying elements on the overall CE
formulae; CEj and Pgp,, showed that the contribution of carbon and copper has
been greatly reduced in CEj as compared to that in P.p,, whereas the

weightage of the other alloying elements is increased. The effect of copper in
amounts greater than 0.50% does not appear to increase linearly with a
further increase in copper content. The above data analysis resulted in the
finding that the CEj carbon equivalent is most applicable to the class of steels

categorized in this investigation.

Hydrogen Assisted Cracking Studies

The evaluation of the susceptibility to hydrogen assisted cracking was
carried out by the Battelle Underbead Cracking test, UT-Modified Hydrogen
Sensitivity test and Implant Cracking test. The Battelle test was conducted
using E 8010 electrodes to provide a high diffusible hydrogen content. No true
CGHAZ hydrogen assisted cracking was observed in any of the steels. The
cracks in the Battelle test appeared to have initiated in the weld metal and then
propagated into the HAZ. In the UT-Modified HST test, cracking was confined
to the CGHAZ and no cracks were observed in the fused zone. The CGHAZ cracks
were intergranular in nature. The trend in the variation of critical preheat
temperature to avoid cracking with CE's in these two tests was approximately
the same, even though the location of cracking was different. It was found
that the lower strength level steels (80 ksi) behaved differently from the
higher strength level steels (100-130 ksi steels). The critical preheat
temperature varied markedly with CE for the lower strength level steels but a
relatively weak dependence of critical preheat temperature on CE was
observed for the higher strength level steels. This implies that even though
the carbon equivalent of higher strength steels is greater than the lower
strength steels, their susceptibility to HAC may be equal or even lower than
that of the lower strength steels. The CEj formula provided a better data fit

than Pep.

The Implant Cracking tests were conducted at 75 and 150°F preheat
temperatures and at two hydrogen levels. The diffusible hydrogen content
was 5 and 20 ml/100g for the lower strength steels and 5 and 10 ml/100g for
the higher strength steels. The AC-50 steel did not show any fracture in the
CGHAZ and rupture occurred in the soft zone. A similar behavior was observed
in DQ-80 when tested at a preheat temperature of 150°F. However, at 75°F
preheat temperature hydrogen assisted rupture occurred in the CGHAZ. An
appreciable drop in the LCS was observed in HSLA-80M and HSLA-100 when
tests were conducted at the 75°F preheat temperature and high hydrogen
level. This has been attributed to the presence of retained austenite or
austenite-martensite packets in the CGHAZ which act as trapping sites for
diffusible hydrogen and most likely assist in initiating cold cracking. The
presence of fully or partly dissolved copper precipitates is believed to aid in
the formation of austenite packets. This phenomenon becomes more
pronounced at high hydrogen levels. HSLA-130 becomes slightly more
susceptible to HAC than HY-130 at high hydrogen levels and at the 75°F
preheat temperature, otherwise HSLA-130 was found superior to HY-130. A
more detailed study is recommended to understand the influence of secondary
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phases in the copper containing steels on the diffusivity of hydrogen, which
may also lead to the optimization of mill heat treatment for HSLA steels.

In order to recommend a plan to establish weldability procedures for the
steels in this study, the experimental LCS data from the Implant tests were
compared with those calculated from six different formulae. These formulae
bad been developed using data from conventional steels, therefore, the
comparison also provided an insight into the possible differences between the
modern and the conventional steels when the resistance to hydrogen assisted
cracking is considered. None of the published formulae were able to predict
the LCS accurately. When the variation in the LCS was considered
independently at 75 and 150°F preheat temperatures, it was possible to
calculate the LCS with an acceptable degree of accuracy, Thus, a different
thermal factor must be developed for use over a range of preheat
temperatures.

Recommended Preheat Temperatures

An attempt was made to approximately estimate the critical preheat
temperatures to avoid cold cracking in the steels under investigation from the
data generated from the Implant Cracking and UT-Modified Hydrogen
Sensitivity tests. It was found that AC-50 and DQ-80 can be welded safely at
preheat temperatures below ambient and with high hydrogen electrodes.
Under highly restrained conditions, HSLA-80-1 may require a preheat
temperature of 150°F and the preheat temperature should be greater than
150°F for HSLA-80-2 and HSLA-80M. When the higher strength steels were
considered, HSLA-130 was found to be superior to HY-130. The critical preheat
temperature for HY-130 at the higher hydrogen content is reported to be
300°F. Therefore, the critical preheat temperature for HSLA-130 should be less
than 300°F. The high strength steels can be arranged in the following order
of increasing preheat temperature required to prevent cracking-

HSLA-100<HSLA-130<DQ-125<HY-130

The HY-130 and HSLA-80M were found to be the most susceptible to HAC
among the higher strength and lower strength steels respectively.  Further
study is required to precisely define the critical preheat temperatures in the
"new" steels.

Other Weldability Studies

Studies were carried out to characterize the occurrence of a HAZ soft zome.
The width of the HAZ soft zone increased linearly with an increase in cooling
time (tg/5) and the extent of HAZ hardness decrease (with respect to the base
metal level) as a function of cooling time was initially rapid and then tended to
saturate as the cooling time increased. PWHT was found 1o eliminate the soft
zone in the copper containing steels.

Optimum methods for calculating the tg;5 time as a function of welding
parameters for SMAW and SAW were investigated and the data developed show
that highly accurate calculation methods are available.

A probe study to determine the sensitivity of the Navy HSLA-80 steel to
recheat/PWHT cracking tendency and HAZ toughness response was conducted.
While not reported within the work scope of this program the results showed
that both the reheat/PWHT cracking tendency and HAZ toughness response
parallel that of the ASTM A 710 material previously tested[2].
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1. WORK SCOPE

1.1. INTRODUCTION

High strength low alloy (HSLA) steels, also referred to as micro-alloyed
steels, can be defined as steels possessing a yield strength of at least 43 ksi,
achieved by micro-alloying or special thermomechanical processing or a
combination of both. The more common of these steels are of the C-Mn type
with additions of Nb (Cb) and / or V to increase the strength through grain
refinement and precipitation hardening. The increase in strength is above
that developed due to solid solution strengthening alone. Some of the steels
that fall within the above strengthening mechanisms are ASTM A 572, A 808, A
633, A 588, A 131 and A 656. Several steels have been developed which use
additions of Ti and B together with conirolled rolling and controlled cooling
which results in extremely fine grain sizes thus achieving high strength with
low carbon content. Important to the processing of these steels is careful
control of the nitrogen content and the aluminum level. Many of the
developments originated with linepipe steels in the early 1970's. In addition to
the high yield strengths these steels have good toughness and retain
toughness in the HAZ during welding because of limited grain growth.

In general, HSLA steels are strengthened in four ways:

(a) As-rolled: Strengthening is achieved through the strain induced
precipitation of carbides and carbo-nitrides during rolling.

(b) Controlled Rolled: Rolling is usually performed below 1800°F. Strain
induced precipitation of carbo-nitrides prevent recrystallization of austenite.
Very fine ferrite and pearlite result from transformation of the fine elongated
austenite grains, The rolled product, however, can have extreme directional
propertics, and therefore low sulfur contents are advised.

(c) Normalizing: The presence of carbo-nitrides inhibits austenite grain
growth, thus contributing to finer ferrite in the normalized microstructure,
There is no contribution of precipitation hardening in the normalized
condition.

(d) Quenching and Tempering: Quenching from austenite results in ferrite,
bainite and martensite. Subsequent tempering gives a good combination of
strength and toughness.

In practice, HSLA steels are rarely quenched and tempered. Since the
strengthening mechanisms utilized in three of the four mechanisms described
above do not utilize a low temperature phase transformation (austenite to
martensite), the carbon content can be reduced significantly which implies a
dramatic improvement in the weldability (i.e. cold cracking). Thus, the
inherent utility of HSLA steels in marine environments stems from the
excellent combination of strength and weldability that can be achieved by
" special metallurgical and mechanical processing and the concomitant
reduction of the carbon content,

In addition to the class of HSLA stecls described above, interest has recently
been regenerated in a copper precipitation strengthened steel which is
covered by ASTM specification A 710/A 786. These steels have a carbon
content less than 0.10 % and achieve strength by copper precipitation and
therefore obtain a good combination of strength and weldability. The U.S.
Navy is currently using HSLA-80 for structural applications under its own
designation MIL-S-24645 which applies to the steel similar to ASTM A 710.
HSLA-100 was recently developed by the Navy and is soon to be added to this
specification.



The weldability of HSLA steels has been widely investigated during the past
fifieen years and salient features of the results of these investigations are
presented below.

1.2, WELDABILITY OF NAVY HSLA STEELS

In considering the weldability of any steel, two important aspects need to be
addressed; weldability for fabrication and weldability for service. The former
relates primarily to cracking problems that may arise during welding and
postweld heat treatment (PWHT) and the latter is concerned with potential
problems after the weldment is placed in service and principally includes
toughness of the weld HAZ and the corrosion behavior of the weldment. These
two aspects are separately addressed briefly in the review presented below.

1.2.1. Weldability for Fabrication

Weldability aspects are concerned with cracking problems that might
occur in a weldment, especially in the grain coarsened HAZ. The two most
significant cracking problems are hydrogen assisted cracking (HAC) and
postweld heat treatment (PWHT) cracking. Both occur in the grain coarsened
region of the weld HAZ. In general, the prior treatment of the plate is not
significant as far as the properties of the coarse grained HAZ are concerned
whereas the properties of the grain refined HAZ can be affected by parent
metal structure. The factors that govern the susceptibility of a steel to HAC can
be broadly classified as:
(a) the composition of the steel and hence its hardenability,
(b) the presence of hydrogen during welding, dictated by the welding process,
moisture in the electrode coating and environment, and
(c) the presence of stresses, residual or applied.

The carbon equivalent (CE) concept has evolved as a simple and convenient
method to normalize the chemical composition to a single number to represent
the hardenability of steels. Over the years many CE formulaec have been
developed to correlate the results of cracking tests or to relate the maximum
HAZ hardness with composition. The CE formulae proposed by various
rescarchers differ essentially in the weightage given to each of the elements
present in the steel to represent its influence on hardenability and hence
susceptibility to cracking. It is clear that in selecting a CE for a particular
steel, one has to be extremely careful. For steels with a relatively high C
and/or alloy content, the formulac based on maximum hardness are adequate.
However, for steels where the strengths are not achieved through solid
solution hardening or hardening through phase transformations, the
applicability of CE formulae can lead to serious difficulties. This problem is
exemplified in the case of an HSLA steel like ASTM A 710, which is
strengthened by precipitation hardening. Earlier work at The University of
Tennessee [1] has indicated a susceptibility of this material to cracking, in an
augmented strain hydrogen cracking test, as compared to higher carbon
steels.

PWHT cracking may be encountered when the weldment is postweld heat
treated and is related to the precipitation processes that occur in the grain
coarsened HAZ as well as the presence of certain tramp elements in the steel.
The susceptibility to PWHT cracking has been never related 1o a CE type of
formula although various parameters and indexes have been generated to
relate the susceptibility to the extent of alloying and tramp elements present
in the steel. Among the HSLA steels described earlier, A 710 appears to be
highly susceptible to this type of cracking according to a recent work
conducted at The University of Tennessee [2]. The conventional HSLA steels
which are strengthened through the addition of Nb and/or V have been found
to have little susceptibility to this type of cracking.
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It should be noted that intergragular cracking in the HAZ can occur due to
succeeding weld thermal cycle exposures in multipass welds by a mechanism
identical to that of the PWHT cracking phenomenon.

The weldability of Navy HSLA steels with respect to hydrogen assisted
cracking has been addressed in Section 4.

1.2,2, Weldability for Service

Carbon equivalent formula can be employed to assess the weldability of the
HSLA steels, however, the toughness of the HAZ is very difficult to predict
from a CE since the toughness can be affected by relatively minor
compositional factors which are not included in the CE. This is especially true
in the case of HSLA steels where small additions of Nb, V, Ti, B, N etc. are made
to develop strength and toughness in the parent metal as well as in the HAZ,
Consequently, the vast majority of work that has been conducted on HSLA
steels has looked into the toughness of the HAZ especially the grain coarsened
HAZ, Welding Research Council Bulietins 203 and 213 [3-5] provide good
starting points for the evaluation of the influence of alloying c¢lements on HAZ
toughness. Cordea [3] determined that the toughness of the HAZ in micro-
alloyed Nb containing steels was primarily governed by the heat input, higher
heat inputs lowering the toughness. An embrittled zone developed in very
high heat input welds. The embrittlement was related to the precipitation of
NbC on the grain boundaries in the HAZ regions exposured above 2370°F.
Similar results have been reported by Lundin and Eftekar [6] in Gleeble
simulation tests conducted upon cooling from 2400°F. Dolby (7] also reports the
embrittlement of HAZ's in Nb containing HSLA steels with increasing heat
input. This was attributed to Nb inhibiting the nucleation and growth of
proeutectoid ferrite and aiding the formation of upper bainitic structures in
the HAZ as opposed to the formation of acicular ferrite. Acicular ferrite is
reported to impart high toughness to the HAZ. Sawhill [8] on the other hand,
reports a small improvement in the HAZ toughness with the addition of Nb. As
Levine and Hill [5] report, specific compositions alone do not govern the HAZ
toughness. The synergistic influence of composition and microstructure has
to be taken into account. They siate, contrary to Dolby's contention that an
increase in proeutectoid ferrite does not necessarily mean improved
toughness, The grain size of the grain coarsened HAZ, the microstructure and
the composition all have contributions in determining the toughness of the
HAZ., HSLA steels appear to have an advantage from the fact that the presence
of carbonitrides restricts grain growth of austenite during high temperature
exposure such as welding. However, V and Nb carbo-nitrides can only restrict
grain growth up to temperatures of 2000°F, which is considerably lower than
what is experienced in the region immediately adjacent to the fusion
boundary. A significant effort in the Japanese development of HSLA [9-11)
steels has been in the ways and means, primarily through compositional
control, to improve the toughness of the grain coarsened HAZ. The addition of
critical amounts of Ti, Al, B and N have resulted in the development of steels
that possess excellent notch toughnesses in the HAZ when welded with heat
inputs as high as 250 kJ/in. A cautionary note here is that free N will
deteriorate the HAZ toughness.

In summary, it can be said that the prediction of HAZ toughness from gross
microstructure and CE is difficult. Restrictions of grain growth and the
presence of larger fractions of acicular ferrite as opposed to lower
temperature transformation products are desirable. However, the
compositional factors, have to be taken into account to adequately assess
toughness.



1.2.3. Weldability of A710 Type Precipitation Strengthened Steel

The weldability of the A 710 type steels has to be considered in a different
vein than for the other HSLA steels discussed herein, primarily because the
composition and heat treatment used to develop strength in these steels are
quite different from that for the other HSLA steels. A 710 steel is usually
extremely low in carbon content (< 0.10%) but contains up to 1.25 % Cu as a
precipitation hardening element. The steel is either rolled, normalized or
quenched prior to aging. The steel possesses excellent notch toughness at low
temperatures and due to its low carbon content is regarded to have minimal
problems as far as HAC is concemed. Although relatively few problems have
been reported to date as far as welding the A 710 type steels is concerned,
recent work at The University of Tennessee [2] portends a potential problem
with regard to PWHT cracking. Another, aspect of the weldability of this steel
is the loss in HAZ toughness in the intercritically heated HAZ as well as the loss
of toughness upon PWHT.

In order to evaluate the validity of the CE approach to the weldability of
Navy HSLA steels a work plan consisting of (a) Characterization of CGHAZ's and
(b) Cold cracking tests (the Battelle Underbead Cracking, UT-Modified
Hydrogen Sensitivity, and Implant Cracking tests), was proposed. A total of
nine different steels were selected for evaluation. The program tasks to
achieve the above objectives are outlined as follows.

1.3. PROGRAM TASKS

1.3.1. Task 1 - Literature Review

Published information about the weldability of low carbon microalloyed
steels was reviewed with particular emphasis on the validity of conventional
carbon equivalents used to define hardenability of steels, applicability of
various approaches practiced, such as Hardness Control and Hydrogen Control,
to predict safe welding conditions, and suitability of using different formulae
to calculate the maximum heat-affected zone hardness. Actual data, where
available, have been analyzed to ascertain if it is applicable to the class of
micro-alloyed steels being considered for marine applications. The survey has
been carried out by both computer and hand search of the international and
U.S. literature.

The published data has been critically evaluated and state-of-the-art
reviews of the information included in this report in the appropriate sections.

1.3.2. Task 2 - Microstructural Studies

Detailed microstructural analysis of the HAZ's of bead-on-plate welds in the
steels in this program has been carricd out as a function of cooling time
between 800 and 500°C (tg/5). The tg;5 was varied either by changing the heat
input or by employing different plate thicknesses. This analysis aided in
understanding the hardenability behavior of these steels, and provided useful
information for interpreting the effect of microstructure on HAC. Moreover, a
knowledge of the microconstituents also aided in rationalizing the maximum
HAZ hardness data obtained to assess the applicability of the formulae selected
to calculate the maximum HAZ hardness as a function of tgs5 and carbon
equivalent (see Task 3A for details). Additionally, extensive metallographic
and fractographic examination of the samples tested for susceptibility to the
hydrogen assisted cracking constituted an important part of this task (see Task
3B for details).

An atlas of microstructures was prepared and correlated with the type of
steel and the cooling time. The hardness of the various microstructures



accompany the description of the microstructures and is used to further
describe the characteristics of the HAZ,

1.3.3. Task 3 - Testing of Candidate Materials
The testing of materials for verification of the CE with maximum HAZ

hardness and hydrogen assisted cracking susceptibility was accomplished on
seven steels selected in consultations with the Project Technical Committee. In
addition to the initial seven steels, two steels were added to the program
because additional funding was made available by the Department of the Navy
and Lukens Steel Co. The addition of these steels permitted the range of
strength levels to be increased to 130 ksi. Thus the present program consisted
of the following nine steels for weldability evaluations:

(1) HSLA-80 (C-0.044%)

(2) HSLA-80 (C-0.062%)

(3) HSLA-80 Modified (C-0.057%)

(4) DQ-80 (C-0.032%)

(5) HSLA-100 (C-0.072%)

(6) DQ-125 (C-0.11%)

(7) AC-50 (C-0.079%)

(8) HY-130 (C-0.12%)

(9) HSLA-130 (C-0.070%)
(A) Testing for Validity of CE for Determining Maximum HAZ Hardness

Determination of maximum HAZ hardness (Hp, ax) provides information on

the susceptibility of the HAZ microstructure to HAC. The presence of various
microconstituents in the HAZ depends on the hardenability of a steel, which in
turn is defined by a composition characterizing parameter (CE-carbon
equivalent). There are various CE's suggested in the published literature
which are applicable to different classes of steels. There is no universal CE
formula which can define the hardenability of all the steels. However, there
have been continuous efforts to evolve more accurate CE's applicable to a
wider range of steels. The conventional CE's are not valid for describing the
hardenability of thermo-mechanically control processed low carbon micro-
alloyed steels because in such steels it appears the hardenability is not a
simple function of the chemistry alone but metallurgical factors like austenite
grain size, and amount and distribution of non-metallic inclusions play an
important role. The effect of these factors on the hardenability of steels has
been of less importance in the past as hardenability of conventional stecls was
fully described by their chemistries and any effect of the metallurgical factors
was not discernible. However, thus far, no detailed study has been carried out
to completely quantify the effects of metallurgical factors and therefore,
incorporation of these effects in the approaches to predict safe welding
conditions has to await results of detailed investigations. While the influence
of metallurgical factors on the hardenability may be of importance, a
dominant role is played by the chemistry of steel. In the present investigation
where the "new steels” are of the low carbon variety (C<0.12%), a suitable CE
from literature has been chosen to fully describe hardenability. In the event
a suitable CE was not available, an attempt was to be made to modify the
existing CE's to fit the data generated in the present study.

There are a number of formulaec available to calculate the maximum HAZ
hardness and a literature review was carried out to provide the most suitable
formula to calculate Hy,x. (The formulae for calculating Hy,,x derive from a

relationship between the CE and tgys). To verify different formulae the

hardness response of all steels was determined from bead-on-plate welds. The
heat input was selected as to give tg;5 values between 2 and 100 sec. The
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cooling time, tgs5, was measured during the actual welding operation. The data
thus generated was used to analyze the suitability of the formulae extracted
from the literature. This exercise not only validated the CE's but also provided
the possibility of predicting Hp,ax from a knowledge of welding parameters
and chemistry. The basis of determining safe welding condition in the
hardness control approach is to define a critical HAZ hardness below which no
cracking takes place and once the HAZ hardness can be calculated with a
significant degree of confidence, it should be possible to validate this

approach for materials of interest.

(B) Testing for Susceptibility to Hydrogen Assisted Cracking

Susceptibility of the candidate materials 10 hydrogen assisted cracking was
studied utilizing three different tests; The first test is the Battelle Underbead
Cracking test in which crack/no-crack behavior of the steels was cvaluated as
a function of preheat temperature. The electrodes was chosen to match the
strength levels of different steels to be characterized. Normally high
hydrogen electrodes are employed to deposit bead-on-plate welds, however,
since for the high strength steels employed in this study high hydrogen
consumables are not available commercially, the diffusible hydrogen content
of the deposits was increased by exposing the electrodes to a controlled
humidity level. The Battelle test usually provides a reasonable determination
of preheat temperatures which are normally conservative in actual
fabrication practices. Results from this test can be used to rank various steels
as to their susceptibility to HAC.

The second test to asses the HAC of the steels was the UT-Modified Hydrogen
Sensitivity test. This test was conducted as a function of preheat temperature
and augmented strain. Three strain levels namely, 1, 2, and 4% were employed.
This test enabled various steels to be ranked in accord with the carbon
equivalency criteria. A major advantage in conducting this test is that
diffusible hydrogen content is kept constant at the saturation level, unlike in
other HAC tests where hydrogen content depends on the type of electrode used,
baking conditions, welding conditions, and atmospheric relative humidity,

Thirdly, the cracking tendency of the steels was also evaluated by the
Implant Cracking test. The test evaluates the effect of preheat temperature
and hydrogen content. In the present program, the lower critical stress (LCS),
below which no cracking takes place during the interval of the test has been
determined at two preheat temperatures and at each preheat temperature,
samples with two different hydrogen levels were tested. To obtain a
consistently uniform level of diffusible hydrogen in the HAZ's of the implant
samples, the welding parameters and storage conditions of the consumables
were fully standardized. Additionally, the maximum HAZ hardness of the
implant samples was also determined to analyze the applicability of recently
proposed equations for calculating LCS from a knowledge of HAZ hardness, and
hydrogen content. Finally, the data from implant cracking tests were used to
check the suitability of predictive equations for calculating preheat
temperature for safe welding conditions.

1.3.3. Task 4 - Validation of Carbon Equivalent Formulae

Based upon the literature review, the test resulis obtained from this
program, and the information gathered from a survey of the fabricators and
producers of the low carbon micro-alloyed steels under consideration, the
different approaches used to predict safe welding conditions were assessed and
a CE formula is recommended to characterize the hardenability. An attempt
was also to be made to analyze the use of conventional approaches by



incorporating the "new" carbon equivalent. The above evaluation formed the
basis for complete analysis.

This final report outlines the direction for future work to determine
specific weldability correlations and the potential for fabrication related and
serviceability related problems with low carbon micro-alloyed steels.

The work scope of this program can be summarized as below:

Fabrication procedures and commonly accepted criteria relating to preheats,
heat-affected zone (HAZ) hardness and hydrogen assisted cracking should be
investigated and validated for these new classes of steels, and their companion
consumables by doing the following:

(1). Review existing micro-alloy steels and fabrication practices,
procedurcs and testing. Include published literature in the United States and
overseas.

(2). Identify the microstructures and other properties that are detrimental
to good quality welds.

(3). Identify types of microstructures or other weld/HAZ properties that are
desirable for a good weld.

(4). Investigate the validity and conceptual basis of the carbon - equivalent
approach and the methods of correlating alloy composition and microstructure
to weld cracking for the new steels.

(5). Identify one or more approaches for characterizing weldability in
these steels and recommend a plan for establishing proper procedure or
analytical techniques to support these new classes. of steels.

(6). Extend and enhance testing for hydrogen assisted cracking using the
Implant test.

All the above aspects have been described in detail in the subsequent
Sections of this report. In addition preliminary investigations were also
carried out to study the occurrence of "soft" zones in the HAZ and their
behavior as a result of postweld heat treatment.






2. MATERJALS

2.1. INTRODUCTION

Some steels in this program are modem low carbon micro-alloyed steels and
incorporate the advantages brought about by the application of
thermomechanical controlled processing (TMCP) in production of these "new"
steels. TMCP is a generic name and represents a number of steel making routes.
The main advantage derived from using TMCP is in terms of improving the
strength and toughness by grain size and microstructural control. The
enhancement in these properties is achieved either at the same carbon content
or at reduced carbon level. The decrease in the carbon content increases the
resistance to HAC by decreasing the carbon equivalent. The Navy HSLA steels
(HSLA-80 to -130) achieve their properties by quenching and aging to develop
a copper containing precipitate. HY-130 steel is a conventional low carbon
alloy steel and derives its strength from a tempered martensite structure.

The set of low carbon steels include five Navy HSLA steels namely, HSLA-80
(C-0.044%), HSLA-80 (C-0.062%), HSLA-80 Modified (C-0.057%), HSLA-100 (C-
0.072%), and HSLA-130 (C-0.070%). In order to identify HSLA steels of 80 ksi
category, the steels containing C-0.044% and C-0.062% are referred to as HSLA-
80-1 and HSLA-80-2 respectively and the modified version of HSLA-80 is
referred as HSLA-80M.

The chemical composition of the steels investigated is provided in Table 2.1.
The chemical composition range for the steels under study varies as follows.

C -0.032 10 0.12% Nb-<0.001 to 0.034%
Mn-0.48 to 1.37% Al-0.015 to 0.054%
Si-0.10 to 0.37% Ti-0.001 to 0.009%
Ni-0.02 10 4.68% S -0.001 to 0.004
Cr-0.02 to 0.74% P -0.003 1o 0.008%
Mo-<0.01 to 0.58% B -<0.001 to0 0.002%
Cu-0.01 to 1.72% N -0.002 to 0.014%
V -0.002 to 0.089% 0 -0.002 to 0.006%

The chemical composition of these steels was analyzed by a second
laboratory as given in Table 2.2. There was little difference between the
analyses except that the boron content was consistently lower in the analysis
from the second laboratory. In this study all data analysis has been carried out
using chemical compositions reported in Table 2.1

The values of carbon equivalents (Poyy, CE(IIW), CEN, and CEjp)are given in
Table 2.3 and the tensile properties (UTS, YS, % elongation, and %reduction in
area), and hardness for all nine steels are given in Table 2.4. The yield
strength varies from 64 for AC-50 to 135.9 ksi for HY-130. The mechanical
properties show a well-known linear relationship with the base metal hardness
as indicated for UTS and YS in Figs 2.1 and 2.2 respectively. The chemistry of
HSLA-100 and HSLA-130 is essentially identical because they were derived from
the same heat. However, the difference in UTS and YS is appreciable. This is
primarily due to the use of different aging treatments.

The values of only four carbon equivalents are provided in Table 2.3. The
CE's Pcy and CE(IIW) were chosen because of their world-wide recognition, and
not necessarily for their applicability to the class of steels under investigation.
CE(IIW) is widely used in Europe and characterizes the hardenability of steels
in British Standard BS-5135 {12]. The composition characterizing parameter,
Pcm, was first proposed by Ito and Bessyo [13] and is used in the hydrogen
control approach to estimate the prcheat temperaiure for safe welding. Both
formulae are also recommended in the AWS structural welding code D1.1-86 in



Table2. 1. Chemical Composition of Steels

Composites g

C Mn P S Si Ni Cr Mo Vv Cb | Ti | ColCul Al B W
Materials '

HSLA-80-1 o
HSLA-80-2 0.062 ] 050 [ 0008 Joooz | 026 { 0o8a | 074 | 020 | 0.005 | 0.034 | 0.002 | 0.015 | 1.28 | 0.031 | 0.001 5
HSLA-80M 0057 | 0.96 | 0.006 | 0.001 | 032 | 1.76 | 060 | 049 | 0.003 | 0.029 | 0.002 | 0.0t0 | t.29 | 0.018 | 0.001 | < n?
HSLA-100 0072 ] 0.75 | 0.005 ] 0001 | 033 | 3.30 | 056 054 | 0.004 | 0.018 | 0.002 § 0.01% | 1.70 | 0.022 | 0.001 <—.E:
HSLA-130 0.070 | 0.79 { 0.007 | 0.001 | 037 | 333 { 057 | o058 | 0.005 | 0.023 | 0.003 | 0.001 | +.72 | 0.023 | 0.002 ] < l;
DQ-80 0032 1 093 | 0007 {0001 0.26 | 047 | 005 | <001] 0.002] 0.038 | 0.009] 0.005 ] 1.74 ] 0.030 | 0.001 3
DQ-125 0.11 | 0.79 | 0003 | 0001 | 010 | 146 | 052 | o052 | 0066 | 0.001] 0.001] 0.008 § 0.03 | 0.049 | 0.001 | <.0¢
HY-130 012 | 074 | 0.004 J 0004 | 023 | 468 ]| 059 | 038 | 009 | 0.002 | 0.002 | 0.0a5 | 0.17 ] 0021 | <001} < .ml
AC-50 0.079 ] 1.37 | 0008 | 0,002 | 0.27 § 002 | 002 | <01 [ 0.003 | <.001] 0.007 | 0.006 § 0.01 | 0.054 | 0.001 | < .o;

o1



I1

Table 2.2.Chemical Composition of Steels

Composites

Materials

Ni

Cr

Mo

Cb

Ti

Co

Al

HSLA-80-1

HSLA-80-2 0.060 § 053 | 0.007 | 0.002 | 0.29 | 088 0.74 0.21 0.004 ] 0.041 | 0.003 | 0.016 | 1.15 | 0.033 0.000;

HSLA-80M 0.053 | 1.02 | 0.009 ] 0.002 | 0.35 1.70 0.61 0.50 | 0.003 | 0.037 | 0.003 ] 0.011 | 1.24 | 0.022 0.000:

HSLA-100 0.066 | 0.63 | 0.010 | 0.002 | 0.38 a2 0.58 0.58 | 0.005 | 0.020 | 0.004 | 0.013 | 1.57 | 0.025 0.000;

HSLA-130 0.067 { 0.85 | 0.011 | 00021 0.39 ] 348 | 058 0.58 | 0.005 | 0029 | 0.004 | 0.093 | t.59 § 0.026 | 0.0005
DQ-80 0031 ] 0950009 ] 0001 ] 026 | 0.48 0.05 0.01 0.002 | 0.038 | 0.009 | 0.005 § 1.03 | 0.029 | 0.0001 |
DQ-125 0.092 } 0.05 | 0.005 | 0.001 | 0.11 140 | 053 0.55 0.069 | 0.001 | 0.002 | 0.008 | 0.02 | 0.051 O.GDNI
HY-130 0107 | 0.78 § 0.008 | 0.004 | 025 | 484 0.60 039 ] 0.101 | 0.003 | 0.003 | 0.048 | 0.19 | 0.023 G.OOIMI
AC-50 0.077 ] 1.42 | 0.009 | 0.003 | 0.26 0.02 0.02 0.0t 0.002 | 0.001 | 0.007 | 0.006 } 0.0¢ | 0.052 0.000;




Table 2.3- Carbon Equivalents of the Steels

Steel Po,t  CE(IIN)?2 CEN> CE;*
HSLA-80-1 0.22 0.46 0.35 0.49
HSLA-80-2 0.23 0.48 0.37 0.49
HSLA-80-M 0.28 0.64 0.47 0.69
HSLA-100 0.33 0.75 0.57 0.85
HSLA-130 0.34 0.77 0.59 0.86
HY-130 0.32 0.78 0.61 0.87
DQ-125 0.25 0.56 0.41 0.65
DQ;SO 0.16 0.31 0.23 0.40
AC-50 0.16 0.32 0.23 0.41
1.1‘*‘cm = C +_8i + Mp+Cu+Cr + N1 + Mo + ¥ + 5B
30 20 60 15 10
2. CE(IIW) = C + Si + Mp + CusNi + Cr+Mo + ¥
6 6 15 5 5
3. CEN - C+ A(CY2Si_ + Mpn + Cu + Ni + Cr+Mot+Nb+V + SB
24 6 15 20 3
Where A(C) = 0.75 + 0.25tanh [20(C-0.12)]
4. CEg - C+ Si+Ma+Cu+NL+Cr+ Mo+ ¥V + 10B

24

6

15

40

12

6

4

5

)



Table 2.4 Transverse tensile properties and hardness of -steel plates

Material UTS YS IElongation RA(X) Hardness ' Plate
(ksi) (ksi) (DPH) Thickness
(inch)
HSLA-80-1 92.0 83.0 36.0 67.8 220 3/4
HSLA-80-2 100.5 91.7 53;0 61.5 244 1
HSLA-80-M 104.0° 95.0 26.0 77.6 242 1 1/4
HSLA-100  123.2  118.3 21.0 71.1 272 2 1/4
HSLA-130 131.0 130.0 21.5 71.1 303 11/4
HY-130 141.8 135.9 19.0 67.0 326 1
DQ-80 93.0 83.0 - 26.5 79.4 221 11/2
DQ-125 138.0 131.0 éo.6 * 321 2

AC-50 76.8 64.0 36.0 * 172 1l 1l/4

* not reported

+ measured on Rc Scale but converted to DPH
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the Guidelines on Altemnative Methods for Delermining Preheat [14]. The
formula CEN was proposed by Yurioka [15] and combines both P, and CE(IIW)
into one CE formula. CEN approaches CE(IIW) at higher carbon contents and
Pcm at lower carbon contents. The carbon equivalent formula, CEj, was also

proposed by Yurioka [16]. He used CEj along with two other carbon equivalents

for the calculation of maximum CGHAZ hardness in sieels of chemical
composition varying over a wide range. Yurioka's formula for estimating
maximum CGHAZ hardness was found to allow accurate prediction of maximum
HAZ hardness for the steels investigated herein (Section 3).

The location of all nine steels in the Graville diagram [17] is shown in Fig.2.3.
All steels (because of low carbon content) except HY-130 lie in Zone I of the
diagram thus indicating a high resistance to hydrogen assisted cracking. HY-
130 lies in Zone III and, according to Graville, is prone to HAC. Therefore, for
all nine steels, the hydrogen approach for estimating the preheat temperature
for safe welding should be applicable.

2.2. NAVY HSLA STEELS

All five Navy HSLA steels in this study contain copper in amounts greater
than 1wt%. These steels are first austenitized, rolled, quenched and then aged
to obtain optimum strengthening from epsilon-copper precipitation. The
above mill treatment parameters may vary slightly from steel to steel
depending on the properties desired and the final plate thickness.

Steels HSLA-80-1 and HSLA-80-2 are almost similar in composition except
carbon content in the former is 0.044% and in the latter it is 0.062%. The HSLA-
80-1 and HSLA-80-2 were soaked at 1660°F for 108 and 60 min. respectively and
subsequently aged for 60 min. at 1160 and 1100°F. Base metal microstructures
in the as-polished and etched conditions for HSLA-80-1 and HSLA-80-2 are
shown in Figs A-1 and A-5 respectively (the micrographs with prefix A are
given in Appendix A). The base platc microstructure in these steels consists of
a mixture of polygonal and acicular ferrite. Some dark etching regions are also
shown in the micrographs. These regions have been shown to be areas where
granular bainite is present [18]. Granular bainite consists of packets of ferrite
laths with non-cementite, interlath, second phase particles [19]. The particles
have been identified as retained austenite or retained austenite-martensite.
The copper precipitates in these steels are too fine to be resolvable with the
optical microscope. However, using electron microscopy it is possible to
identify these particles. It has been reported [20] that epsilon-copper
preferentially nucleates at dislocations, grain boundaries, and sub-grain
boundaries. The coherency of copper precipitates with the surrounding matrix
depends on aging temperature and time.

HSLA-80M steel contains higher amounts of Mn and Ni than HSLA-80-1 and
HSLA-80-2 and thus possesses higher hardenability. It is of an intermediate
composition between the HSLA-80 and HSLA-100 steels and is being considered
for Navy applications. Wilson et al [18] in their review of copper-added steels
have shown that in the CCT diagram for modified versions of A 710 steels, the
granular bainitic region is enlarged when compared to HSLA-80-1 or HSLA-80-
2. Therefore, the microstructure of the base plate is predominantly granular
bainite. However, martensite may also be present, particularly in thin plates.
The micrographs of the as-polished and etched samples from HSLA-80M are
shown in Fig. A-9,

Figs. A-13 and A-17 show the base plate microstructures of HSLA-100 and
HSLA-130 respectively. These steels contain about 3.3% Ni and 1.7% Cu.
Therefore, the hardenability of these steels is much higher than most of the
HSLA-80 steels. The dominant phase in these stecels is mariensite, as granular
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bainite is formed upon much slower cooling. In lower carbon versions of these
stecls, however, granular bainite may form depending on the cooling rate. The
aging treatment in HSLA-130 is carried out at 1150°F as contrasted to 1200°F in
HSLA-100 to obtain higher strength levels while maintaining the chemistry
nearly identical.

2.3. DQ STEELS

The Direct Quench (DQ) process recently has been developed in Japan to
produce low carbon micro-alloyed steels. Little is known of the actual TMCP
parameters employed to produce the DQ-80 and DQ-125 investigated herein.
However, a direct quench process, in principle, consists of rapid quenching of
steel to a temperature below the martensite transformation temperature after
controlled rolling. DQ-80 has the lowest carbon content (0.032%) and carbon
equivalent among all steels. It contains 1.14% copper, thus indicating that
after controlled rolling and quenching, this steel has undergone aging for the
precipitation of epsilon-copper. On the other hand DQ-125 does not contain
copper but the carbon content in this steels is higher (0.11%) than in DQ-80.
The strength of DQ-125 is mainly achieved by carbon content and
microstructure. The base plate microstructure of DQ-125 is shown in Fig. A-25.
It is difficult to identify finer microstructural features from the optical
micrographs, however, the base plate microstructure consists mainly of
martensite and bainite. On the other hand the DQ-80 microstructure (Fig. A-29).
consists of ferrite and bainite.

2.4, HY-130

HY-130 is a conventional quenched and tempered steel and like HSLA-100
and HSLA-130 contains higher amounts of Ni (4.68%) to improve low
temperature toughness. It may be pointed out that in HSLA steels nickel plays a
dual role; it not only improves low temperature toughness properties but is also
beneficial in avoiding hot shoriness in copper containing steels. The mill
treatment of HY-130 consisted of soaking at 1660°F for 60 min. and water
quenching followed by a second heat trcatment at 1550°F for 60 min. and water
quenching.  Subsequent to the solutionizing treatment the steel was tempered
at 1180°F for 62 min. and water quenched. The base plate microstructure of the
as-received plate is shown in Fig. A-21. The microstructure consists of
tempered martensite. This steel shows the highest hardness (326 HV) among all
steels in this program. This is achieved not only from carbon content (0.12%)
but also from other alloying elements in addition to hardening due to the
presence of martensite constituent.

2.5. AC-50

AC-50 steel is a low-carbon, manganese steel that has been control rolled and
control cooled to produce a fine grain size and higher toughness than for a
control rolled only process. Fig. A-33 shows the base metal microstructure of
AC-50. It is characterized by the presence of banded structure of ferrite and
fine pearlite.

The present set of steels also differs in the amount and type of micro-
alloying elements added to control the grain size. The HSLA steecls and DQ-80 are
micro-alloyed mainly with Nb and Al, whereas DQ-125 and HY-130 contain V
and Al. AC-50 contains Al as the major micro-alloying element. The amount of
Nb has steadily decreased in micro-alloyed steels from about 0.06% in 1970's to
about 0.03% in 1980's [21]. This has resulted from the observations about the
detrimental effect Nb exerts on the CHGAZ toughness especially after stress
relief treatment. It has been shown that similar to TiN, Nb(CN) has the
maximum beneficial effect in controlling grain size [22]. The efficiency of
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grain pinning by AIN also comes close to that of Nb(CN) and that is why in the
modern steels Nb is partly replaced by Al. But the pinning efficiency of VC and
VN is least among all the micro-alloy carbides and nitrides. It appears that in
DQ-125 (V-0.066%; Al-0.049%) the AIN is the main precipitate controlling the
grain growth particularly in high heat input welding as the VC or VN
dissolution with increasing heat input is much greater than for AIN.
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3. CHARACTERIZATION OF THE HEAT AFFECTED ZONE

3.1. INTRODUCTION

Welding of a material affects the microstructure of the base metal adjacent
to the weld deposit and thus the heat affected zone (HAZ) has different
mechanical and corrosion properties than that of the weld deposit and base
metal. In the HAZ alone there is a point-to-point variation in microstructure
and hence properties (microstructural gradient). In the following sections
the- (a) HAZ Thermmal Cycles and Microstructures, (b) Calculation of Cooling
Time, (¢) CGHAZ Hardness, and (d) Calculation of Maximum HAZ Hardness are
discussed.

3.1.1. HAZ Thermal Cycles and Microstructures

During a welding process the heat affected zone in the base metal adjacent
to the fusion zone does not undergo melting but experiences complex thermal
and stress alterations. The HAZ consists of several sub-zones which are
normally defined by the peak temperature of the welding thermal cycle.
Predicting or interpreting metallurgical transformations at a point in the HAZ
requires some knowledge of the peak temperaturc reached at a specific
location.  Several relationships are available in literature to permit the
calculation of peak temperature as a function of distance from the fusion line
in a weldment from a knowledge of thermal propertics of the material, plate
thickness, weld geometry, preheat temperature, welding process and welding
parameters [23-26]. The following equation represents a typical example of
the predictive equations derived from the heat flow equations for a weldment:

U(Tp - To) =4.13. p. C. t. YHper + T - Tp) e 3.1

where-

Tp = peak temperature (°C) at a distance Y (mm) from the weld fusion
boundary,

Ty, = initial plate temperature (°C)

Tp= melting temperature (°C)

Hpei= net energy input (J/mm)

p = density of material (g/mm3)
C = specific heat of solid material (J/g.°C)
t = plate thickness, mm

A knowledge of variation in peak temperature with distance can provide
useful information regarding the location of a specific zone in the HAZ,
cstimating the width of the HAZ, and evaluating the influence of preheat
temperature on the peak temperature distribution and thus microstructure.
The effect of energy input and preheat temperature on the variation of peak
with distance from the weld center line for a SMA weld on 1/2" thick plate is
shown in Fig.3.1 [25]. A steeper distribution of peak temperatures in the HAZ
" results when either the energy input or the preheat temperature is decreased.

Each sub-zone in the HAZ is characterized by a different microstructure
and hence different mechanical properties. Fig.3.2 illustrates, by a series of
optical micrographs, the various zonmes in the HAZ of a shielded metal arc
welded normalized pearlitic steel [22]. This Figure also includes the
microstructure of the unaffected basc metal for comparison. The zone
immediately adjacent to the fusion zone experiences the highest peak
temperature and austenite grain growth takes place. This zone is referred as
the coarse grained HAZ region (CGHAZ) and comresponds to an average peak
temperature of 2400°F. The CGHAZ is of paramount importance not only from
the point of view of mechanical properties such as strength and toughness but
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also for its susceptibility to cold cracking and reheat cracking. The 2400°F
peak temperature is commonly used to represent the CGHAZ, but in many
investigations peak temperatures ranging from 2300 to 2650°F have been
employed to simulate the CGHAZ. Ronningen et al [27] quantitatively measured
the amounts of various micro-constituents present in the HAZ. It was found
that a "soft” zone in the base metal existed very close to the fusion when the
weld deposit carbon content was less than in the base metal. Fig.3.3 shows
variation in the carbon content and fraction of martensite as a function of
distance from the fusion zone in a 0.17 wt.% carbon micro-alloyed steel. The
"soft” zome closely corresponds to a decrease in the carbon content. However,
the martensite content beyond the "soft” zone remains constant for
considerable distance. Therefore, the embrittling effect of martensite is
evidenced more at some distance from, rather than immediately adjacent to the
fusion zone. Since in most cases the weld deposit carbon content is less than
the base metal content, it is not surprising that underbead cracks are formed a
short distance away from the fusion line, In view of the above, the choice of
2400°F peak temperature (representing a HAZ region slightly away from the
fusion zone) appears to be based on the fact that the microstructure represents
the most severe metallurgical condition in the CGHAZ.

During the on-heating portion of a thermal cycle for an average peak
temperature of 1750°F, ferrite transforms to austenite and sufficient time is
not available for the austenite grains to grow, therefore, the grain size in this
zone remains small. Consequently during the austenite to ferrite
transformation for the on-cooling portion of the cycle, a fine grained
microstructure results, and the corresponding zone is called the fine grained
HAZ (FGHAZ). In micro-alloyed steels the FGHAZ is quite wide because of more
cffective grain boundary pinning as the carbides and nitrides present do not
completely dissolve at these temperatures. A thermal cycle with a peak
temperature of 1450°F represents the HAZ heated between the critical
temperatures (Aj - A3) and is known as the intercritical HAZ (ICHAZ) or

partially refined zone. Thermal cycles with peak temperatures less than the
A temperature represent subcritical HAZ exposures (SCHAZ).

The HAZ properties depend not only on the thermal cycle but also on the
prior thermal and mechanical history of the material. For example,
recrystallization behavior during a thermal cycle is affected by whether the
original material was cold rolled, cold rolled and control cooled, or in the
annealed condition. The onset and extent of grain growth is influenced by the
presence of precipitates such as carbides and nitrides of the micro-alloying
elements and their solubility at high temperatures.

A HAZ thermal cycle is defined by a steep heating portion, peak
temperature, and cooling portion. The heating and cooling portions of the
thermal cycle are important and exert different influences on the HAZ.
According to Easterling [22] the following metallurgical alterations can occur
during the heating and cooling portions of the weld thermal cycle. However,
the extent of these changes depends on the welding process used, the geometry
of the weld joint, plate thickness, preheat temperature, and the composition of
the material. '

(a) During the heating cycle:

- recrystallization
ferrite to austenite transformation
pearlite/cementite to austenite transformation
carbon distribution in austenite
carbonitride coarsening
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- carbonitride dissolution
- austenite grain growth
(b) During the cooling cycle:
- continued austenite grain growth
- austenite transformation to ferrite and cementite
- reprecipitation
- continued coarsening

Fig.3.4 presents a typical family of thermal cycles for an arc welding
process (plate thickness - 1/2") [25]. The following three characteristics are
apparent; .

(a) the peak temperature decreases rapidly with increasing distance from
the fusion boundary

(b) the time required to reach peak temperature increascs with increasing
distance from the fusion boundary

(c) the rate of heating and the rate of cooling both decrease with
increasing distance form the fusion boundary _

The HAZ thermal cycles are also affected by the heat input of welding and
the prcheat temperature. This is illustrated in Fig.3.5 for a SMA weld in 1/2"
thick plate [25]. The following changes take place when the energy input or
preheat temperature is increased:

(a) For a given preheat temperature, increasing the energy input causes
an increase in the time of exposure to temperature near the peak temperature
and causes a decrease in cooling rate

(b) For a given energy input, increasing the preheat temperature
decreases the cooling rate, but does not significantly influence the time of
exposure 10 temperatures near the peak temperature.

The thickness of the plate influences the thermal cycle in a complex way as
shown in Fig.3.6 for a 1/2" thick 40 kJ/in SMA weld with an 80°F preheat
temperature [25]. The cooling rate tends to increase with an increase in plate
thickness.  With increasing thickness the heat flow pattern changes from two
to three dimensional. The critical thickness where the heat flow changes
from 2 to 3-D mode is a function of welding parameters, joint geometry, and
plate thickness. For example, for a given set of welding parameters and plate
thickness, the heat flow may be 2-D for a butt weld but 3-D for a fillet weld. To
distinguish between thick and thin plates a dimensionless quantity, t, is
defined, which is the relative plate thickness.

t= h~/{pC (Te- To)l / Hnet) (3.2)

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

where;
h = thickness of the base metal, mm
Hper= net energy input, J/mm

p = density of base metal, g/mm3

C = specific heat of base metal, J/g.°C

Ty, = the initial plate temperature, °C

Tc = the temperature at which the cooling rate is calculated, °C

The plate is "thin" if t is less than 0.6 and "thick" if t is greater than 0.9.
The relative plate thicknesses between 0.6 and 0.9 are referred as showing 2
1/2 - D behavior.

The presence of a susceptible microstructure in the CGHAZ is one of the
factors besides stress and diffusible hydrogen responsible for hydrogen
assisted cracking. The chemical composition of a steel along with the peak
temperature attained during welding, and cooling rate or cooling time
through the austenite transformation temperature range determines the
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microstructure developed in the HAZ. The effect of chemical composition on
the HAZ microstructure is represented by a carbon equivalent (CE), which
normalizes the composition to a single number. There are several carbon
equivalents available depending on the type of weldability approach and kind
of steel. There is no universal CE formula applicable to all classes of steels.
Most of the formulae have limited validity (in terms of chemical composition,
cooling time from 800 to 500°C, and plate thickness) and are applicable to the
class of steels for which they were devised, though there are claims to the
contrary. The reason for disagreement appears to result from the fact the
"derivation” of CE formulae is still empirical in nature and experimental
errors in determining cooling time, hardness and chemical composition may
cause significant scatter when comparing data from different sources.
Moreover, predictive utility of the CE's has come into question, especially with
respect to modern HSLA steels, which have a significantly reduced carbon
content. In conventional steels with higher CE's, the weldability and
metallurgical response are totally dictated by the carbon content and CE
values. As C and CE levels have progressively decreased, the importance of
other metallurgical factors, such as austenite grain size, which hitherto was
negligible as compared to the dominant effect of the overall chemistry, has
increased. The controlled addition of micro-alloying elements to steels and the
application of the TMCP during production stage have reduced the tendency of
austenite grain size coarsening, thereby increasing the grain boundary area
and hence sites for nucleating ferrite. The enhancement in the density of
inclusions in the shape controlled steels and the presence of boron are
believed to play a similar role. The main effect of these parameters is to
decrease the hardenability of steels for a constant chemical composition. The
influence of such effects was not taken into consideration in the conventional
CE formuylae. Recently some attempts have been made to rationalize the
predictive models on the basis of metallurgical factors, but considerably more
data are needed to develop a workable model [28].

3.1.2. Calculation of Cooling Time

To obtain an accurate and reproducible prediction of the maximum HAZ
hardness, the cooling rate or cooling time between 800 to 500°C should either
be’ measured or calculated by available nomograms and predictive equations.
Many attempts have been made to develop a suitable model to calculate a HAZ
thermal cycle, however, since the thermal cycle for an actual welding process
depends on a number of parameters, some of which are not known or are
estimated with certain assumptions, the prediction of tg5 is still based largely

on semi-empirical equations. One of the first attempts to theoretically
calculate a welding thermal cycle was made by Rosenthal [29,30]. Though the
basic form of the equation has remained unchanged over the years, the
accuracy of the model has been improved by incorporating the following
modifications [31-38]: the point heat source has been replaced by a finite
source size used in practice to give a better measure of the shape of the
temperature field about the moving electrode, the Rosenthal equation was
further refined by using experimental measurements to adjust for unknown
effects of alloying additions on the thermal properties of the steels, arc
efficiency, and latent heat of fusion and transformation. However, the effect
of latent heat of transformation of various transformed products on the
thermal cycle is difficult to incorporate in the heat flow equation as it depends
on a number of factors like chemical composition, grain size, and prior
thermal history of the steel. Therefore, a heat flow equation modified for a
particular steel may not be appropriate for another class of gteel. The
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empirical-analytical approach has been found to be of limited use for
calculating complete thermal cycles, but these can be, nevertheless, employed
for calculating cooling time/cooling rate and the variation in peak
temperature with distance from the fusion boundary. The cooling time and
cooling rate have been shown to describe the hardenability behavior of steels
and has been used successfully to compute maximum HAZ hardness from
carbon equivalent of steel. The HAZ thermal cycle has been variously
characterized by cooling rates at 570°F (300°C), 1000°F (540°C), and 1300°F
(704°C), but recently the cooling time between 1472°F (800°C) and 932°F
(500°C) has found universal acceptance because of ease and accuracy in its
determination.

Several authors have published pomograms for the determination of
cooling time, tg;5. Inagaki and Sekiguchi [39] constructed a nomogram based
on experimental data from actual bead-on-plate and T-fillet-joint SMA welds.
The nomogram is shown in Fig.3.7. This nomogram also provides the effect of
preheat temperature on tgs5. It is applicable for a maximum plate thickness of

34 mm, and between 20 and 117 kJ/in. heat input. Within the applicable heat
input range tg,5 for thicknesses greater than 34 mm will be similar to that for

34 mm. The cooling time from the nomogram is obtained where the tie line
connecting the heat input and plate thickness intersects the cooling time line.
Two nomograms were proposed respectively by Berkhout and van Lent
(Fig. 3.8) [40] and De Fourny and Bragard (Fig. 3.9) [41]. Both nomograms were
based on heat flow theory as opposed to Inagaki's nomogram which is based on
experimental observations. The De Fourny and Bragard nomogram provides
scparate charts for determining mode of heat flow and different charts for

calculating 1g/5 depending on whether the operating mode is 2-D or 3-D.

The cooling time from the Berkhout and van Lent nomogram is determined
by following the procedure described below-

(a) Connect the plate thickness and energy input, read a cooling time from
800 to 500°C when tie line does not touch or cross the 3-D line. If the tie line
touches or crosses the 3-D line, connect 0 of the 3-D line with energy input
and read cooling time on 2-D line.

(b) Preheat temperature correction is made using the preheat temperature
scale. The transition point between 2-D and 3-D heat flow must also be shifted
on the 3-D line.

The cooling time from the De Fourmny and Bragard nomogram can be
determined by using the following operating instructions-

(a) Find the heat flow pattern at given nominal energy input and plate
thickness using Fig. 3.9 (1). Use preheat levels as indicated in the Figure.

(b) For 3-D heat flow, the cooling time can be rcad from Fig. 3.9 (2).

(c) For intermediate or 2-D heat flow cooling time must first be read from
Figs. 3.9.(3) and 3.9 (5) respectively and a correction for thickness is then
necessary. The correction factor is read from Figs. 3.9. (4) and 3.9. (6), for
intermediate and 2-D heat flow respectively, and the cooling time value read
from Figs. 3.9. (3) or 3.9. (5) is divided by the correction factor to arrive at the
"correct” cooling time.

Though a number of equations are available in literature to calculate tg;5
from welding parameters, only two equations have been considered in this
investigation. The basis of selection for the equations was dictaied by the type
of steel for which they were developed, and convenience in calculating
cooling times. The following equation for calculating tg/5 was proposed by

Uwer and Degenkolbe [42] for normalized, normalized and tempered, and
quenched and tempered low alloy high strength steels:
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1g/5(3-D)=K3.0.E.[(500-T)"1-(800-Tg) 11.F3 coevvverervrcrncnne. (3.3)
tg/5(2-D)=K3 [(n2.E2)/d}2].[(500-T)2-(800-T¢)21.Fy .....(3.4)

d=[(K2/K3).n.E.{(500-T) 14+(800-To)- 11112 ..ccco.....cc0.. (3.5)

where-

K7=10.043 -43x 105 x T,

K3 =0.670 - 50 x 104 x T,

Ty = preheat temperature in °C

n = arc efficiency

E = heat input in kJ/cm

dyx = critical plate thickness in c¢m
Fo and F3 are weld factors for 2-D and 3-D heat flow respectively.

The Uwer and Degenkolbe equation is applicable to several welding
processes, and different joint geometries.

Suzuki [43] recently proposed the following simplified equation for
determining tg/5.

tg/s = F[v/(600-Tp)5].Q(°L+ BTp) ............................................ 3.6)

where-
Tp = preheat temperature in °C

F = 1 for bead-on-plate long welds

F = 0.9 for groove weld (first pass)

F = 0.67 for fillet weld (first pass) on plate thicker than 20 mm
F = 0.45 to 0.67 for fillet weld on plate thinner than 20 mm

The values of v,8, aand B depend on plate thickness and welding
parameters (Table 3.1).

The above nomograms and equations provide a single tgs5 for a given set of
conditions. However, it is observed that even in the HAZ of a single pass weld
the cooling time, tg /5. and hence the microstructure is not the same at all the
locations. Kohno and Jones [44] measured the CGHAZ thermal cycles at three
different locations in a submerged arc bead-on-plate deposit. Fig. 3.10 shows
the thermal cycles recorded at the root (R), re-entrant (B), and surface (S)
locations of the weld deposit. The position of the thermocouple is shown
schematically in the inset. It is clearly observed that there is a significant
difference in the three thermal cycles. The cooling time, tg;5, and retention
time above 1050°C (which determines the time available for austenite grain
coarsening) at the surface of the weld are appreciably longer than that at the
root.

Therefore, the prior austenite grain size and microconstituents in the
CGHAZ will vary depending on the location. In the nomograms and equations
for determining tg/5 there is no mention about the location of HAZ where tg/s
- was determined.

3.1.3. CGHAZ Hardness

The coarse grained HAZ experiences the maximum peak temperature and is
often represented by a thermal cycle with 2400°F peak temperature. The type
of microstructure obtained and thus hardness in the CGHAZ depends on tg;s
and chemical composition of the steel (carbon equivalent). Fig. 3.11 illustrates
the variation of maximum hardness as a function of cooling time [45]). Also
shown are the microstructures typically obtained as a function of hardness. It
is noticed that the hardness curve is represented by three distinct regions.
There are two plateaus - upper and lower. The upper platecau, at shorter
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Table 3.1 Parameters for calculating t8/5 from Suzuki'’s equation [43],

Plate Heat Preheat
Thickness Input Temp. Y $ ol p
(mm) (kJ/cm)  (°C)

20 6-15 20-200 993 1.22 0.94 0.0007
20 15-50 do. 966x10°3 3.30 1.61  -0.00068
25 do. do. 1.31 0.274 1.15 0.00111
30 . do, do. .51 0.345 0.97 0.00103

240 do. do. 63200 1.87 0.96 -0.00006
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cooling times, represents the hardness of 100% martensite, which is
essentially a function of carbon content, and the lower plateau, at longer
cooling times, defines the hardness of non-martensitic constituents such as
bainite and ferrite and depends on the carbon equivalent. Between these two
regions the hardness drops rapidly as a transition occurs from martensite to
upper and lower bainite microconstituents. The hardness of martensite (Hpj)
depends mainly on the carbon content as shown in Fig.3.12 [46]). The maximum
hardness (HV) can be represented by the following empirical relationships:

Hp = 812 C+ 293 [47] coorrreeeereerensrereresseenenni(3.6)
Hpp = 802 C + 305 [48] ... (3.7)
Hpm =939 C + 284  [49] . (3.8)
Hpp = 1667 C -~ 926 C2 4 150 [50] weovrveeereenrene. (3.9)
Hp =884 C- 2652 C3 + 294 [16] ... (3.10)

Maynier et al [51] have provided the formula for estimating Hpg4 In this
relationship the effect of alloying elements and cooling rate is also
incorporated, which is not taken into account by formulae (3.6) to (3.10). The
alloying elements (other than carbon) should exert a weak effect on the
martensite hardness by solid solution strengthening. The cooling rate effect
takes into account the decrease in Hpf due 1o auto-tempering when the cooling
rate (R °C/h) is decreased.

H=127+949C+278i+11Mn+8Ni+16Cr+21logR ... (3.11)

The hardness at the lower shelf for non-martensitic constituents (Hp) has

also been quantified by the following empirical relationships. A linear
increase in Hp with CE is shown in Fig. 3.12

HE =350 CER + 101 [48]  ooooooooeeeeereeeeomeeeseeeeeseeneessessesseeessnnenns (3.12)
(Cgp = C + Si/11 + Mn/8 + Cu/9 + Ni/17 + Mo/6 + V/3)
HB = 145 + 130 tanh(2.65 CE[f - 0.69) [16]  ooeecocrrmrceerreresecnceean (3.13)
(CEqp = C + 8i/24 + Mn/5 + Cu/10 + Ni/18 + Cr/5 + Mo/2.5 + V/5

+ Nb/3)

Hp =-323 + 185 C + 330 Si + 153 Mn + 65 Ni + 144 Cr + 191 Mo

+ (98 + 53 C - 55 Si - 22 Mn -10 Ni - 20 Cr - 33 Mo) log R [51]...(3.14)
where R in °C/h represents the CGHAZ cooling rate.
The hardness response of a steel can be computed from a knowledge of the
presence of various microconstituents as a function of tgs5. Fig. 3.13 shows a

typical diagram developed to provide fractions of various phases present in
the HAZ as a function of cooling time [39]. The HAZ hardness, as a function of
distance from the fusion line, can be calculated by assigning hardness to each
constituent and applying the rule of mixtures approach. However, such
diagrams may not be applicable to all classes of steel and therefore, the use of a
CE t0 describe the hardenability of steels is preferred and in the literature a
number of CE's are available, which essentially differ from one another in the
weightage given to different alloying elements. The concept of carbon
equivalent was devised to assess the susceptibility of steels to hydrogen assisted
cracking. However, these CE's are also increasingly being used to calculate the
maximum HAZ hardness.

3.1.4. Calculation of Maximum HAZ Hardness

The cold cracking susceptibility of steels can be assessed by using a
hardness control approach (BS:5135) [12]). This approach is based on the
observation that the occurrence of HAZ cracking is greatly reduced when the
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maximum HAZ hardness is below a certain value. An accurate knowledge of
CGHAZ hardness is also necessary in order to be able to predict the critical
stress (in implant cracking tests) to determine the susceptibility of steels to
hydrogen assisted cracking. Therefore, the ability to calculate the maximum
HAZ hardness (Hpyax) accurately from the steel composition and cooling time
provides a valuable tool by which the ultimate prediction of welding
conditions can be achieved for crack-free welds.

Several formulaec have been developed to determine Hp,,x from tg;5 and CE.
Some of the formulaec claimed to provide accurate determination of Hp,,x are
described below:

(a) Maynier's Formula [51)

Hardness of fully martensitic and fully bainitic structures is given by
equations (3.11) and (3.14) respectively. The bardness for a mixed structure is
provided by the following relationship:

Hpax=42+223 C+538i+30Mn + 126 Ni + 7 Cr + 19 Mo

+(10-198i+4Ni+8Cr+130 V)IogR  .vcvrnennrensnns (3.15)
where R is the cooling rate measured in °C/h

(b) Beckert's Formula [49]

Hpax = B + (A - B) expl-(btg/5)2] ommemmmmems (3.16)
where-

A=939C+284

B = 167 (CE)2-42 + 137

b = exp(-0.013 B + 0.8)

CEg = C + Si/11 + Mn/2.9 + Cu/3.9 + Ni/17 + C1/3.2 + Mo/3.4

(¢) Duren's Formula [48]

For tp < 1g/5 < 1B

Hpax =2019 [C(1 -05Y) + 03(CEp -O)1+66(1-08Y) ... (3.17)

For tg/5 < tM

Hpax = 802 C + 305 (hardness of fully martensitic structure)

For 13/5 > 1

Hpax =350 CEp + 101 (hardness of microstructure containing 0%
martensite)

where

Y = log tg/5

tp = Cooling time below which 100% martensite is retained

tg = Cooling time above which no martensite is formed

CEp = C + Si/11 + Mn/8 + Cu/9 + Ni/17 + Ct/5 + Mo/6 + V/3

Duren's formula is based on data from steels with chemical composition in
the range: C - 0.10 to 0.33%, Si - 0.35%, Mn - 1.45%, Cu - 0.03%, Ni - 0.05%, and Cr

- 0.05%
" "(d) Terasaki's Formula [52]
For ip Stg/5<tg
Hmax = Hg + (Hy + Hp)exp[-0.2(tg/5/tM - 1D e (3.18)
For 1g/5<tm
Hpax = 812 C + 293
For tg/521p
Hpax =164(C + Si22 + Ci/7 + Mo/2 + V+ Nb + 7 B)
where
tM can be calculated from the following relationship
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log t\g =25 Py - 1.27

Py =C + Mn/3 + Cu/4 + Ni/8 + Cr/10 + Mo/3 + 5 B

The validity range of Terasaki's formula is: C - 0.08 10 0.20%, Si - 0.21 to
0.34%, Mn - 0.48 10 1.57%, Cu - 0 to 0.26%, Ni - 0 to 0.61%, Cr - 0 to 0.95%, Mo - 0
to 0.48%, V - 0 to0 0.04%, Nb - 0 to 0.04%, and Ti - 0 to 0.02%

(e) Yurioka-1 Formula [15]

(Yurioka et al have reported three formulaec to estimate the maximum HAZ
bardness. In this report these formulae will be referred as Yurioka-1,
Yurioka-2, and Yurioka-3.)

Hpax =406 C + 164 CEj + 183 - (369 C - 149 CEj + 100) arctan (x) ... (3.19)
where-

x = (Y - 2.822 CEjy + 0.262)/(0.526 - 0.195 CEyy)

Y = log tg/5

CEp= C + Si24 + Mn/6 + Cu/15 + Ni/40 + Cr/6 + Mo/4 + V/5 + Nb/5 + 10 B

CEqr = C - Si/30 + Mn/5 + Cu/5 + Nif20 + Cr/4 + Mo/6 + 10 B

The Yurioka-1 formula is based on the steels with the following
composition:

C-0.03 to 0.25%, Si - 0.15 to 0.45%, Mn - 0.87 to 2.06%, Cu - 0 to 0.23%, Ni - 0 to
0.81%, Cr - 0 to0 0.85%, Mo - 0 to 0.33%, V - 0 to 0.06%, Nb - 0 to 0.06%, Ti - 0 to
0.018%, and B - 0 to 0.0018%

(f) Suzuki's Formula (BL Formulae) [43]

Suzuki compared the above formulae (Beckert, Duren, Terasaki, and
Yurioka-1) using Hp,,x data from 70 steels. He assumed the Hy,,x curve to be a
backward logistic (BL) curve. The general equation of the BL-curve can be
represented by:

Hpax = Hg + K/[1 + expla(Y - Y5)}] e (3.20)
where-
K=Hp - Hp

Hg, K, a, and Y5 are BL constants depending on the steel chemical
composition.

The value of material constants K, a, and Y5 were determined for each of
seventy steels by simple regression analysis for six tgys5 values namely 3, 4, 6,
8, 10, and 20 sec. Stepwise multiple regression analysis was performed for the
material constants on eleven alloying elements as independent variables.
Based on the above calculations Suzuki proposed the following formulae for
calculating Hp, ,x. The validity limit of these formulae is:

C - 0.017 10 0.33%, Si - 0.05 t0 0.65%, Mn - 0.54 to 2.06%, Cu - 0 to 0.26%, Ni - 0
10 2.09%, Cr - 0 to 1.06%, Mo - 0 to 0.66%, V - 0 10 0.07%, Nb - 0 to 0.06%, Ti - 0 to
0.02%, and B - 0 to 0.0023%.

(i) BL-70 Formula

Hmax = Hg + K/[1 + exp{a(Y - Ys5)}]

where-

K=269+454C-368Si-79Mn-57Cu-12Ni-53 Cr- 122 Mo - 169 Nb - 7089 B

Hp =884 + 287 -K

aK = 478 + 3364 C - 256 Si + 66 Ni - 408 Mo - 1321 V - 1559 Nb

Y5 =-0.085+2.07 C + 0459 Mn + 0.655 Cu + 0.122 Ni + 0.222 Cr + 0.788 Mo+30 B

Stepwise multiple regression analysis of the BL constants on two
independent variables, C and Pgp,, yielded BL-70S (P.p,) formula with the

following values for constants:
K =237+ 1633 C- 1157 Pc iy

39



aK = 566 + 5532 C - 2280 Pcp,

Y5=-003-6C+777Pepy

where Py is the chemical composition parameter proposed by Ito and
Bessyo [13].

Pern = C + Sif30 + Mn/20 + Cu/20 + Nif60 + Cr/20 + Mo/15 + V/10 + 5 B

Suzuki compared BL-70 and BL-70S (P.p,) formulae with those proposed by
Beckert, Duren, Terasaki, and Yurioka using data from 70 sicels and at six tg;5.
The formulae were rated in terms of accuracy of prediction as:

BL-70 > Yurioka-1 > BL-708 (Pcp,) > Terasaki > Duren

It was found that BL-70 formula allowed the greatest accuracy of prediction
and Duren's the least, However, in a subsequent report Duren contested
Suzuki's claim and maintained that his formula was more accurate than both
the BL-70 and BL-70S (P.m,) when applied to the steels for which it was
evolved. The correlation coefficient for Duren's formula was 0.98 as compared
to 0.91 and 0.96 for BL-70 and BL-70S (P;p,) respectively. Since the BL-70
formulac are based on data from Beckert's, Duren's, Terasaki's and Yurioka's
results it is not surprising that Duren's formula predicted Hp,,x with a slightly
betier accuracy over that of the BL formulae.

Two additional simplified versions of BL-70 were obtained by the multiple
regression analysis of the BL conmstants of two independent variables, C and
CEp,. and C and CE, yielding respectively BL-70S (CE;,) and BL-70S (CE).

(ii) BL-70S (CEp,) Formula

K =233 + 811 C- 355 CEp,

aK = 574 + 3918 C - 732 CE,

Y5 =0.005-0472 C + 2.37 CEy,

where-

CEy = C + Si24 + Mn/6 + Cu/15 + Ni/15 + Ct/5 + Mo/5 + V/5 + 15 B

(iii) BL-70S8 (CE)

K=231+838C-376 CE

aK =571 + 3975 C- 778 CE

" Y5=0.0202 - 0.652 C+25CE

where-

CE = C + Mn/6 + Cw/15 + Ni/15 + Cr/5 + Mo/5 + V/5

Suzuki compared the validity of the above formulae for data from
independent sources and found the following order of prediction accuracy:

BL-70S (Pcpy) > BL-70S (CEy,) > Yurioka-1 > Duren > BL-70S (CE) > BL-70 >
Terasaki

(iv) BL-70SM (Pcp)

This formula is applicable to low-C low-Mn low strength steels. Yjg in
modified to Y5y, as follows-

Ysm =-003-6C+7.77 Pepp + 0.22 (Mn - 1.5)

The other material constants remain the same as in BL:70S (P.p,).

(g) Yurioka-2 and Yurioka-3 Formulae [16]

Recently Yurioka has proposed two formulae for calculating Hp,,x. These
are applicable to a much wider chemical composition range as compared to all
the formulac described above. The general equation of Yurioka's formula is:

Hpmax = (HM + HB)/2 - [(Hy - HB)/2.2] arctan (X)  cccecececceeee 321)
where-

x (rad.) = {4{(log tg;5)/tpm }/log(tp/tpm)] - 2
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The data from 40 steels was employed to calculate Hyg, Hg, and x. The
following formulae resulted from data analysis:

(i) Yurioka-2 Formula
Hpax= 220 + 442 C (1 - 0.3 C2) + 65 tanh (y) + {68 + 402 C (1 - 0.3 C2)

- 59 tanh (Y)} @ICLAN (X) seveeereresseessssesssssnsessersensannsens (3.22)
where-
x = [log tg/5 - 2.3 CEj - 1.35 CEjjp + 0.882)/[1.15 CEj - 0.673 CEjyp - 0.6]

y = 2.65 CEjj - 0.69

CE[ = Cp + Si/24 + Mu/6 + Cu/15 + Ni/12 + Cx(1 - 0.16 V'Cr )/3 + Mo/4 + AH
CEqq = C + Sif24 + Mn/5 + Cu/10 + Ni/18 + Cr/5 + Mof2.5 + V/5 + Nb/3
CEqnp = G + Mn/3.6 + Cu/20 + Ni9 + Cr/5 + Mo/4

Cp =C, when C £ 0.3%

Cp = C/6 + 0.25, when C > 0.3%

This formula is applicable to steels with the chemical composition in the
following range:
C < 0.8%, Si < 1.2%, Mn < 2%, Cu < 0.9%, Ni < 10%, Cr < 10%, and Mo < 2%

(ii) Yurioka-3 Formula

A simplified version of Yurioka-2 is derived for steels with C < 0.3%, Ni < 5%,
and Cr < 1%.

Hpax =442 C + 99 CEjy + 206 + (402 C - 90 CEjp + 80) arctan (x) ...... (3.23)

where-

x = [log tg/5 - 2.3 CEj - 1.35 CEjyp + 0.882}/[1.15 CEj - 0.673 CEjjy - 0.601]

CEj = C + Sif24 + Mn/6 + Cu/15 + Ni/12 + Ct/8 + Mo/4 +AH

CEq1 = C + Si/24 + Mn/5 + Cu/10 + Ni/18 + Cr/5 + Mo/f2.5 + V/5 + Nb/3

CEqp1 = C + Mn/3.6 + Cu/20 + Nif9 + Cr/5 + Mo/4

AH=0when B £ 1 ppm

AH = 0.03 fy when B = 2 ppm

AH = 0.06 f\y when B = 3 ppm

AH = 0.09 fN when B 2 4 ppm

iy = (0.02 - N)/0.02

The formulae proposed by Yurioka et al (Yurioka-2 and Yurioka-3) are
applicable to cooling times tg/5 up to 100 sec. These arc valid not only for
common structural steels but also alloy steels.

In the present study the above described formulae for estimating cooling
time (itg/5) and maximum HAZ hardness (Hp,,x)) were validated for the steels

employed.
3.2 EXPERIMENTAL PROCEDURES

3.2.1. Bead-on-plate Tests

Bead-on-plate welds were deposited on each steel by shiclded metal arc and
submerged arc welding processes on plates dimensioned 6" x 12" (to provide an
infinite cooling geometry for the desired heat input range). Thicknesses for
different stecls were those of the as-received plates (Table 2.4). Welding was
carried out at ambient temperature (75°F) and the heat input was varied by
cither changing the current or welding speed or both. For obtaining
different heat inputs by SMAW, electrodes of diameters 3/32", 1/8", 5/32", and
1/4" were employed, while filler wires of 1/8" and 5/32" diameter were used
when depositing welds by SAW. The SMA welding was performed in a semi-
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automatic mode. A submerged arc welding unit was modified to hold the
welding consumable and the welding paramecters changed to obtain the desired
heat input. The semi-automatic facility shown in Fig. 3.14, helped to achieve
consistent weld quality and it enabled accurate monitoring of welding
parameters.

The welding parameters were varied for plates of different thicknesses to
ensure that cooling times, tg;5, were evenly spaced on a log scale. In order to

choose a suitable equation andf/or nomogram to calculate tg;5 from welding

parameters, plate thickness, and preheat temperature, thermal cycles were
recorded during the welding process by plunging the tip of tungsten - 5%
rhenium and tungsten - 26% rhenium thermocouple into the molten weld
metal. The cooling time between 800 to 500°C was measured from the cooling
portion of the thermal cycle. (Cooling time in the weld deposit is very close to
that of in the CGHAZ near the weld surface) On-cooling thermal cycles were
recorded only on two plates namely HSLA-80-2 (1" thick) and DQ-125 (2" thick).

The bead-on-plate welds were sectioned transverse to the welding direction
and cross-sections were polished and etched in 2% nital. The microhardness
(HV) of the CGHAZ under the weld bead was determined using a 5 kg load. A
minimum of five readings were taken and the maximum HAZ hardness
reported is the average of the five readings.

The microstructural changes taking place in the CGHAZ as a function of
heat input were also examined using optical microscopy. Microstructural
features at three different cooling times were documented for all nine steels.
The austenite grain size in the CGHAZ for the above samples from each steel
was measured using ASTM comparison method.

3.3. RESULTS AND DISCUSSION

3.3.1, Validation of Equations for Calculating Cooling Time

Hardenability of steels can be characterized by investigating the variation
of maximum hardness developed in the coarse grained HAZ as a function of
cooling time. Therefore, it is essential to have the capability of accurately
estimating the cooling time from welding parameters before validating Hp, 4«
formulae.

Since there are many equations and nomograms available in literature to
determine cooling time from 800 to 500°C from a knowledge of heat input, plate
thickness, preheat temperature, and type of weld (Section 3.1.2) several
methods were evaluated in this study: three nomograms (Inagaki and
Sekiguchi [39], Berkhout and van Lent [40], and De Fourny and Bragard [41])
and two equations (Suzuki [43]), and Uwer and Degenkolbe [42]) to determine
the cooling time. The calculated values were compared to the experimental
data obtained from the thermocouple plunge technique.

Figs. 3.15 to 3.19 illustrate the comparison between the actual and calculated
cooling times using different nomograms and equations. It should be noted
that the nomograms are only valid for the shiclded metal and not for the
submerged arc welding process. Any attempt to use these nomograms for SAW
will result in an underestimation of cooling time as the arc efficiency of the
SA process is greater than that of SMA process. Suzuki's equation is applicable
to a maximum heat input of 127 klfin., therefore, it was not possible to estimate
cooling time from this equation for SA welds. The Uwer and Degenkolbe
equation is valid over a much wider energy input range and for SMA, SA, and
GTA welding. When the experimental data from this study was compared with
the calculated cooling times the following equations resulted:

tg/s (exp)=0.44+1.06 tg/5 (cal) R2=0.998 (Inagaki & Sekiguchi) ...... (3.24)
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Fig.3.14. Submerged arc weliding unit modified to deposit welds by
the shielded metal arc welding.
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tg/s (exp)=4.13+0.42 tg/5 (cal) R2=0.919 (De Fourny & Bragard) ...... (3.25)

18/5 (exp)=2.0140.67 tg/s (cal) R2=0.963 (Berkhout & van Lent) ... (3.26)
tg/5 (exp)=0.42+1.03 tg/5 (cal) R2=0.989 (Suzuki) ccccoorrmcrmeeeneessnnn (3.27)
tg/5(exp)=-0.78+1.031g/5(cal) R2=0.991 (Uwer & Degenkolbe) ... (3.28)

All the nomograms over estimate the cooling time as shown by the values
of slope and intercepts, however, a good correlation exists between the
calculated and experimental cooling times. Inagaki, Suzuki and the Uwer and
Degenkolbe equations are very close to the 45° line and also show good
correlations with the experimental results. The Uwer and Degenkolbe
equation is preferred over Suzuki's equation in this study as it applicable over
a wider range of parameters and welding processes. This is also corroborated
by comparing data from the published literature in Fig. 3.20. Both, published
data and results from this investigation, are predicted with excellent accuracy
by the Uwer and Degenkolbe equation. Therefore, this equation was employed
to calculate cooling times for the welding conditions and steel thicknesses for
which actual tg;5 were not measured.

3.3.2 Microstructure and Hardness of CGHAZ

In the following sections the results for CGHAZ microstructural changes
and consequent variation in the maximum HAZ hardness with increasing heat
input are discussed The microhardness values determined in the CGHAZ have
been correlated with the corresponding microstructural changes. The
Yurioka-3 formula [16] for estimating maximum HAZ hardness has been found
to allow accurate determination of Hp,x in the present set of stecls under

study. This formula, in turn, is based on the determination of volume fraction
of martensite and its hardness from empirical equations. It is presumed that if
Yurioka-3 formula is applicable to the low carbon micro-alloyed steels in this
study, the formulae for estimating volume fraction of martensite and
martensite hardness should also be applicable.

The following formula to estimate the vol% martensite in the CGHAZ was
employed.

Vol% Martensite = 0.5 - 0.455 arctan (X) © eeveeeeereereeeerens (3.29)
where-

x (rad) = [4{log (tg/5)/t\ }log (tg/tapf)] - 2

3.3.2.1. HSLA-80-1 Steel

The variation in maximum HAZ hardness with cooling time for HSLA-80-1
steel is shown in Fig. 3.21. The hardness response shows typical behavior
marked by two plateaus corresponding to 100% martensite and 0% martensite.
The maximum hardness generated at the minimum heat input (15 kJ/in., tg/5 =
2.5 sec.) is 312 HVS. The microstructure (Fig. A-2) (Figures with prefix A are
given in Appendix A) for this condition shows the presence of a predominant
martensitic constituent. This also correlates well with the estimated vol% of
martensite (89%). However, as the heat input and hence cooling time is
increased, there is a decrease in the martensite fraction in the CGHAZ with a
corresponding hardness decrese. This is illustrated in Figs A-3 to A-4
corresponding to cooling times of 14 and 90 sec. The CGHAZ of weldments with
a 14 sec. cooling time shows the presence of a small amount of martensite
(estimated - 28%) while the 90 sec. tgy5 the CGHAZ is fully bainitic. The

estimated martensite was 0% for this condition. Fig. 3.21 also compares the
difference in the hardness of the CGHAZ and base metal. The CGHAZ hardness
remains above the base metal hardness even at the longest cooling times. In
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some of the steels in this program it was found that the CGHAZ becomes softer
than the base metal thus increasing the soft zone width significantly (to be
discussed in detail in Section $5).

The validity of Suzuki's formulae (BL-70, BL-70S (P¢p). BL-70S (CEp), BL-70
(CE), and BL-70SM (P..;)) and Yurioka's formulae (Yurioka-1 and Yurioka-3)
has been evaluated for HSLA-80-1. The linear regression equation for the
relationship between experimental and calculated hardness values has been
derived for all formulae. The accuracy of the prediction has been checked
further by calculating the coefficient and standard error of determination, R2
and P respectively. The standard error is defined as-

P=JSIH,..(xp) - Hoo (cal)l /

where n is the number of readings. The following regression equations
were obtained by using the above formulae for calculating Hpax-

BL'7O Hmax (exp-) = '67.59 + 1.09 Hmax(calu)
RZ =0.805; P =43.60 HVS

BL-70S (Pyp) Hpax (€xp.) = -162.7 + 1.40 Hp,,4 (cal)
_ R2=0.899; P=44.17 HVS

BL-70S (CEp) Hpax (exp) = - 527 + 0.96 Hy .5 (cal)
R2 =0.962; P =16.62 HVS

R2 =0965; P=12.02HVS5
BL-70SM (P.r) Hpax (€xp.) = -149.6 + 1.39 Hp,y (cal.)

R2 =0.943; P =37.18 HVS

Yurioka-1 Hpmax (exp.) = 18.3 + 0.82 Hy, 5 (cal)
R2=0873; P=36.52HV5

R2=0954; P=821HV5

The CGHAZ hardness calculated from BL-70, BL-708 (Pem), BL-708M (Pepy).
and Yurioka-1 provided the poorest correlation and greater standard error.
Since the R2 values for the remaining formulae do not vary significantly from
one another, these formulae can be ranked on the basis of standard error of
determination -

Yurioka-3 > BL-70S (CE) > BL-70S (CE,)

Therefore, the Yurioka-3 formula can be employed to calculate the

maximum HAZ hardness in HSLA-80-1.

3.3.2.2. HSLA-80-2 Steel

The change in the Hp,,x with cooling time for HSLA-80-2 is shown in Fig.
3.22. The hardness response of this steel is similar to that of HSLA-80-1. The
maximum hardness obtained in the lowest heat input weld, however, is higher
(350 HV3) than the corresponding value in HSLA-80-1. This is because of the
fact that HSLA-80-2 contains a higher carbon content- 0.062 wt % - as opposed
0.044 wt % in HSLA-80-1, but the carbon equivalents do not differ
significantly. As expected the predominant phase in the CGHAZ corresponding
to a 2.5 sec. cooling time is martensite (Fig. A-6). The estimated vol.% of
martensite is 90, very close to that calculated for HSLA-80-1. The amount of
martensite decreases as the cooling time is increased, as shown in Figs. A-7 and
A-8 for cooling times 11 and 140 sec. respectively. The hardness of the lower
plateau (fully bainitic structure) is almost the same for both HSLA-80-1 and
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HSLA-80-2, because of a very small difference in their carbon equivalents.
However, unlike in HSLA-80-1, the CGHAZ in HSLA-80-2 becomes softer than
the base metal at longer cooling times. The HSLA-80-2 base metal hardness is
higher than that of HSLA-80-1 because of a higher carbon content and a
different aging treatment. The hardness of a bainitic structure is directly
proportional to the carbon equivalent, therefore, the CGHAZ hardness for
longer cooling times becomes lower than the base metal.

The comparison of measured Hp,ax with those calculated from different

formulae yielded the following regression equations-

R2 =0.581: P =46.88 HVS5
BL-70S (Pcp) Hpax (exp.) = -121.93 + 1.27 Hypax (cal)

R2=0.737; P=43.21HV5
BL-70S (CE,,) Hpax (€xp.) = -33.47 + 1.08 Hpy a4 (cal)

R2 =0913; P=16.46HV5
BL-70S (CE) Hpmax (exp.) = -37.32 + 1.09 Hy,, (cal)

R2=0907; P=17.54 HV5
BL-70SM (Pcpy) Hpax (exp.)=-169.59 + 1.47 Hy,a, (cal)

R2=0911; P =33.16 HV5

-Yurioka-1 Hpax (exp.) = 27.01 + 0.80 Hpyax (cal.)
R2=0.649; P=44.17 HVS
Yurioka-3 Hpmax (exp.) = -23.28 + 1.09 Hp, 55 (cal)

R2=0971; P=808HVS5

Formulae BL-70, BL-70S (P¢p), BL-70SM (Poy), and Yurioka-1 provided
poor correlation between the actual and calculated values. However, the
remaining three formulae gave acceptable regression parameters and the
standard error was also low. These can be ranked in the following order:

Yurioka-3 > BL-70S (CEy,) > BL-70S (CE)

Therefore, after HSLA-80-1, the Yurioka-3 formula can be employed for an

accurate estimation of maximum HAZ hardness in HSLA-80-2.

3.3.2.3. HSLA-80M Steel

HSLA-80M belongs to the same category as HSLA-80-1 and HSLA-80-2 steels.
However, the amount of Mn and Ni has been increased thus increasing its
hardenability. The carbon content is almost the same (0.057 wt%) as that of
HSLA-80-2 (0.062 wt%) but the carbon equivalent is increased (Po, = 0.28) by

the intentional addition of Mn and Ni. These changes are also reflected in the
CGHAZ hardness variation with cooling time (Fig. 3.23). The Hpax drops
gradually with cooling time instead of exhibiting a typical hardness response
as seen in Figs 3.21 and 3.22 for HSLA-80-1 and HSLA-80-2 respectively. By
virtue of having almost the same carbon content as that in HSLA-80-2, the
maximum HAZ hardness (353 HVS) at the shortest cooling time is close to that
of HSLA-80-2. The coarse grained HAZ (Fig. A-10) consists of a fully
martensitic structure, which is also confirmed by a 100% martensite
estimation. The fully martensitic microstructure persists even at an 11 sec.
cooling time (Fig. A-11), however, manensite is mostly replaced by bainite in
the CGHAZ of the highest heat input weldments studied (cooling time - 90 sec.,
Fig. A-12). As shown in Fig. 3.23, the CGHAZ hardness always remains above
the base metal hardness level. It is expected that the CGHAZ hardness may not
drop below the base metal hardness even if the CGHAZ is fully bainitic. This
becomes obvious when steels HSLA-80M and HSLA-80-2 are compared. The
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base metal hardness of HSLA-80M (248 HV) is only slightly higher than that of
HSLA-80-2 (244 DPH) while there is an appreciable difference in their carbon
equivalents (Pem)- 0.23 for HSLA-80-2 and 0.28 for HSLA-80M. Since the
hardness of a bainitic structure is a direct function of the carbon equivalent,
the minimum CGHAZ bardness in HSLA-80M should be greater than 248 HV
(the base metal hardness). This view is also confirmed from the fact that the
CGHAZ corresponding to 90 sec. predominantly contains bainitic constituentS
and its hardness is about 60 HV higher than the base metal.

None of the formulae for estimating Hp, ;¢ showed good correlation
between the measured and calculated values. This was also found to be true for
the other steels in this program with higher hardenability such as HSLA-100,
HSLA-130 and HY-130. The reason for poor correlation with the experimental
data is that in the martensitic CGHAZ usually a large scatter in the measured
hardness values was observed because of the non-uniform distribution of
martensite laths in the grains adjacent to the fusion boundary [27]. The
regression line for BL-70 formula could not be obtained as it predicts a
constant value of CGHAZ hardness at all the cooling times and consequently
the magnitude of slope becomes indeterminate. The following equations for
best-fit lines were obtained-

BL-70 indeterminable P =17.54 HVS

BL-70S (Per) Hypax (exp.) = -516.6 + 2.51 Hyax (cal)
R2=0221: P=1609 HVS
R2=0395 P=12.78 HVS

BL-70S (CE) Hmax (exp.) = 86.1 + 0.74 Hy,x (cal.)

R2 =0.385; P=12.32HVS
BL-70SM (P.py) Hmax (exp.) = -673.8 + 2.99 Hp,x (cal)

R2 =0.365; P =15.36 HVS

Yurioka-1 Hmpax (€xp.) = -33.8 + 1.07 Hp, 54 (cal)
R2=0.494, P =1478 HVS
Yurioka-3 Hmax (exp.) = 99.4 + 0.68 Hp, 4 (cal.)

R2 =0515; P=13.86 HVS

Although the correlation of calculated vs. measured values was poor
because of the reasons explained above, it is possible to rank these formulac in
terms of the standard errors:

BL-70S (CE) > BL-70S (CEp,) > Yurioka-3 > Yurioka-1 > BL-70SM (P..,) > BL-70S
(Pcm) > BL-70

Unlike in HSLA-80-1 and HSLA-80-2, in HSLA-80M the difference obtained
in the standard errors are small when different formulaec are employed to
correlate the Hpy,x data from HSLA-80M is small. Therefore, any one of the
above formulae can be used to calculate the Hp,,5x in HSLA-80M with

acceptable accuracy. However, the best accuracy can be obtained by
employing BL-70S (CE), BL-70S (CEp,) and Yurioka-3.

3.3.2.4. HSLA-100 and HSLA-130 Steels:

The results for HSLA-100 and HSLA-130 are discussed together in this
section because of the similarity in their chemistry, the only difference is in
the mill heat treatment to strengthen these steels with copper precipitation.
The effect of any prior thermomechanical treatment is erased in the CGHAZ
due to high temperature thermal excursions during welding. This becomes
apparent when the hardness behavior of these steels is compared (Figs. 3.24
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and 3.25). Both show a similar hardness response. The CGHAZ microstructures
at three different heat input levels are shown in Figs A-14 to A-20. The
microstructures are characterized by a fully martensitic structure at all the
cooling times. This is expected as the hardenability of these steels is the
highest among all steels in this program except for HY-130. Despite the
presence of 100% martensite in the CGHAZ, there is a definite decrease in the
hardness because of auto-tempering. The maximum HAZ hardness obtained at
the shortest cooling time (2.5 sec.) is about 388 HV5. This is in accord with the
expected trend as the carbon content in these steels is . 0.07 wt%. The ranking

of the prediction accuracy of various formulae for calculating CGHAZ hardness
for these steels was found to be the same as obtained for HSLA-80M.

3.3.2.5. HY-130 Steel
HY-130 has the highest P, value (0.35) among all steels in this program.

A higher amount of nickel (4.68 wt%) is intentionally added to enhance low
temperature toughness. The variation in CGHAZ hardness with cooling time is
shown in Fig. 3.26. The CGHAZ hardness (419 HVS) achieved for a cooling time
of 2.5 sec. is quite high because of the higher carbon content (0.12 wt%). The
CGHAZ contains 100% martensite at all cooling times, as shown in Figs A-22 to
A-24. None of the formulae for predicting hardness allowed good correlation
among predicted and measured hardness data. The reasons for this have been
described in Section 3.3.2.3. Based on the magnitude of standard error the
following ranking can be considered adequate-

BL-70S (CE) > BL-70S (CEy,) > Yurioka-3 > BL-70S (P¢r) > BL-705M (P >
Yurioka-1 > BL-70

It is noticed that the ranking of various formulae for estimating maximum
HAZ hardness in steels of higher hardenability such as HSLA-80M, HSLA-100,
HSLA-130, and HY-130 show a similar trend. BL-70S (CE) is found to be superior
to both BL-708 (CEy,) and the Yurioka-3, whercas the BL-70 formula is found to
be the least accurate.

3.3.2.6. DQ-125 Steel

DQ-125 contains 0.11 wt% carbon and is produced by the direct quenching
process. Strength in this steel is obtained by a combined effect of carbon and
the presence of a martensitic structure. The base metal hardness, therefore, is
quite high (321 HV), although its carbon equivalent is relatively low (Pem =
0.25). In fact, its carbon equivalent is the lowest among all steels in the 130 ksi
category. Therefore, the DQ-125 CGHAZ should become softer than the base
metal at longer cooling times as opposed to the other steels in the same
category, where the CGHAZ hardness was well above the base metal level. The
bardness response of the CGHAZ with cooling time is shown in Fig. 3.27. The
maximum hardness was 399 HVS5 for 2.5 sec. cooling time and is due to the
presence of a fully martensitic HAZ (Fig. A-26). On increasing the cooling
time the HAZ hardness drops rapidly and it becomes lower than that of the base
metal at cooling times greater than about 30 sec. The CGHAZ microstructures
corresponding to 11 and 80 sec. are shown in Figs. A-27 and A-28. It is clear
that mariensite is progressively replaced by bainite as the cooling time is
increased.

The following regression equations were obtained for formulae to estimate
the maximum HAZ hardness-

BL-70 Hpax (exp.) = 114.6 + 0.72 Hy oy (cal)
R2=0947; P =27.24 HV5

R2 =0940; P =2297HV5
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BL-70S (CEp) Hmax (exp.) = 74.1 + 0.80 Hy5x (cal)

R2=0919; P=1437HV5
BL-70S (CE) Hpax (exp.) = 62.3 + 0.83 Hppox (cal.)

R2 =0910; P=1232HVS
BL-70SM (Pc)  Hpax (exp) = 110.4 + 0.75 Hy 4 (cal)

R2=0.947; P =34.50HV5

Yurioka-1 Hmax (exp.) = 108.1 + 0.72 Hpay (cal)
' R2 =0.946; P =2236HV5
Yurioka-3 Hpax (exp.) = 89.3 + 0.74 Hpy o, (cal)

RZ2=0927; P=13.84 HVS
All formulae provide good correlation with experimental data. However,
when the standard error of determination is used for comparing different
formulae. The following order of accuracy is obtained:
BL-70S (CE) > Yurioka-3 > BL-70S (CEy,) > Yurioka-1 > BL-70S (P.y,) > BL-70 >
BL-70SM (Pcpm)

3.3.2.7. DQ-80 Steel

DQ-80, like DQ-125, is produced by the direct quench process, but the
strength level of this steel is achieved by a subsequent aging treatment at
elevated temperature to precipitate epsilon-copper. This steel contains the
lowest carbon (0.032 wi%) among all steels in this program and consequently
has the lowest carbon equivalent (Pgy, = 0.16). The variation of Hp,x Wwith

cooling time is shown in Fig. 3.28. The hardness response shows a typical
curve marked by two shelves - the upper shelf because of the presence of
martensite and the lower due to the presence of bainite. It should be noted
that the upper shelf is not very well defined as the CGHAZ is not fully
martensitic even at the shortest cooling time (2.5 sec.) as shown in Fig. A-30.
However, the martensite constituent is rapidly replaced by bainite as the
cooling time is increased. This is illustrated in Figs. A-31 and A-32 for cooling
times of 14.6 and 140 sec. Because of a very low value of carbon equivalent and
an aging treatment to strengthen the base metal, the CGHAZ hardness
decreases for cooling times greater than 14 sec.

The validation of various formulae to estimate the maximum CGHAZ yield
the following regression equations-

BL-70 Hmax (€xp.) = 1114 + 0.42 Hy,y (cal)
R2=0914; P =46.75 HV5
R2 =0951; P =34.29 HVS

BL-70S (CEp,) Hpayx (exp.) = 122.1 + 0.47 Hp,y (cal))
‘ R2=0910; P =20.56 HVS

BL-70S (CE) Hpax (exp.) = 122.6 + 0.47 Hpp,x (cal.)

R2=0910; P=2125HVS5

R2=0931; P=27.58 HV5

Yurioka-1 Hpax (exp.) = 140.1 + 0.34 Hp . (cal)
R2=0952;, P=3592HV5
Yurioka-3 Hpax (exp.) = 94.5 + 0.60 Hp, 5« (cal)

R? =0.852; P =15.85HV5
The following ranking of the formulac is based on the standard error-
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Yurioka-3 > BL-70S (CE) > BL-70S (CE,) > BL-70SM (P¢cp) > BL-70S (Perp) >
Yurioka-1 » BL-70

3.3.2.8. AC-50 Steel

The carbon equivalent of AC-50 is the same as that of DQ-80 but its carbon
content is higher (0.079wt%). The strength of this steel is the lowest among all
steels in this study. The effect of increasing cooling time on the maximum HAZ
hardness is shown in Fig. 3.29. The CGHAZ hardness comesponding to 2.5 sec.
cooling time is only 300 HV5 as compared to 388 HV5 for HSLA-100 and HSLA-
130, which also contain carbon in the same range. This is due to the fact that
(a) the CGHAZ in AC-50 is not fully martensitic (estimated martensite-70% see
Fig. A-34) while it is 100% martensite in HSLA steels, and (b) AC-50 is a lean
stee] while in the HSLA steels alloying elements are intentionally added to
optimize certain mechanical properties, which can increase the hardness by
providing solid solution strengthening. The CGHAZ microstructures
corresponding to 12 and 90 sec. cooling times are shown in Figs. A-35 and A-36.
The hardness corresponding to the lower shelf (bainitic microconstituent) is
almost the same (207 HVS5) as obtained in DQ-80 because of similarity in carbon
content. :

The AC-50 steel falls within the validity limits of all the formulae
considered for calculating Hp,,x. Therefore, excellent correlations are

observed for all- the formulae as given below-

BL-70 Hpax (€xp.) = 75.7 + 0.68 Hpyay (cal.)
R2=0983; P=1492HVS
R2=0983; P =14.57 HVS
R2 =0984; P =14.89 HV5

BL-70S (CE) Hiax (€xp.) = 78.6 + 0.68 Hy,, (cal.)

R?2=0982; P=1522HV5
BL-70SM (P.p) Hpax (exp.) = 75.3 + 0.69 Hy s (cal.)

R2 = 0.982; P = 14.31 HV5

Yurioka-1 Hpax (exp.) = 86.2 + 0.65 Hpyax (cal.)
R2=0982; P=17.24 HV5
Yurioka-3 Hmax (exp.) = 56.6 + 0.82 Hp 4« (cal.)

R2 = 0.975; P = 18.28 HV5

The magnitude of the slope and intercept indicate that all the formulae
underestimate the hardness values. According to the standard error, these
formulac can be ranked as:

BL-70SM (P¢) > BL-70S (Per;) > BL-70S (CEy,) > BL-70 > BL-70S (CE) >
Yurioka-1 > Yurioka-3.

The Hyjpax vs. tgy5 response for copper containing and non-copper
containing stecls are compared in Figs. 3.30 and 3.31 respectively.

3.3.3. Applicability of Carbon Equivalent Formulae
The discussion of the results presented above indicates that no single Hp,ax
formula allows for precise determination of the maximum HAZ hardness for all
the steels in this programn. The following is a summary of the ranking of the
different formulae in order of their accuracy of prediction. Only the three
best formulae have been listed.
HSLA-80-1 Yurioka-3 > BL-70S (CE) > BL-70S (CEy)
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HSLA-80-2 Yurioka-3 > BL-70S (CEp,) > BL-70S (CE)

HSLA-80M BL-70S (CE) > BL-70S (CEp,) > Yurioka-3
HSLA-100 BL-70S (CE) > BL-70S (CEp,) > Yurioka-3
HSLA-130 BL-70S (CE) > BL-70S (CEp,) > Yurioka-3
HY-130 BL-70S (CE) > BL-70S (CEp) > Yurioka-3
DQ-125 BL-70S (CE) > Yurioka-3 > BL-70S (CEy)
DQ-80 Yurioka-3 > BL-70S (CE) > BL-70S (CEp)

AC-50 BL-70SM (P¢y) > BL-70S (Pc) > BL-70S (CEp)

Steels DQ-125 and AC-50 fall within the validity limits of all the formulae.
The chemistry of HY-130 lies within the applicable limits of Yurioka-3 only.
The remaining steels are outside the scope of all the Hy, o4 formulae

considered. However, for copper containing steels (Cu > 1 wi%), the limit of
Yurioka-3 formula is violated only with respect to Cu content. Yurioka-3 is
applicable to steels with a maximum 0.90 wt% copper. It gives the best results
when applied to HSLA-80-1, HSLA-80-2 and DQ-80 followed by either BL-70S
(CE) or BL-70S (CEp,). But when Yurioka-3 is applied to steels with higher
hardenability such as HSLA-80M, HSLA-100, HSLA-130, and HY-130, it is found
inferior to BL-70S (CE) and BL-70S (CEp,). It should be noted that in these steels
none of the formulae provided an acceptable coefficient of determination
(because of the reasons discussed earlier) and the formulae were ranked in
terms of the standard error of determination. The difference in the standard
errors for these three formulae is small, therefore, all the three formulae may
be considered to provide almost the same accuracy of prediction for quench
hardenable steels.

Formula BL-708 (CE) was found superior to Yurioka-3 for DQ-125, although
the difference in the accuracy of prediction was negligibally small. However,
Yurioka-3 predicted the CGHAZ hardness with the least accuracy when applied
to AC-50, the best prediction was provided by BL-70SM (P.). BL-70SM (Pcp)
was developed to predict CGHAZ hardness in low-C low-Mn low strength steels.
Once again the magnitude of difference between the best and the least
accurate formulae is small.

Therefore, it appears that the Yurioka-3 formula will allow acceptable
prediction of Hp,ax for all steels in this program.

The formulae for estimating the CGHAZ hardness were also applied to the
data from all nine steels in this study in order to assess their applicability to
this class of steels. The comparisons are illustrated in Figs. 3.32 10 3.39. The
following regression equations for best-fit lines were obtained-

BL-70 Hpmax (exp.) = - 1447 + 1.02 Hy, 55 (cal)
R2 =0.741; P =33.78 HVS

BL'7OS (Pcm) Hmax (Cxp) = - 18.64 + 1.02 Hmax (Cal)
R2=0.835; P =28.83 HVS
R2=0928; P=17.68 HVS

BL-70S (CE) Hpax (exp) = 5.16 + 1.0 Hy, 44 (cal)

R2=0933; P=17.00 HVS

R2 =0.835; P=27.01 HVS
Yurioka-1 - Hmax (exp) = - 0.06 + 0.99 Hp,,x (cal)

R2=0.799; P =28.76 HVS
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Fig.3.35. Comparison between experimental and calculated CGHAZ
hardness by BL-70S (CE) formula.
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Fig.3.36. Correlation between actual and calculated CGHAZ hardness
from BL-70SM (Pem) for all steels.
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Fig.3.37. Results of comparison between actual and calculated
CGHAZ hardness using Yurioka-1 formula for all steels.
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Fig.3.38. Correlation between actual and calculated CGHAZ hardness
using Yurioka-3 formula for all steels.
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Fig.3.39. Ranking of various formula to calculate maximum HAZ
hardness based on standard error of determination.
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Yurioka-3 Hpax (exp) = 3223 + 0.90 Hpyyax (cal)

R2=0964; P=1395HVS5

The accuracy of prediction in terms of standard error for all the formulae
is shown in the bar chart in Fig. 3.39. The formulae Yurioka-3, BL-70S (CE) and
BL-70S (CEp,) allow acceptable prediction of Hy, 5 data determined in this
study.

Ity is interesting to note that among all the formulae proposed by Suzuki,
BL-70S (CE) and BL-70S (CEp,), were able to predict Hpax with an acceptable
level of accuracy in the present steels, as contrasted to other formulac based
on Popy such as BL-70S (P.y,) and BL-70SM (P.p,). The carbon equivalents
Pem. CE, and CEp, are given below for ready comparison. The carbon
equivalent CEj (from Yurioka-3) representing hardenability is also compared
with the other three CE's.

Pem = C + 8i/30 + Mn/20 + Cu/20 + Ni/60 + Cr/20 + Mo/15 + V/10 + 5 B

CE (IW) = C + Mn/6 + Cu/15 + Ni/15 + Cr/5 + Mo/5 + V/5

CEp = C + Sif24 + Mn/6 + Cu/15 + Ni/15 + Ct/5 + Mo/5 + V/5 + 15 B

CEj = C + Si/24 + Mn/6 + Cu/15 + Ni/12 + Cr/8 + Mo/4 + AH

where

AH=0when B £ 1 ppm

AH = 0.03 fy when B = 2 ppm

AH = 0.06 f)y when B = 3 ppm

AH = 0.09 f)y when B 2 4 ppm

and fiy = (0.02 - N)/0.02

Suzuki developed CEp, as a modified version of CE (IIW) by including the
effects of Si and B on the hardenability of micro-alloyed steels. Both the
formulae are related by-

CE,=CE+Si24+15B

CEy, and P;p, relationship is given below-

Pem = 0.0039 + 0.702 C + 0.310 CEp,

In order to compare the contribution of each element to the overall carbon
equivalent, (a typical example) HSLA-80-1 steel is considered. The coefficients
of various elements in the four carbon equivalent formulae described above
have been normalized and denote the percentage contribution toward a
carbon equivalent of 100.

Pem =20 C + 5.61 Si + 10.91 Mn + 28.64 Cu + 7.28 Ni + 1545 Cr

+6.67Mo +0.14V +454 B

CE (ITW) = 9.56 C + 17.39 Mn + 18.26 Cu + 14.78 Ni + 29.56 Cr

+9.56 Mo+0.13V

CEy =88 C+3.088Si+16Mn + 16.8 Cu+ 13.6 Ni +27.2 Cr

+88Mo+0.12V+6B

CE[=898 C+3.15Si+ 1633 Mn + 17.14 Cu + 1735 Ni + 17.35 Cr

+11.22 Mo + 9.18 AH

The comparison of the contribution of different elements to CE value
reveals that in the P;,, formula carbon and copper were given maximum
weightage, while in the remaining three formulae the carbon contribution
has been reduced substantially (from 20 to about 9%) and copper weightage
has been decreased from 28.64 to about 17.%. The P, formula is based on
steels with a minimum carbon content of 0.07 wt% and a maximum Cu content
of 0.50 wi%. This implies that when copper is present in amounis greater than
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0.50 wt% its influence on hardenability no longer increases in proportion to
its content, but becomes appreciabally smaller. Another striking feature
among the CE (IIW), CEp and CEj is the similarity of weightages given to some
of the other alloying ¢lements such as Mn, Ni, and Mo. In general, it is found
that the percentage contribution of C, Si and Cu to carbon equivalents has
decreased and that of Mn, Ni, Cr, Mo, and B has increased since P.p, was
developed (in 1968). In the moderm low carbon steels, it is recognized that the
effect of other alloying elements on the hardenability has become more
important as compared to carbon. The effect of boron is recognized in CEp and
its interaction with nitrogen is given due consideration in CE[. Boron inhibits
the nucleation of ferrite by segregating to the grain boundaries, thus
increasing hardenability. However, the presence of nitrogen decreases this
effect by fixing boron. The interaction of nitrogen with boron is affected
when strong nitride formers like Al and Ti are present.

In order to assess the contribution of elements to various CE's in non-
copper containing steel that falls within the validity limit of P, and the
other three CE's, the results from AC-50 are discussed below. It should be noted
that all Hy, 54 formulae allowed accurate determination of maximum HAZ
hardness in this steel, thus implying that all four CE's described above may be
suitable to define the hardenability of AC-50.

Pem =49.37 C+ 5.62 Si + 42.8 Mn + 0.31 Cu + 0.2INi + 0.62 Cr + 4.17 Mo

+019V+312B

CE (ITW) = 23.94 C + 69.2 Mn + 0.20 Cu + 0.40 Ni + 1.21 Cr + 6.06 Mo

+0.18V

CEp =21.94 C+3.12 Si + 63.42 Mn + 0.18 Cu + 0.37 Ni + 1.11 Cr + 5.56 Mo

+0.17V+417B

CEp = 18.37 C + 2.62 Si + 53.1 Mn + 0.15 Cu + 0.39 Ni + 0.58 Cr + 5.81 Mo

+ 18.83 AH

Comparison of the above equations reveals that in AC-50 the hardenability
is primarily controlled by C and Mn and it is evident in all the CE formulae,
though the relative contributions of C and Mn are different. However, in
HSLA-80-1 the alloying elements other than C and Mn become of increasing
importance in determining hardenability.

The improved correlation obtained with Hp, 4 formulae based on CE, CEy,,
and CEj may not be trivial, but may reflect the changing role of different

alloying elements (e.g. C, B, N, and Cu) when present in amounts not customary
in conventional stecls and their relative effect on hardenability in the
modern low carbon micro-alloyed steels. Therefore, it appecars from the above
that the hardenability of steels in this program can be represented adequately
by CEj. The applicability of CEj will be further evaluated in Section 4 where
the results of susceptibility of these steels to hydrogen assisted cracking are
discussed.

3.4. CONCLUSIONS

The following main conclusions can be drawn from the results presented
in this Section-

(1) Three nomograms and two equations to estimate the cooling time from
800 to 500°C were evaluated for the experimental data on two steels - HSLA-80-2
(1" thick) and DQ-125 (2" thick) - from this study. The equation proposed by
Uwer and Degenkolbe was found to provide accurate determination of cooling
time for both SMA and SA weldments. The remaining nomograms and equation
were also suitable for predicting cooling time in SMA welds but were of limited
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validity to SA welds. On the other hand the Uwer and Degenkolbe equation was
applicable to SMA, SA, and GTA welding and t0 a much wider range of energy
inputs and joint geometrics. Therefore, the Uwer and Degenkolbe method was
employed to calculate the cooling times for welding conditions employed on all
steels in this program.

(2) The maximum HAZ hardness variation with cooling time was
investigated for all nine steels. The cooling time (800 to 500°C) was varied
from 2.5 sec. to a maximum of 140 sec. by employing both the SMA and SA
welding processes. This range of cooling time allowed the study of an array of
different CGHAZ microstructures ranging from fully martensitic to fully
bainitic. =~ An equation recently proposed by Yurioka to estimate % martensite
in the CGHAZ was evaluated qualitatively for the steels under study. This
equation appears to be valid for all steels. The reason for selecting the above
equation was also based on the fact that Yurioka's formula to calculate
maximum HAZ hardness is derived from this equation and it allowed accurate
determination of hardness in all steels.

(3) Seven formulae to calculate maximum HAZ hardness were selected for
comparison with experimental data from this study. Five of these formulae
were proposed by Suzuki (BL-70 formulae) and two by Yurioka. Suzuki's
formulac represented an improvement over the predecessor formulae which
were widely used to estimate CGHAZ hardness before 1985 including one by
Yurioka - Yurioka-1 formula. Another formula - Yurioka-3 was published in
1987, and has applicability to not only low carbon low alloy steels but also to
high alloy steels. When these hardness formulac were applied to the steels in
this study, the Yurioka-3 formula, followed by BL-70S (CE) and BL-70 (CEy),

allowed the most accurate prediction of CGHAZ hardness. The BL-70 formulae
based on P.y, were found inadequate for estimating maximum hardness.

(4) A comparison of different carbon equivalent formulae - Pcm. CE (IIW),
CEm. and CE[, used in Hp,x equations to describe the hardenability of steels
revealed that in CE(IIW), CEy, and CEj, while the carbon and copper
contribution to the overall carbon equivalent has been appreciabally reduced,
the weightage of Mn, Ni, Cr, Mo, and B has been increased as compared to that
in Poyy. This implies that in low carbon micro-alloyed steels the influence of
alloying elements (other than carbon) on hardenability has been given more
influence when compared to conventional C-Mn steels. The effect of copper
(in amounts > 0.50 wt%) on the hardenability does not increase linearly with
increase in content and thus in CE's valid for the steels in this investigation its
weightage has been reduced appreciabally. Therefore, from the CGHAZ
hardness data, it appears that the CEj carbon equivalent formula may be

considered to best represent the hardenability of steels in this program.
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4. HYDROGEN ASSISTED CRACKING

4.1. INTRODUCTION:

The concept of weldability encompasses many diverse areas, however, for
the last 50 years hydrogen assisted cracking (HAC) has been synonymous with
the weldability of steels. Consequently, it has received considerable attention
from steel users, manufacturers, fabricators and researchers alike. As a result
of these sustained efforts, superior grades of stecls have been made available
to the user with greatly reduced susceptibility to cold cracking and which can
be welded with lower preheat temperatures and over wider heat input ranges
than was possible in years past. A chronological illustration in Fig. 4.1 shows
the improvement brought about in the quality of linepipe stecls over the years
[33]. The weldability of structural steels has been improved by (a) the
introduction of steels with lower carbon content and thus a lower carbon
equivalents, (b) the application of various thermomechanical treatments to
enhance strength and toughness by grain size and microstructure control, (c)
lower sulfur content and inclusion shape control, and (d) the availability of
high quality low hydrogen welding consumables.

The main advantage derived from the above developments is in terms of
improving the heat affected zone properties with respect to hardenability,
cold cracking, lamellar tearing, reheat cracking, toughness and stress
corrosion cracking. Moreover, it has become technically possible to weld
steels over a wider range of heat inputs with limited preheat. One of the
important advantages of preheating and holding the preheat temperature
during welding is the removal of hydrogen inmtroduced into the weld and HAZ.
For the case where there is no preheating or inadequate preheating,
hydrogen cannot effectively diffuse and escape from the weldment, but
remain trapped and stress concentration, thus increasing the risk of cold
cracking.  Moisture contained in consumables has been generally less
important in the past, since welding was carried out at carefully defined
preheat levels. Recently, however, there have been significant efforts to
minimize preheat as a cost reduction measure, therefore, the hydrogen
introduced into the weldment through consumables has become of greater
importance. Though considerable work has been carried out to understand the
phenomenon of hydrogen assisted cracking, there are still many attributes of
the phenomena that are not fully understood.

HAC commonly occurs in the grain coarsened region of the HAZ and is
frequently described as toe cracking, root cracking, or underbead cracking
depending on crack location. It is also known as delayed cracking or cold
cracking because cracking usually occurs after an incubation period, which
can vary from a few hours to days, and generally does not initiate until the
weldment has cooled to below 200°C. The three most important factors
responsible for HAC in a steel weldment are: (a) the chemical composition and
hence hardenability, which in turn determines the HAZ microstructure, (b)
the hydrogen content of the weld deposit, and (c) the restraint associated with
the welded geometry and the attendant residual stresses.

4.1.1 Effect of Chemical Composition

The chemical composition of a steel, along with the peak temperature
attained during welding, and the cooling rate through the austenite
transformation temperature range determines the microstructure developed
in the HAZ. The carbon content defines the maximum hardness obtained in
the HAZ, whereas the carbon and other alloying elements (carbon equivalent)
determine the hardenability. The addition of micro-alloying elements to resist
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the grain growth in the HAZ by a pinning effect not only improve toughness
but also reduce susceptibility to HAC, as the transformation kinetics of
austenite to non-martensitic constituents in a fine grained structure is
comparatively rapid and the critical cooling time, below which 100%
martensite forms, decreases almost linearly with austenite grain size (Fig. 4.2)
[21]. Therefore, the net effect of the addition of micro-alloying clements is to
shift the CCT diagram to shorter times and thereby decrease the amount of
martensite in the HAZ. Recently, computation of austenite grain growth in the
HAZ's of micro-alloyed steel weldments has been achieved as illustrated in Fig.
4.3 [28] and it is suggested that the hardenability of steels can be fully
represented by a composition characterizing paramecter and austenite grain
size. For conventional steels, however, the transformation behavior of HAZ's
during welding has been successfully quantified by composition
characterizing parameters alone, because in such steels hardenability is
totally dictated by the chemical composition and any effect of the austenite
grain size is not discernible,

Reduced sulfur levels in "clean" steels are reported to enhance
susceptibility to cold cracking. This is attributed to a decrease in the density of
inclusions and thus a reduction in the number of hydrogen trapping sites.
However, Kirkwood [21] in his review of the data on the cold cracking
susceptibility of offshore structural steels containing sulfur levels in the
range 0.002 to 0.009% concluded that "while there is indeed evidence that
lower sulfur steels may have an increased tendency to produce higher
hardness levels, this does not necessarily imply increased hardenability in the
classical context. The "sulfur effect” appears to increase in magnitude as
carbon equivalent decreases, and is of maximum importance when
considering the ability of a steel to generate hardness levels above 375 HV.
There is no evidence that the lower sulfur steels in this (sic) study are more
susceptible to hydrogen induced cold cracking”. A similar conclusion was also
espoused by Yurioka et al [54] in the case of C-Si-Mn-Nb-V-B-N steels
containing 0.002 to 0.021 % sulfur. However, Hart [55,56] in a survey found
that 70 % of reports stated that decrease in the sulfur content increases the
suSceptibility of steels to HAC. The reason for such conflicting views on the
role of sulfur may be due to the fact that the analyses have been carried out
taking into account the total impurity content whereas a parameter involving
the shape, size, and distribution of non-metallic inclusions would appear to be
more appropriate. It is now becoming increasingly evident that non-metallic
inclusions act as sites for intragranular ferrite nucleation and any reduction
in sulfur content should act in a way such as to increase the hardenability of
"clean" steels. Attempts arc underway to decrease S to as low a level as possible
and form CaO rather than CaS to act as sites for trapping diffusible hydrogen.

Controlled additions of boron in modem steels is a relatively new
development. Boron contents less than 10 ppm are quite effective in elevating
the hardenability of steels as free boron segregates to the grain boundaries
and retards the nucleation of ferrite [16]. However, boron reacts with
nitrogen to form boron nitride, thus free boron becomes unavailable to retard
the nucleation of ferrite. Therefore, the use of strong nitride formers, such as
Ti and Al, is resorted to fix nitrogen and exploit the effect of boron on the
hardenability.

4.1.2. Effect of Hydrogen

Hydrogen in a weldment exists in combined (molecular) and diffusible
(atomic) forms. It is the diffusible hydrogen which is respomsible for cold
crack imitiation. The main sources for the introduction of hydrogen into a
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weldment are: (a) chemically bonded and absorbed water in the electrode
coatings and fluxes, (b) moisture in shielding gas from GMA and GTA welding
processes, and atmospheric humidity and (c) surface contaminants, Typical
diffusible hydrogen contents in the weldments may vary from 1 to 40 ml/100g
depending on the type of consumables and fluxes used, their storage
conditions and atmospheric humidity. Fig. 4.4 shows range of hydrogen
contents expected in a weldment when different welding processes are
employed [57).

The trend of linear variation of lattice diffusivity coefficient of hydrogen at
temperatures above 150-200°C is not followed at lower temperatures, as shown
in Fig. 4.5 [58]. In the lower temperature range the apparent diffusivity
becomes progressively smaller than the "ideal" diffusivity with decrease in
temperature. This figure has been constructed from data taken from various
sources. It is apparent that the deviation in the observed diffusivity
coefficient from expected values depends on the impurity content of the weld
metal. This phenomenon is attributed to the trapping or delaying of hydrogen
as it moves through the lattice. The resistance to hydrogen movement
through lattice becomes less pronounced at high temperatures as trapped
hydrogen can escape with greater ease at these temperatures. Trapping
efficiency differs with the type of lattice discontinuity. Microvoids created
cither by cold work or plastic deformation have been found to be the most
efficient sites for hydrogen trapping. Other trapping sites such as
dislocations, grain boundaries, inclusions, and precipitates also have varying
degrees of trapping efficiencies.

Diffusible hydrogen content is recognized to play a crucial role in
initiating cracks and at present significant work is underway to understand
the mechanism of hydrogen distribution as a function of microstructure and
stress. In Fig. 4.6 [28] the results of one such study to compute hydrogen
distribution in the HAZ of steel welds are shown. At present, sites for
hydrogen segregation have not been completely defined and the role of stress
is not fully understood. However, with some simplified assumptions it is
possible to estimate the hydrogen distribution in the HAZ.

4.1.3. Effect of Stress

Strains are developed by thermal contraction during cooling of the weld.
Stresses approach yield in most instances. The presence of hydrogen appears
to lower the stress level at which cracking will occur. In rigid structures the
natural contraction stresses are intensified because of the restraint imposed
on the weld by the different parts of the structure. These stresses are
concentrated at the toe and the root of the weld and also at notches constituted
by inclusions and other defects. Higher degree of restraint produces higher
risks of cracking for a given microstructure hardness.

Very little can be done to modify the welding stresses as they depend mainly
on restrainf, however, models have been recently developed to precisely
calculate the distribution of local stresses by judicious selection of the design
and welding process [59]. In an extensive study at MIT [60], to calculate the
stress distribution in welds, a good correlation between theory and
experimental results was obtained.

The residual stress acting upon a weld is a function of weld size, joint
geometry, fitup, external restraint, and the yield strength of the base plate and
weld metal. Judicious selection of joint geometry, welding parameters, and
stress-relief treatment may aid in mitigation of cold cracking in a welded joint.
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4.1.4. Concept of Carbon Equivalent

From the above it is clear that if the effects of chemical composition,
diffusible hydrogen level, and stress on a weld deposit on its cold cracking
susceptibility can be quantified, it is possible to predict safe welding
conditions. Many attempts have been made in this direction and met with
varied degrees of success . The effect of chemical composition on the
weldability of a steel is described by a carbon equivalent, which normalizes
the composition to a single number. There are many CE's available depending
on type of approach and class of steel. Table 4.1 lists various CE's proposed thus
far. There is no universal CE formula applicable to all classes of steels. Most of
the formulae have limited validity (in terms of chemical composition, cooling
time from 800 to 500°C, and plate thickness) and are applicable to the class of
steels for which they were devised, though there are claims to the contrary.
The reason for disagreement appears to result from the fact that the
"derivation” of CE formulae is still empirical in nature and experimental
crrors in determining 18/5, hardness and chemical composition may cause
significant scatter when comparing data from different sources. Moreover,
the predictive utility of the CE has come into question especially with regard to
HSLA steels which have a significantly reduced carbon content. In the case of
conventional steels with higher CE's, the weldability and metallurgical
response is totally dictated by the carbon content and CE values. As C and CE
levels have progressively decreased, the importance of other metallurgical
factors, such as prior austenite grain size, which hitherto was negligible as
compared to the dominant effect of the overall chemistry, has increased.
Recently some attempts have been made to rationalize the predictive models on
the basis of metallurgical factors, but comsiderably more data are needed to
develop a workable model. In the following sections two of the widely used
models for predicting preheat temperatures are briefly described and their
applicability to HSLA steels is discussed.
4.1.5. Hardness Control Approach

A considerable extent of the early development of CE formulae was based on
work conducted on C-Mn steels with relatively high carbon content (20.20%).
These models were developed at The Welding Institute and form the basis of the
requirements in BS 5135 [12]. It is based on the observation that the incidence
of HAZ cracking is greatly reduced when the HAZ hardness is below a certain
critical value. The hardness of the HAZ is controlled by limiting the cooling
rate 10 a certain value below which the critical HAZ hardness is never
achieved. The selection of the critical hardness will depend on a number of
factors such as type of steel, hydrogen level, restraint and service conditions.
For example, the maximum hardness in the HAZ of high strength structural
steels for offshore application is restricted to 325 HV to safeguard against cold
cracking, whereas a critical hardness of 245 HV is considered an upper limit in
aggressive environments to avoid stress corrosion cracking. Therefore, as a
first step toward defining the welding conditions, the maximum critical HAZ
hardness (Hmax) should be selected. The minimum preheat temperature is
then determined from a nomogram available in BS 5135 (e.g. Fig.4.7). In this
approach the following carbon equivalent is used as a chemical composition
characterizing parameter:

CE(IIW)=C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15
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Table 4 . ]. Carbon Eqivalent Coefficient*

Year

5, No. Reference Mn si Cu Ni Cr Mo Nb v B Co
1 Deardent & 1940 6 - 13 15 5 4 - 5 =~ 150
0'Neill
2 Edson 1942 7.3 - &7 16.4 8.3 - - - - -
3 Nehrenberg 1946 9 27 - 18 14 27 - - - -
4 Voldrich et al 1947 4 - - - - - - - - -
5 Voldrich et al 1947 4 4 - - - - - - - -
6 Heuschkel 1949 10 9 99 99 10 3 - 6 - -
7 Heuschkel 1949 10 5 28 28 7 3 - 6 - -
8 Sims & Banta 1949 7 25 - - 510 31 - 3 - -
9 Bradstreet 1956 20 - - 15 10 10 - 10 - -
10 Kihara et al 1959 6 24 - - - - - - - =
11 Winterton . 1961 6 - 40 20 19 (~50) - (~10) - -~
12 Ito & Bessyo 1968 20 30 20 60 20 15 - o - .
13 Beckert 1973 2.9 11 3.9 17 3.2 3.4 - - - -
14 Stout 1976 6 - 40 20 10 10 - - - -
15 Stout 1976 6 - 40 20 10 10 - - - =
16 Graville 1976 16 - - 50 23 7 8 9 - -
17 Harasawa 1977 6 - 15 15 5 5 - S - -
18 Duren 1980 16 25 16 60 20 40 - 15 - -
19 Yurioka 1982 ) 24 15 40 6 &4 5 5 L10 =
20 Yurioka 1980 (=30) 15 20 4 6 - - - -
21 Duren 1982 8 11 9 17 5 6 - 3 - -
22 Terasaki 1984 3 - 4 8 10 3 - - X5 -
23 Cottrell 1984 6 - - - 5 5 4xC i - -
24 Suzukd 1985 6 24 15 15 5 5 - 5 X158 <
25 Yurioka 1987 6 24 15 12 8 4 - - - -
26 Yurioka 1987 5 24 10 18 5 2.5 k| 5 - -
27 Yuricka 1987 3.6 - 20 9 5 4 - - - -

*

Coefficient for various elements are denominators to the wvieght percent of the
elements unless orherwise specifled
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Fig.4.7. A typical nomogram to determine the preheat temperature using the Hardness
. Control approach [12]
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The Hardness Control method is applicable to steels with carbon equivalents
in 046 to 0.58 range. The approach is based on the assumption that the critical
hardness is independent of carbon equivalent. Kirkwood [21] analyzed the
published data from the "mew" steels and arrived at the conclusion that the
critical hardness decreases dramatically with decreasing carbon equivalent
(Fig.4.8). Thus implying that the Hardness Control approach should be
employed to the modem steels with caution.

4.1.6. Hydrogen Control Approach

This model was developed in response to the recognition that cracking did
not always occur when the critical hardness was exceeded. Preheated welds
tolerated higher hardness than unpreheated. This is due to enhanced
diffusion of hydrogen out of HAZ in the preheated welds. Ito and Bessyo [13]
carried out a large number of groove weld experiments (more than 200) using
the Tekken Test for a wide range of low alloy steels, (carbon content ranging
from 0.07 to 0.22 wt%). They proposed the cracking parameter, Py, which

includes a composition characterizing parameter, Pem, diffusible hydrogen
content, Hjyg (ml/100g), and intensity of restraint, K (kg/mm?2):

Py =Pem + Hy1s/60 + K/(40x103) oo @.1)
where:

Pem = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/15 + V/10 + 5B

The critical Py, is related to the time for the weld to cool to 100°C as shown in
Fig. 49. The cooling time to 100°C is a measure of the amount of time available
for hydrogen to diffuse out of the weldment. The cooling time can be
measured experimentally or a preheat temperature related to a given cooling
rate can be estimated from various empirical diagrams that have been
developed based upon Py, heat input, and plate thickness [61-65], such as
shown in Fig.4.10. If the actual cooling time is greater than the calculated
critical cooling time, cold cracking will not be expected to occur. Several
formulae for the weld cracking parameter, Py,, have been proposed but they
are essentially similar to the hydrogen control approach differing only in the
degree of refinement of the hydrogen diffusion equation and the method of
determining the stress in the weld [13,61,66]. Some of these formulae are
given below:

Py =Pom + Hyg/60 + 1600 [13]  ooeoooeeemeeeneeeessssessnn 4.2)
Pw =Pcm + A log Hyjs + o kK/[160,000(1 + C ¥2)] [66] ooovvre..... 4.3)
Py = CEN + 0.15 log Hj[s + 0.30 log (0.017 K; Oy) [61] .eeeeen.. “.4)

where h is the plate thickness, A, x, C, and ¥ are coefficients that are
dependent upon heat input, restraint, and joint geometry, Kt is the theoretical
elastic stress concentration factor at the weld root or toe, o is the mean stress
acting on the weld metal, and CEN is Yurioka's carbon equivalent -

CEN = C + A(C) x (Si/24 + Mn/6 + Cu/15 + Ni/20
+ Cr/5 + Mo/5 + V/5 + Nb/5 + 5B)
where
A(C) = 0.75 + 0.25 tanh [20 (C - 0.12)]

The accommodation factor, A(C), increases with an increase in the carbon
content. It approaches 0.5 at carbon contents below 0.08 wt% and 1 above 0.18
wt% (Fig. 4.11). Yurioka also compared the validity of his formula with those
proposed by others. He performed Stout's line pipe cold cracking test on 20
steels and determined the critical preheat temperatures. His steels also
included low carbon micro-alloyed steels. The carbon ranged from 0.018 to
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0.25 wi%. He rated various CE's in order of decreasing correlation coefficients.
The CEN carbon equivalent showed the highest correlation coefficient.

Suzuki et al have published a number of predictive formulae for assessing
the cold cracking susceptibility of steels. The latest formula proposed by
Suzuki [67] is given below. It is claimed to predict the preheat temperature
more accurately than those formulae previously proposed by him.

(0)cr = 68 log (b) + 97 log (Hp) + 459 tan-1 (3C)
+ 44 Si + 67 Mn + 23 Cu + 12 Ni + 151 tan"! (0.7 Cp)

+29 tan"1 (3 Mo) + 139 V + 24 an"1 (300 B) -354 ... @.5)
where (0)cr is the critical preheat temperature, h is the thickness of the

platc and Hpy is the amount of diffusible hydrogen (ml/100g) of the deposited

weld metal. This formula is also applicable to very low carbon steels (C2 0.037
wi%). Based on standard error in predicting critical preheat temperatures
while using equation (4.1) and (4.5), Suzuki's formula is shown to be more
accurate and convenient to use. However, when the values are compared with
those obtained for steels used in the Ito-Bessyo study, the accuracy is almost
the same.

Graville [17,68] proposed a more generalized approach by assuming that
cracking occurred only if a critical hydrogen level remained in the weld after
it had cooled to 50°C. The amount of hydrogen diffusing out was represented
by a diffusion parameter Bt. B is a geometry factor and t = YDAt integrated
over the cooling cycle of the weld where D is the diffusivity coefficient for
hydrogen and t is time. For a given material, t is related directly to the cooling
time to 50°C. Critical values of Bt for the onset of cracking were empirically
related to the composition and the hydrogen content:

Bt = 12 Pepy + log Hpw + constant e 4.6)
where Poyy, is Ito-Bessyo carbon equivalent, Hyyw is the hydrogen content
in ml/100g of deposited metal and the constant term depends on the restraint
level (Fig. 4.12). The minimum preheat temperature required to avoid cold
cracking is obtained from standard Tables [68] giving values of preheat
temperature for various thicknesses, restraint levels, and susceptibility
indexes.
In the Ito-Bessyo cracking parameter, Py,, the diffusible hydrogen content

is measured by the JIS (glycerine) method, whereas in the Graville cracking
parameter, Bt, it is by the IIW (mercury) method. These methods are related by
the following equation:

Hyig = 0.67 Hpw - 0.8 e, 4.7

Graville [68] while discussing the suitability of the above two approaches
notes that "hardness control is most appropriate for carbon steels with limited
alloy content. Such steels have a steep hardening curve (i.e. curve of HAZ
hardness vs cooling rate) allowing a precise determination of critical cooling
rate. The hydrogen control method is more appropriate for lower carbon
steels with significant alloy and micro-alloy element present. These steels
have flatter hardening curves and thus reducing the cooling rate has less of
an effect on the hardness".

To assist in deciding which method is appropriate the diagram (Fig. 2.3)
developed by Graville allows one to place a steel in a particular zone on the
basis of carbon and carbon equivalent. Zone I steels have low carbon and a
low risk of cracking in the HAZ but cracking may occur with high hydrogen
and high restraint. The hydrogen control method should be used to determine
preheat for steels in this zone. Steels in Zone II have steep hardening curves
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and hardness control is possible. Those in Zone III have higher hardenability
and flat hardening curves for which hydrogen control is more appropriate.

Both the Hardness and Hydrogen Control approaches take into account all
three parameters, namely chemistry, diffusible hydrogen content, and stress,
to estimate the preheat temperature for crack-free welding. However, the
degree of emphasis placed on different parameters is not the same. For
example, in the hydrogen control approach greater emphasis is placed on
hydrogen diffusion and restraint, while in the hardness control approach
these two factors are not significantly represented and greater attention is
paid to the microstructural factor by defining a critical HAZ hardness above
which HAC can occur.

The suitability of these two approaches in estimating safe welding
conditions  for low carbon micro-alloyed steels has come into question, mainly
because of the fact that these approaches are empirical in nature and data for
"new” steels were not available for consideration and inclusion in developing
formulae.  Although these methods for assessing preheat temperature are
based on data from a large number of steels of different types, the predicted
conditions for safe welding of low carbon HSLA steels are more often overly
conservative. The reason for this behavior is not readily apparent. However,
one or more of the following factors may be responsible for the anomalous
behavior;

(a) Inadequate characterization of hardenability by the existing carbon
equivalents,

(b) Lower critical hardness above which cracking may occur than that for
conventional steels (Fig. 4.8),

(c) The effect of austenite grain size on the hardenability of steels is not
included, and

(d) The effect of non-metallic inclusions on the hardenability of "clean"
steels is not rigorously defined.

In the literature there are no clear guidelines regarding the applicability
of a particular approach for the low carbon micro-alloyed steels of Zone I.
These steels show a flatter hardness vs cooling time behavior, as compared to
the steels of Zone II, where the rate of change of hardness is rapid and the
critical cooling rate determined will not vary appreciably with the hardness
chosen so long as it is on the steep part of the curve. Graville recommends
that for Zone II steels, the hardness approach is suitable but for Zone III steels
with shallow hardness behavior, the hydrogen model will be optimum.
However, when discussing the behavior of Zone I steels he states that "these
steels have a fairly flat hardening curve and even the hardest microstructure
that can be produced during welding is not very susceptible to cracking”. He
does not specifically suggest the use of the hydrogen approach for these steels
but based on the hardness response it is implied that the hydrogen model will
also be applicable for Zone I steels.

The hardness model has been in use for the last five decades and it has been
successful in predicting the weldability of steels. Its applicability to low
carbon HSLA steels cannot be ruled out mainly because- (a) long-standing
successful use of this approach, and (b) the availability in recent years of
more accurate maximum hardness predictive formulae (discussed in Section 3)
upon which the method relies. It has now become possible to estimate the HAZ
hardness with greater degree of confidence for a wide range of compositions
because of the introduction of a number of predictive formulae.
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4.1.7. Critical Stress Control Approach

The Critical Stress Control approach is based on the assumption that if the
lower critical stress obtained in tests like implant cracking test is not exceeded
in a welded structure, the chances of cracking associated with hydrogen
embrittlement are greatly reduced. The laboratory tests are conducted as a
function of heat input, preheat temperature, and diffusible hydrogen content.
In case of the implant cracking test, generally a bead-on-plate geometry is
used but some Japanese workers have also employed single and/or double V-
groove welds to more closely simulate the actual conditions. Various predictive
parameters from the cracking tests are related to the lower critical stress and
predictive equations are derived by regression analysis. Several investigators
have proposed relationships to calculate the lower critical stress in the
implant cracking test. Some of these empirical equations are described in
detail in Section 4.3.4.

4.2. EXPERIMENTAL PROCEDURES

All steels in this program were tested with respect to their resistance to the
hydrogen assisted cracking employing three different methods namely; the
Battelle Underbead Cracking Test, UT-Modified Hydrogen Sensitivity Test, and
Implant Cracking Test.

4.2.1. Battelle Underbead Cracking Test:

This test, developed at Battelle, is a simple bead-on-plate test, and involves
the deposition of a weld bead on a block of the test material, the dimensions of
the block being 3" x 2" x 1" (Fig. 4.13). The weld bead is approximately 1 1/4"
long and is usually deposited using a 1/8" E 6010 (high hydrogen) electrode.
Low hydrogen electrodes can also be used. The welding parameters used are a
current of approximately 100 amps. at 24 to 26 volts and a travel speed of 10
inches per minute. These parameters result in a heat input of approximately
15 kJ/in. The cooling rates attained in the coarse grained HAZ's of plain
carbon steels with the use of this heat input are usually sufficient to enable
the formation of martensite. Hydrogen is introduced into the weldment
through the arc; the amount of hydrogen introduced can be low or high,
depending on whether low or high hydrogen electrodes are used. The strain
developed in this test is only that due to the self restraint of the block. After
welding, the block is held at room temperature (70 to 75°F) for 24 hours to
allow underbead cracks to develop. The block is then sectioned longitudinally,
as shown in Fig. 4.13, to expose the cracks. The cut section is polished to 1
micron, etched and then examined metallographically to detect underbead
and/or weld metal cracks. The extent of cracking is reported as the ratio of the
sum of the length of the underbead cracks (overlapping cracks counted as
onc) to the length of the weld, expressed in percent.

No high hydrogen electrodes are commercially available at strengths above
90 ksi. Therefore, all steels were welded using E 8010 electrodes. This electrode
has a cellulosic coating and its nominal composition approximately is: C -
0.14%, Mn - 0.45%, Si - 0.15%, Mo - 0.17%, Ni - 1.50%, P - 0.015%, S - 0.01%. The
diffusible hydrogen content in the E 8010 weld deposit may lie in the range 40
to 60 ml/100g of deposited metal. The electrodes used were stored at 165°F and
for each test a new electrode was employed. The HSLA-80-1 steel used for this
investigation was available in 3/4" thickness and thus not within the size
recommended for standard test conditions. The reduced thickness will result
in slightly less self restraint and thus the results will be less conservative
than the 1" thickness recommended. However, the difference is not great and
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Fig.4.13. Schematic diagram of the Battelle underbead cracking test

88



Battelle UBC tests were conducted on 3/4" test block for HSLA-80-1, but for the
remaining steels, the standard 1" test block thickness was employed.

4.2.2. UT-Modified Hydrogen Sensitivity Test:

The UT-Modified Hydrogen Sensitivity Test (UT-Mod. HST) has been
employed to evaluate the hydrogen assisted cracking susceptibility of carbon
and low alloy cast and wrought steels as well as Cr - Mo steels. The UT - Mod.
HST is a variation of the RPI augmented strain test [69-71] and includes the
following modifications:

(a) Reduced specimen size

(b) Autogenous GTA weld

(c) Hydrogen introduced directly into weld pool

(d) Materials evaluated on a pass - fail basis

(¢) Effect of preheat, hold time and straining temperature determined

(f) Acoustic emission determination of crack initiation

(g) No cutting or polishing steps required for crack observation.

Fig. 4.14 shows a schematic sketch of the experimental details of the test.
The specimen is held in a copper fixture which can be preheated to any
desired temperature. An autogenous gas - tungsten arc (GTA) weld is made
along the length of the sample employing the following parameters:

Current 90 amps
Voltage 10 volts
Travel Speed 5 in/min.
Shielding Gas 5 vol% Hp-Ar
Energy Input 11 kJ/in.

Hydrogen is added directly to the argon shielding gas (5 vol %) saturating
the fusion zone. After welding the sample is allowed to cool to 90°F and then
strained in the fixture shown in Fig. 4.14. The nominal augmented strain on
the surface is given by the approximation:

e = t/2R

where e is the nominal augmented strain, t is the specimen thickness
(0.125") and R is the bending radius. Die blocks are available to produce strain
levels of 1, 2, and 4%. Susceptibility to cracking is determined by observing if
cracks form on the specimen face strained in tension. Cracking can be
evaluated as a function of preheat temperature, straining temperature, and
strain level.

After straining, the specimen and fixture are placed in a padded vice and an
acoustic emission (AE) sensor attached to the die block. The output of the AE
instrument is recorded on a strip chart recorder. The time of crack initiation
is the time at which sustained AE bursts above the background level are
reccorded. The presence of cracks are also verified by optical microscopic
examination. If the specimen does not crack within 24 hours, the test is
terminated. For any strain level the preheat temperature at which two of
three tests remain crack-free is designated as the preheat required to prevent
cracking.

The UT-Mod. HST is intended to provide a comparative relative ranking of
the cold cracking scnsitivity of steels based on nominal strain, hydrogen
content, microstructure, preheat and welding conditions. Although the
nominal strain levels employed in the sensitivity test have no direct
correlation with actual measurable restraint encountered during welding, the
4% strain level is analogous to the restraint encountered when weld thick
multipass joints while the lower strain levels (2 and 1%) are analogous to
restraint produced during the welding of thinner joint sections.
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In the present study UT-Mod. HS tests were conducted at 4, and 2% strain
levels and the preheat temperature was varied to obtain crack/no-crack
behavior., Since no hydrogen assisted cracking was observed at 2% strain and
32°F preheat temperature for any of the steels, the results pertaining only to
4% strain are presented.

4.2.3. Implant Cracking Test:

The implant cracking tests were conducted for all the steels at two preheat
temperatures and at two hydrogen levels. In order to determine the diffusible
hydrogen content in the weld deposit the procedure outlined in the AWS A4.3 -
86 standard "Standard Method for Determination of the Diffusible Hydrogen
Content of Martensitic, Bainitic, and Ferritic Weld Metal Produced by Arc
Welding" was followed. The test specimen (from A 36 bar stock) dimensioned 3
1/8" x 1" x 1f2". The specimen is degassed at 500°C for one hour and the scale is
removed by dry grinding. The sample is cleaned in acctone and weighed to the
nearest 0.1g. The sample is then held in a pneumatic copper clamping fixture
along with starting and run off tabs. Welding is carried out semi-
automatically (SMAW using the modified submerged arc unit, Fig. 3.14). The
arc is initiated on the starting weld tab at a point such that the leading edge of
the deposit is approximately 1" from the leading edge of the test specimen. The
welding is terminated on the run off weld tab at a position such that the
trailing edge of the crater is on the run off tab but within 1" of the trailing
edge of the test assembly.

After welding the weld test assembly is released from the copper clamping
fixture and plunged into ice water within 5 sec. of extinguishing the arc. The
weld test assembly is agitated vigorously in the ice water for 20 sec. and then
quickly transferred to a liquid nitrogen bath. After about two minutes in the
liquid nitrogen bath, the test assembly is removed from the bath and the tabs
are broken by a hammer impact on the unwelded side. The test specimen is
then once again immersed in the liquid nitrogen bath. For each condition
four test assemblies are prepared. Before samples are loaded in the sampler
for collecting diffusible hydrogen, the weld bead surface is cleaned with a
wire brush to remove the surface scale. At any time during cleaning the test
assembly is not allowed to remain out of the liquid nitrogen bath for more
than one minute. If the cleaning is not complete within one minute, the weld
test assembly is returned to the bath for at least two minutes before proceeding
further with cleaning of the weld bead. After the samples are cleaned they
are loaded into the sampler and the sample chambers are purged with high
purity argon gas at 1.5 bar pressure for a minimum of 30 sec. Then the
sampler is placed in an oven maintained at 45°C. Hydrogen is allowed to
diffuse out of the weld assembly for 72 hours at 45°C. Then the diffusible
hydrogen content is measured by gas chromatography. The gas
chromatograph measures ml of hydrogen at standard temperature and
pressure. After the gas analysis the samples are again weighed to the nearest
0.1 g. The diffusible hydrogen content in ml/100g of deposited metal is then
calculated.

The diffusible hydrogen content in the weld metal was measured using
clectrodes in the (a) as-received (stored at 165°F), (b) baked (400°C/1h) and (c)
exposed (to controlled humidity chamber) conditions. To increase the moisture
content of the electrode coating and hence the amount of diffusible hydrogen
in the weld metal, the electrodes were exposed to a humid environment. The
relative humidity of the environment was controlled (80 % at 75°F) by
maintaining a saturated solution of ammonium sulfate at the bottom of the
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humidity chamber. Tests were conducted as a function of exposure time to the
humid environment.

The implant specimens were exiracted from the steel plates in a direction
parallel to the rolling direction. Although no standard exists for implant
geometry and testing procedure, the IIW guidelines were followed in this study
[72]. An "I 65" (6 mm diameter, 0.5 mm deep notch) geometry was chosen to
conduct the implant cracking tests. The implant sample (Fig. 4.15) with a
helical notch at one end was inserted into a hole drilled in a support plate (12"
x 8" x 1") so that the notched end was flush with the plate surface. In the
present investigation support plates of A 515 steel were employed. The
chemical composition of the support plate is:

C-02%, Mn-0.70%, Si-020%, Ni-0.15%, Cr-0.15%,

Cu-0.11%, Mo -0.02%, P -0.016%, S -0.026%, V -0.003%,

Ti - 0.002%, Al - 0.002%, Cb - 0.001%, B - 0.0003%, N - 0.0072%

A 6" long weld bead was deposited on the plate surface in one pass under
carefully controlled conditions, passing over the center of the implant. The
welding parameters employed were:

Current 150 amps.
Voltage 25 volts
Travel speed 4.5 ipm
Electrode diameter 1/8"

Heat Input 50 kJ/in.
Preheat temp. 75 and 150°F

The width of the weld bead was such as to cover the implant adequately.
After welding the implant assembly was allowed to cool for 5 minutes before
applying the static tensile load. If fracture occurred within 24 hours, rupture
time was noted. The maximum stress at which no rupture took place was taken
as the lowest critical stress (LCS).

The length of the helical notch region in the implant sample
(recommended in the IIW document) employed for the present study was
increased from 1/2" to 1" so that each sample could be used twice. After the
first test, 1/2" of the notched length was removed. Proper care was taken to
avoid overheating of the sample during cutting operation. After cutting, the
sample was degassed at 165°F for 24 hours before reusing. These procedures
allow the retesting of material in its virgin form thus reducing test costs
significantly.  Other investigators have employed the reuse technique without
any complications [73].

The implant cracking tests for HSLA-80-1, HSLA-80-2, HSL.A-80M, and DQ-80
were conducted using E 11018 M electrodes. The two hydrogen levels in the
weld metal were obtained by baking the as-received electrodes at 400°C/1h
(5ml1/100g diffusible hydrogen) and exposing the as-received electrodes to
80%/75°F for 230 hours to provide the higher hydrogen level (20 ml/100g).
The higher strength steels such as HSLA-100, HSLA-130, HY-130, and DQ-125
were tested using E 14016 electrodes. In the as-received condition the weld
deposit provided 5ml/100g diffusible hydrogen and after exposure to humid
environment the maximum diffusible hydrogen level obtained was 10 ml/100g.
In case of AC-50, the as-received electrode E 7018 gave a diffusible hydrogen
level of 5ml/100g which did not increase further after exposure to humid
environment. Therefore, it was decided to employ E 7010 electrode to provide a
higher hydrogen content.

In order to determine the cooling time from 800 to 500°C in the CGHAZ, the
thermal cycle for the welding parameters, plate thickness, and two preheat
temperatures employed to carry out implant cracking tests were recorded
during welding under implant test conditions by plunging the tip of a
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tungsten - 5% rhenium and tungsten - 26% rhenium thermocouple into the
molten weld metal. The cooling time (800 to 500°C) in the weld deposit is very
close to that in the CGHAZ near the plate surface.

For some of the implant samples that did not rupture in 24 hours, cross -
sections along the length of the implant samples were examined and
microhardness profiles across the HAZ were measured as a function of preheat
temperature to determine the effect of preheat temperature on the HAZ
softening and CGHAZ hardness. Mode of fracture in the tested samples was also
studied using SEM.

In order to calculate the Susceptibility Index (SI) to rank the steels in this
program, the notched tensile strength of the simulated CGHAZ was determined.
The CGHAZ themmal cycle corresponding to 50 kJ/in. and a plate thickness of 1"
(cooling time from 800 to 500°C = 7.5 sec.) was simulated in the Gleeble in 1/4"
diameter specimens extracted in a direction parallel to the rolling direction. A
tensile sample with a circular notch in the CGHAZ was then machined from the
simulated sample. The tensile tests were carried out at a nominal strain rate of

4 x 1004 51 at room temperature. The ultimate tensile strength thus obtained
was referred as the notched tensile strength.

4.3. RESULTS AND DISCUSSION

In the following sections the results of the investigation to examine the
suscepiibility of steels to hydrogen assisted cracking by three methods
(Battelle Underbead Cracking Test, UT-Modified Hydrogen Sensitivity Test and
Implant Cracking Test) are discussed and the applicability of various published
formulaec to the implant test data evaluated.

4.3.1. Battelle Underbead Cracking Test

Results of the Battelle Underbead Cracking Test are listed in Table 4.2. As
shown, majority of the cracks occurred in the weld deposit only and very few
cracks were found in the HAZ's. The HAZ cracks were invariably associated
with the weld metal cracks, indicating that the ‘weld cracks propagated into ‘the
HAZ. Table 4.2 also provides qualitative information about the extent of
cracking in the weld metal. The extent of cracking decreased when preheat
temperature was increased. Increase in the preheat temperature may have a
slight effect on the cooling time from 800 to 500°C but the time from 300 to
100°C is increased appreciably. The main effect of an increase in the cooling
time between 300 to 100°C is to provide more time for the diffusible hydrogen
to escape from the weld. For all tests conducted the same electrode type (E
8010) was used, and with preheat temperature required to obtain crack-free
welds was different for different steels. This could be due to the fact that
during welding the weld deposit becomes diluted with the base metal.
Therefore, the observed preheat temperature is that for the resultant
chemistry of the diluted weld deposit. A typical weld metal/HAZ crack is shown
in Fig. 4.16. The predominant mode of cracking in the weld deposit was in the
direction transverse to the weld axis, however, a few cracks were also observed
in the longitudinal direction. The morphology of cracks suggests that
cracking was mnot continuous but occurred in isolated locations along the weld
and link-up occurred during the propagation stage. The HAZ cracks were
transgranular in nature with a wavy tail and, in most of the cases, were
associated with inclusions - either initiating or terminating at an inclusion or
propagating along it. Thus it appears that the presence of inclusions probably
assisted in the propagation of cracks by trapping diffusible hydrogen and
acting as a stress concentration site. In the present set of steels, the inclusion
distribution varies from steel to steel and the scope of this program did not
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Table 4.2: Results of Battelle Underbead Cracking test

Preheat 32 85 130 180
Temgerature
("F)
Steel
HSLA-80-1 WM & HAZ WM & HAZ NC *
(H) M)
HSLA-80-2 * WM WM NC
(M) (L)
HSLA-80-M * WM & HAZ WM NC
(M (L)
HSLA-100 * WM & HAZ NC %
(M)
HSLA-130 * WM & HAZ WM NG
(M) (L
HY-130 %* wM WM NC
M) (L)
DQ-80 WM & HAZ NC * %*
(L)
DQ-125 * WM NC *
(L)
AC-50 WM NC * *
(L)

* tests not conducted

WM: weld metal

HAZ: heat affected zone

NC: no cracks

H: high degree of cracking in the weld metal

M: medium degree of cracking in the weld metal

L: low degree of cracking in the weld metal

Note: The degree of cracking in the heat affected zones was always low,
typically one or two cracks transverse to the fusion line were
observed.
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Fig.4.16. A typical weld metal/HAZ crack observed in the Battelle test. Steel
HSLA-80-2; 400X
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include a detailed study of the shape, size, and distribution of inclusions and
their potential influence on HAC susceptibility. Some investigators are of the
opinion that the presence of non-metallic inclusions decreases the
hardenability of steels by providing nucleation sites for ferrite and hence
enhanced resistance to HAC. However, many other researchers have not
found any effect of inclusions on hardenability. The difference between the
two opposing viewpoints may lie in the interpretation of results. The effect of
inclusions should be interpreted in terms of number of inclusions and not in
terms of sulfur content as for the same sulfur level the inclusion density may
be higher in the shape controlled steels as opposed to that in the conventional
steels.

The presence of HAZ cracking in this study appears to be random. Not all
cracks in the weld metal propagated in the CGHAZ. Most of the cracks
terminated inside the weld deposit or at the fusion line. A steel was listed as
cracked in the HAZ when at least two of three samples tested showed HAZ
cracks. In steels like AC-50, DQ-125, HY-130, and HSLA-80-2, HAZ cracks were
either not present or were found in only one sample of the three tested.
Moreover, in samples designated as cracked in the HAZ, typically one or two
cracks were observed.

The critical preheat temperature required to avoid cracking in the
weldment is plotted in Figs. 4.17 to 4.19 as a function of Pepp, CEf, and Hp o
respectively.  The overall results do not show any correlation, however, if the
data are categorized into two classes depending on tensile strength namely,
lower strength (50 and 80 ksi) and higher strength (100 and 130 ksi), it is
possible to draw straight lines indicating an increase in the critical preheat
temperature with CE's and Hpy,x. The CE's show good linear correlation with

critical preheat temperature for the lower strength steels but correlate poorly
for the higher strength steels. On the other hand when the Battelle test data
are plotted as a function of Hy,,x., both types of steel show good linear

correlations. It is difficult to establish general predictive equations involving
CE formulae, or Hpyax, or hydrogen content, and critical preheat temperature

from the Battelle test data because (a) the tests were conducted at a fixed
hydrogen level, (b) the weld beads were deposited using E 8010 electrodes
irrespective of the base plate strength level, and (¢) no true hydrogen assisted
HAZ cracks were observed. However, since the weld deposit becomes diluted
with the base metal chemistry, it should be possible to rank the steels based on
the Battelle test results. Steels DQ-80 and AC-50 were the least susceptible to
HAC. HSLA-80-2, HSLA-80M, HSLA-130, and HY-130 were most prone to cold
cracking, whereas HSLA-80-1, DQ-125, and HSLA-100 susceptibilities were
intermediate to these two extremes. For the steel HSLA-80-1, a sub-size sample
was ecmployed as the plate thickness was only 3/4" against standard
requirement of 1" thickness. This would decrease the self-restraint in the
weldment and is likely to give a lower critical preheat temperature.

In the standard Battelle test the bead is deposited using E 6010 electrode, but
in the present study the tests were carried out with E 8010 in order to more
nearly match the strength of the weld fusion zone to that of the base metal.
However, the results indicate that the susceptibility of the weld fusion zone to
HAC in all cases is higher than that of the base metal HAZ, Therefore, it was
considered that by employing E 6010 electrodes the weld deposit cracking
susceptibility would be reduced and cracking similar to the traditional
underbead morphology might be obiained. Steel HSLA-80-2 was chosen to
carry out the exploratory investigations as this steel (along with HSLA-80M,
HY-130, and HSLA-80-1) showed the highest critical preheat temperature
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(180°F) among all steels, thus indicating that E 8010 weld deposit when diluted
with the HSLA-80-2 chemistry becomes significantly prone to HAC.

Battelle tests were carried out under standard conditions using E 6010
clectrodes. However, the crack location and morphology remained the same as
that obtained when the E 8010 electrode was used. Fig. 4.20 shows a typical HAZ
crack in a sample welded at 32°F preheat temperature. Several of the cracks in
the weld metal propagated into the HAZ. The HAZ cracks were transgranular
in nature and propagated in a direction transverse to the fusion line. The
critical preheat temperature was found to be 130°F as contrast to 180°F when E
8010 electrodes were used. This is not surprising as the hardenability of the E
6010 deposit is expected to be considerably lower than that of the E 8010
deposit. This is also brought out clearly when the hardness of the weld deposit
is compared. The E 8010 weld metal hardness was 428 HV5 as compared to 288
HV3S for the E 6010 deposit.

4.3.2. UT-Modified Hydrogen Sensitivity Test

None of the steels showed HAZ cracking when tested at 2% strain and a
minimum preheat temperature of 32°F. Results of hydrogen sensitivity tests
conducted at 4% strain on all nine steels are given in Table 4.3 and the
variation in the critical preheat temperature as a function of P.p, CEy and
Hmax are shown in Figs. 4.20 to 4.22 respectively. No clear advantage was
evident by using CEj over P.r,. This could be due to the fact that the preheat
temperature was generally varied in steps of 50°F and the data points are not
sufficiently closely spaced to differentiate between any possible advantage in
interpreting results by employing CEj. However, it is possible 10 rank the
different sieels in terms of their susceptibility to HAC from this test. Steels AC-
50, DQ-80, DQ-125, and HSLA-80M did not show HAZ cracking when tested at 4%
strain and 32°F temperature and thus have the least susceptibility to HAC.
Whereas steels like HSLLA-80-1, and HSLA-80-2 were the most prone to cold
cracking. HSLA-100, HSLA-130, and HY-130 showed an intermediate behavior
between these two extremes. When the UT-Mod. HST data are plotted as a
function of Hmax, a greater scatter was observed as compared to when CE's are
considered.

In all the steels which showed cracking, intergranular cracks occurred
only in the HAZ's and no cracks were observed in the weld fusion zone.
Typical HAZ cracks (in HSLA-80-1 tested at 4% strain and at room temperature
preheat) observed in the UT-Mod. HST are shown in Fig. 4.23

On comparing results from the Battelle UBCT and UT-Mod. HST, it is noted
that there is a general agreement between these two tests if it is recognized
that cracking in the Battelle test has occurred in the weld deposit as contrasted
to that in the HAZ in the UT-Mod. test. The steels in this program can be
ranked based on their susceptibility to HAC as below-

lle T - Lower stren

HSLA 80-2 = HSLA-80M > HSLA-80-1 > DQ-80 AC-50

Battelle Test - Higher strength steels:

HSLA-130 = HY-130 > HSLA-100 = DQ-125

UT-Mod._Test - Lower strength steels:

HSLA-80-1 = HSLA-80-2 > DQ-80 = AC-50

UT-Mod. Test - Higher strength steels:

HSLA-100 > HSLA-130 = HY-130 > DQ-125 = HSLA-80M

Despite the obvious differences between the two tests, there is a remarkable

similarity in ranking the steels. It appears that HSLA steels, in general, show
more susceptibility to HAC as compared to steels such as DQ-80 and HY-130. This
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Fig.4.20. A typical weld metal/HAZ crack in the Battelle test. Steel HSLA
temp. 32°
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Table 4.3: Results of UT-Modified hydrogen sensitivity test at 4%
augumented strain

Preheat 32 75 100 120 150
Temperature
(°F)

Steel
HSLA-80-1 * c ¢ c NC
HSLA-80-2 % C c C NC
HSLA-80-M NC NC * * *
HSLA-100 * C NC * *
HSLA-130 c NG * s *
HY-130 c NC * * *
DQ-80 NC NC * * %*
DQ-125 NC NC * * *
AC-50 NC NC * * *

* tests not conducted
C =cracks present in the heat affected zome

NC=no cracks present in either HAZ or weld metal
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trend in the ranking of materials is further discussed with regard to the
Implant Cracking test data below.

4.3.3. Implant Cracking Test

The implant cracking tests for all the nine steels were conducted at two
diffusible hydrogen contents and two preheat temperatures - 75 and 150°F.
Two hydrogen levels chosen were 5 ml/100g and the higher level of hydrogen
content was selected as the diffusible hydrogen content corresponding to a
value obtained when the electrode coating was saturated with moisture picked
up on exposure to 80% RH/75°F environment. The time of exposure to
controlled humidity (for obtaining a hydrogen content value independent of
exposure time) varied with the type of electrode coating. For example, the
hydrogen content in the weld deposit made from exposed E 11018 M electrodes
yielded about 20 ml/100g hydrogen after exposure for 230 hours and the
diffusible hydrogen content increased only slightly for exposures beyond this
time, but in E 14016 weld deposit the hydrogen content increased from 4.9
ml/100g (as-received condition) to about 10 ml/100g in 160 hours and there
was no significant further increase in the diffusible hydrogen content for
exposures greater than 160 hours. The E 7018 coating did not appear to pick up
moisture on exposure to humid environment as the hydrogen content in the
deposited weld beads increased omly slightly from 4.5 mi/100g to 5.3 ml/100g
after exposure for 240 hours. Figs. 4.24 and 4.25 illustrate the variation of
diffusible hydrogen content with exposure time to controlled humidity
environment for welds deposited by E 11018M, E 14016 and E 7018 electrodes
respectively.  Therefore, steels HSLA-80-1, HSLA-80-2, HSLA-80M, and DQ-80
were tested to determine their lower critical stress by implant cracking test
using E 11018 M in two conditions - the lower hydrogen content, 5 ml/100g,
was obtained by baking the as-received electrodes at 400°C/lh, and the higher
hydrogen content, 20ml/100g, by exposing the electrodes to humid
environment for 230 hours. The steels of the higher strength category -
HSLA-100, HSLA-130, HY-130, and DQ-125 - were tested using E 14016 electrodes
at two hydrogen levels (a) 5 ml/100g obtained in the as-received condition,
and (b) 10 ml/100g obtained after exposure for 160 hours. Since the hydrogen
content in the E 7018 weld deposits did not increase significantly even after
exposure to high humidity for long durations, it was decided to employ E 7010
clectrode to obtain higher hydrogen contents (in the range 40 to 60 ml/100g).

Results of implant testing for eight steels are shown in Figs., 4.26 to 4.33.
Steel AC-50 did not rupture in the CGHAZ during the implant cracking test at
low (4.5 ml/100g) as well as high (40 to 60 ml/100g) hydrogen contents but
fracture occurred in the "soft" zone adjacent to the CGHAZ. The samples
fracturing in the "soft" zome fail immediately when the stress reaches the
fracture strength as contrasted to samples failing due to HAC. The failure in
the "$oft" zone occurred in tests carried out both at 75 and 150°F preheat
temperatures. When the preheat was increased from 75 to 150°F, the stress to
rupture in the "soft" zome decreased, thus indicating a further decrease in
"soft" zone hardness at higher preheat temperatures. A typical sample that
failed in the "soft" zone is shown in Fig. 4.34. The distance of fracture surface
from the fusion boundary (about 5 mm) compares very well with the distance
obtained between fusion boundary and the point of minimum HAZ hardness (4
mm) in a bead-on-plate weld corresponding to 45 kJ/in. (Section 5). The
failure in the "soft” zone in preference to CGHAZ even at very high levels of
hydrogen indicates the excellent resistance of AC-50 to HAC. This is also
evident from its very low carbon equivalent (Pgy = 0.16, and CEj = 0.41).
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DQ-80 with very low CE (Pcy, = 0.16 and CEj = 0.40) behaved in a similar
fashion. The stress vs. rupture time variation of DQ-80 is shown in Fig. 4.29. At
75°F preheat and 5 ml/100g hydrogen content, the rupture occurred in "soft"
zone at a stress of 92.5 ksi, however, when the stress was decreased to 90 ksi the
sample did not fail in 24 hour loading period. But at higher hydrogen level DQ-
80 showed "true" HAC behavior. The lower critical stress at 75°F and 20
ml/100g was 86 ksi. When DQ-80 was tested at higher preheat temperatures
(150°F), the samples failed in the "soft" zome at a considerably lower stress (86
ksi) as compared to that at 75°F preheat (92.5 ksi). This could be due to an
increase in the extent of HAZ softening of samples welded at 150°F as compared
to those welded at 75°F preheat temperature. The microhardness scan from the
fusion boundary to the base metal in two actual implant samples that did not
fail during implant testing, however, could not confirn the above assumption,
as shown in Fig. 4.35. The HAZ hardness profile in a bead-on-plate weld (heat
input-45 kJ/in) is also shown in the Figure for comparison. In the implant
tested sample, the soft zone undergoes strain hardening during testing. That is
why a decrease in hardness was not found in the samples afier implant testing.

The above results clearly show that in modern TMCP steels which have
enhanced resistance to hydrogen assisted cracking in the CGHAZ, the "soft"
zone strength may become a critical factor to be given due consideration by
the design engineers.

The HSLA-80-1, HSLA-80-2, and HSLA-80M steels, like DQ-80, fall in the 80 ksi
strength category and are strengthened by copper precipitation, but unlike
DQ-80, they have higher carbon equivalents because of the presence of higher
carbon contents. The implant cracking test results for these steels are
presented in Figs. 4.26 to 4.28. As expected the LCS decreases when the
hydrogen content is increased and the effect of increasing the preheat
temperature is to elevate the LCS by increasing the time from 300 to 100°C
during the welding thermal cycle and thus providing more time for hydrogen
to diffuse out of the weld. The behavior of HSLA-80-1 and HSLA-80-2 is
virtually similar in terms of a drop in LCS with an increase in the hydrogen
content and an increase in LCS with an increase in preheat temperature.
When the hydrogen is increased from 5 to 20 ml/100g at 75°F preheat, the LCS
drops from 76 to 65 ksi and 80 to 65 ksi for HSLA-80-1 and HSLA-80-2
respectively. However, there was a significant reduction (77 to 45 ksi) in LCS
under the same conditions for HSLA-80M. The loss in LCS at high hydrogen
levels is fully recovered when preheat temperature is increased in HSLA-80-1
and HSLA-80-2, but in HSLA-80M the recovery is less complete. The reason for
a sharp decrease in the LCS in HSLA-80M could be; (a) the presence of a fully
martensitic (estimated % martensite - 100%) structure in the CGHAZ as
contrasted to a lower fraction of martensite in both HSLA-80-1 (55%) and
HSLA-80-2 (57%). and (b) the differences in the maximum HAZ hardness, e.g.
In HSLA-80-1 and HSLA-80-2 Hp,, values are 276 and 312 HVS5 respectively,
while in HSLA-80M it is 340 HVS5. Evans and Christensen [74] and Pavaskar and
Kirkaldy [75] in their study on low carbon micro-alloyed steels have shown
that in modern steels with reduced carbon equivalents, hardness and /or
carbon content are insufficient parameters to describe the susceptibility to
HAC. They found that a parameter involving a linear combination of hardness
and percentage martensite provided good correlation between the predicted
and experimental LCS values. This aspect will be discussed in more detail in
the next section.

The results of the implant cracking tests for the higher strength level
steels such as HSLA-100, HSLA-130, HY-130 and DQ-125 are illustrated in Figs.
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4.30 to 4.33 respectively. The carbon equivalent of DQ-125 is the lowest among
the steels of this category, while for the other steels the CE lies in a very
narrow range. Most of the implant cracking test results of HSLA-100, HSLA-
130, and HY-130 are almost identical if normal scatter in implant testing is
considered except that a low LCS value for HSLA-100 is obtained when tested at
75°F and 10 ml/100g hydrogen. This difference becomes more obvious when
the results from HSLA-130 steel under the same testing conditions are
compared. In general, the LCS values for HSLA-130 are higher than HSLA-100.
This may be because of the following factors:

(a) HSLA-100 and HSLA-130 have identical chemical composition, but their
rolling schedules and aging treatments are different. The presence of a fine
initial grain size in the as-received plate should provide a smaller prior
austenite grain size in the CGHAZ and thus more grain boundary area where
the number of ferrite nucleation sites will be greater. This will decrease the
hardenability and thus increase the resistance to HAC. Boron is known to have
strong influence on the hardenability of steels. It segregates to the grain
boundaries and blocks the sites for ferrite nucleation thereby increasing the
hardenability. The boron content in HSLA-100 and HSLA-130 is 4 and 5 ppm
respectively (Table 2.2). But due to increased grain size area in the CGHAZ of
HSLA-130 the boron concentration per unit grain boundary area may be less
as compared to that in HSLA-100 steel and therefore the hardenability of
HSL.A-130 is expected to be lower than that of HSLA-100.

(b) Although no quantitative analysis was carried out for the distribution of
non-metallic inclusions in these steels, the comparison of Figs. A-13(a) and A-
17(a) shows that in HSLA-130 the density of inclusions is higher than that in
HSLA-100. Therefore, the hardenability of HSLA-130 will be reduced further
duc to the presence of a higher number density of inclusions which also act as
nucleating sites for non-marensitic transformation. The influence of
decreased hardenability in HSLA-130 when compared to HSLA-100 is evident in
their HAZ hardness responses (Figs. 3.24 and 3.25). The hardness vs cooling
time curve of HSLA-130 is slightly lower than that of HSLA-100 for all cooling
times.

(c) It is known that the epsilon-copper precipitates do not dissolve
completely during a thermal cycle experienced in the CGHAZ [76]. The extent
of resolution of copper precipitates, of course, will depend on the energy input
and the particle size. The higher the energy input the more will be the extent
of precipitate resolution. And if the precipitates are "coarser”, a longer time
will be needed to completely dissolve them. Since the composition of both
HSLA-100 and HSLA-130 is almost the same, and the higher strength in HSLA-
130 is achieved because of finer grain size and probably a different aging
treatment to exploit maximum strengthening due to copper precipitation. The
copper precipitates in HSLA-130, therefore, should be smaller in size than in
HSLA-100. Under a similar CGHAZ thermal cycle (as experienced during the
implant cracking test) the dissolution of copper precipitates should be
comparatively more complete in HSLA-130 as contrasted to that in HSLA-100.
By the above argument, the diffusion of hydrogen in HSLA-100 steel should be
retarded due to the presence of partly dissolved copper precipitates, and hence
at any given time there should be a greater amount of diffusible hydrogen in
the CGHAZ of HSLA-100 than that in HSLA-130. This increased amount of
hydrogen will result in a lower LCS value. There is some evidence recently
provided by Losz and Challenger [77] which shows the presence of discrete
pockets of retained austenite in the CGHAZ of HSLA-100. The austenite is
believed to be retained in the region where the dissolving copper precipitates
enrich the surrounding area in copper. The number and/or size of such
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packets of retained austenite should be smaller in HSLA-130, because of the
presence of the very fine copper precipitate as compared that in HSLA-100. As
is well known, the diffusivity of hydrogen is lower and the hydrogen
solubility higher in austenite as contrasted to that in ferrite, therefore, the
austenite regions may act as barriers to hydrogen diffusion. The net cffect of
the above two factors either acting individually or in concert will be to
provide a higher amount of diffusible hydrogen in the CGHAZ of HSLA-100.

Therefore, a combination of factors such as reduced hardenability in HSLA-
130 and the presence of higher amounts of diffusible hydrogen in HSLA-100
CGHAZ may be responsible for the observed implant cracking results. The
difference in the hardenability bétween the two steels is clearly evident in the
hardness responses but a detailed study to quantify the microstructural
changes taking place in the CGHAZ is required for complete understanding of
the phenomenon. It is also very important to observe the extent of copper
precipitate dissolution during high temperature excursions in the heat
affected zone as a function of initial particle size, and the effect of these
undissolved precipitates on hydrogen diffusion. The information derived from
such an investigation may lead to a better understanding of the underlying
mechanisms and may provide guidelines for an optimum thermomechanical
treatment to further enhance the resistance of copper containing steels to
HAC.

The fracture surface and cross-sections of the implant tested samples were
examined to determine the mode of fracture and the location of crack
initiation and propagation. Fig. 4,36 shows a cross-section of an HSLA-80-2
sample tested at 95 ksi and 75°F preheat with 5ml/100g hydrogen content. It is
noticed that the cracking initiated in the CGHAZ but propagated into the weld
metal. A portion of the weld metal where the implant sample was positioned
appears to have ruptured. This type of crack propagation was also observed in
all the samples tested except HSLA-80M where the failure was confined mainly
to the CGHAZ. An optical micrograph of the cross-section of an HSLA-80-2
sample tested at 80 ksi (5ml/100g hydrogen) for 24 hours is shown in Fig. 4.37.
This sample did not rupture under the standard conditions but a long crack was
observed traversing the CGHAZ and weld metal. The crack was transgranular
in the CGHAZ but the mode and morphology of the crack in the weld metal
were similar to that observed in the Battelle test. The fractographic
examination of the fractured surface of a sample tested at 82.5 ksi is shown in
Fig. 4.38. The hydrogen embrittled region in the CGHAZ has failed in a quasi-
cleavage mode. However, the failure in the region away from the CGHAZ took
place by the microvoid coalescence mechanism.(Fig. 4.39).

Since the cracks in the implant test propagated through the weld metal
after having initiated in the CGHAZ, there was a concern about the possible
enhancement of cold cracking susceptibility of the weld metal by dilution
from the support plate. This aspect was further examined by calculating the
weld metal dilution from the support plate and implant sample. This is
illustrated for HSLA-80-2 steel. The chemical compositions and carbon
cquivalents, CE(IIW), of E 11018M, A 515 (support plate) and diluted weld metal
are given below. The chemical composition and CE(IIW) for HSLA-80-2 are
provided respectively in Tables 2.1 and 2.3.

E_11018M:

C-0.05%, Mn-1.62%, Si-0.04%, Cr-0.21%, Mo-0.32%, Ni-1.85%, V-0.011%
CE(IW)-0.55

A 1S

C-0.27%, Mn-0.70%, Si-0.20%, Cr-0.15%, Mo-0.02%, Ni-0.15%, V-0.003%,
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Fig.4.36. Cross-sectional view of an implant sample after rupture; HSLA-80-2;
Stress-95ksi; Preheat temp. 75°F; 5X
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Fig.4.38. Quasi-cleavage mode of fracture in the hydrogen embrittied HAZ of
HSLA-80-2; 500X

Fig.4.39. Microvoid coalescence failure in the region away from the CGHAZ of
HSLA-80-2, 2000X
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Nb-0.001%, Cu-0.11%

CE(IIW)-0.47%

Diluted Weld Metal:

C-0.094%, Mn-1.13%, Si-0.13%, Cr-0.36%, Mo-0.23%, Ni-1.26%, V-0.008%, Cu-
0.40%

CE(IIW)-0.53%

The above exercise indicates that by employing the A 515 support plate, a
slight increase in the carbon content of the weld metal is observed, however,
since A 515 is a lean steel with respect to the alloying elements other than
carbon, there is a slight decrease in the carbon cquivalent of the weld metal.
The carbon equivalent of the weld metal, if an HSLA-80-2 plate was used as a
support plate, would have been 0.52, which is quite close to the CE obtained
when A 515 steel is employed as a support plate. Therefore, it appears that the
results of implant cracking test may not be affected significantly when A 515
steel is used as a base plate.

Several theories have been proposed to explain the mode of fracture in
steels by hydrogen assisted cracking. Thus far the theory proposed by
Beachem [78] has been the most successful in explaining hydrogen assisted
cracking. This model unifies several other theories proposed in the past and
explains the role of diffusible hydrogen content and stress intensity factor in
defining the mode of fracture. The interrelationship between these two )
factors and the type of fracture mode observed is shown in Fig. 4.40. At a
given hydrogen level the mode of fracture may vary with the applied stress
and may range from intergranular, quasi-cleavage, to microveid coalescence.
Increasing the hydrogen level results in a decrease in the stress intensity
factor, therefore, at high hydrogen levels and lower applied stresses, the mode
of fracture may be intergranular only and at lower hydrogen levels and high
stresses the failure may occur in microvoid coalescence mode. In a given
sample all the above mentioned failure modes may be present as the stress
intensity factor increases progressively as the crack grows in an implant test
because of a constant applied load. The area fraction corresponding to failure
due to hydrogen embrittlement increases either due to increase in hydrogen
content or because of a longer incubation time for crack initiation.

The regions close to the notch where failure initiated were examined. The
intergranular mixed with quasi-cleavage fracture mode was observed only in
HSLA-80M as shown in Fig. 4.41 for 5 ml/100g hydrogen and tested at 95 ksi.
The fracture modes in DQ-80 tested at two hydrogen levels - 5 and 20 ml/100g -
are shown respectively in Figs. 442 and 4.43. The fracture in the low
hydrogen sample is in the quasi-cleavage mode and when the hydrogen is
increased the fracture nature changes and some grain boundary decohesion
also appears to occur. The fracture surface morphology in HSLA-100, HSLA-
130, HY-130, and DQ-125 is shown in Figs. 444 to 4.47 respectively. There is no
major difference in the fracture mode in these steels. The failure takes place
in the quasi-cleavage mode with well marked river patterns and tear ridges
indicating the influence of microstructure on the fracture morphology. The
CGHAZ's in these steels are fully martensitic and the well-defined patterns in
the fractographs are associated with the presence of martensite. In these
steels intergranular secondary cracking was also observed. No detailed
quantitative analysis was carried out to estimate the arca fractions of different
failure modes in the samples. However, qualitative observations made on the
present set of steels confirmed the results of the other investigators that the
arcal fraction of the embrittled region increases both with the rupture time
and hydrogen content. This is due to the fact that with longer rupture times,
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Fig.4.40. Interrelationship between stress intensity factor, diffusible hydrogen content
and failure mode (Beachem diagram) [66]

Fig.4.41. Intergranular mixed with quasi-cleavage fracture mode in HSLA-80M; 500X
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Fig.4.42. Quasi-cleavage mode of rupture observed in DQ-80 when tested at
Sml/100gm hydrogen level; 500X

Fig.4.43. Quasi-cleavage with grain boundary decohesion in DQ-80 when tested at
20ml/100gm hydrogen level; 500X
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Fig.4.46. Quasi-cleavage fracture mode with river patterns and

tear ridges indicating
the influence of martensite in HY-130; 500X

Fig.4.47. Quasi-cleavage fracture mode with river patierns and tear ridges indicating
the influence of martensite in DQ-125: 500X
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more time is available for hydrogen to diffus¢ and embrittle the material. The
same argument is true when the hydrogen content in the weld metal is
increased.

4.3.4, Prediction of the Lower Critical Stress

Several investigators have tried to evolve relationships in order to calculate
the lower critical stress from a combination of carbon equivalent, diffusible
hydrogen content, maximum HAZ hardness, volume percent martensite in the
CGHAZ, cooling time from 800 to 500°C, cooling time from the fusion
temperature to 100°C, cooling time from 300 to 100°C, and thermal factors etc.
These equations are generally only applicable to the class of steels for which
they were developed and thus far no equation of universal applicability has
been proposed. Some of the equations to estimate the lower critical stress are
described below and their applicability to the data from the steels in this study
is discussed. The various parameters determined from the actual thermal
cycles recorded during the implant cracking test are given below, These were

employed to calculate the LCS using the following equations-
-}

IMper. T =
Cooling time from 800 to 500°C - 1.5 sec.
Cooling time from 1500 to 200°C - 23.2 sec.
Cooling time from 1500 to 150°C - 33.4 sec.
Cooling time from 1500 to 100°C - 81.4 sec.
Cooling time from 300 to 100°C - 59 sec.
Calculated thermal factor, (£ DAt)jgg - 175.62 x 10-5 cm?
r - o

Cooling time from 800 to 500°C - 8.5 sec.
Cooling time from 1500 to 200°C - 39 sec.
Cooling time from 1500 to 150°C - 59 sec.
Cooling time from 1500 to 100°C - 101 sec.
Cooling time from 300 to 100°C - 77 sec.

Calculated thermal factor, (£ DAt)jgg - 311.87 x 10-5 cm?2

(i) Ito's Formula [79]
In 1976 lto et al [791published the following formula for estimating the LCS

in high strength steels:

LCS (kg/mm?2) = - 242 Pem - 225 log [H] + 50 log tjgg - 3 --eeeeoe (4.6)
where-
[H] is the content of diffusible hydrogen in ml/100g measured by the JIS
method
tjpo* is the cooling time (in sec.) from weld peak temperature to 100°C
Pcm is the CE formula proposed by Ito and Bessyo (described earlier)
The Ito's formula was developed based on the steels with the following
chemical composition limits-

C-0.04100.17 %; Mn - 0.81 to 1.59 %; Si - 0.24 t0 0.42 %;
Ni-Oto 1 %; Cr- 010048 %; Mo - 0 to 0.44 %;
Cu - 0to 0.24 %; V-0t00.04 %; Nb - 0 to 0.02 %;
B-0100001 %

Pcm of these steels varied from 0.136 to 0.0.271

Diffusible hydrogen content ranged from 0.7 to 3.7 ml/100g (JIS method) and
2.9 to 7 ml/100g (IIW method)
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The implant cracking tests were conducted at 23 and 43 kJ/in. heat input
and at two preheat temperatures - 75 and 300°F. The implant samples used
were of circular notch geometry and the implant samples were positioned in a
V-groove in the support plate. When applied to the steels in this program, the
validity limit of Ito's formula is violated not only with respect to chemical
composition, but also for hydrogen content (when [H]p = 10 and 20 ml/100g).
The comparison of the calculated and actual LCS is shown in Fig. 4.48. It is
noticed that Ito’s formula considerably underestimates the LCS. However, it is
not the exact magnitude of LCS but the ability of a formula to provide a good
correlation between calculated and experimental data, which is important
because once a good corrclation is found, the magnitude of the LCS can be
easily calculated from the regression equation,

It is also quite evident from Fig. 448 that the data corresponding to steecls
belonging to the lower strength category (HSLA-80-1, HSLA-80-2, HSLA-80M,
and DQ-80) and the higher strength category (HSLA-100, HSLA-130, HY-130,
and DQ-125) fall into two distinct groups. The LCS in the higher strength steels
is considerably higher than predicted by the formula. This is because of the
fact that the higher strength steels have higher CE's and in Ito's formula the
critical stress for given welding parameters and hydrogen content decreases
with an increase in P., which appears to be true only when the data from a

similar class of steels are compared. This is also supported by the observations
made by Matsuda et al [80] and Christensen and Simonsen [81]). Christensen
and Simonsen in their report summarized the results from a program to
characterize different types of steels for their susceptibility to HAC. The steels
included in the study were-medium strength ship plate, structural and
pipeline grades, high strength quenched and tempered steels, and one low
alloy wear resistant steel. Based on a detailed data analysis, they concluded
that "a fair agreement (between actual and experimental data) has been
achieved for the majority of carbon-manganese steels.....the high-strength
steels QT1, QT2 and QT3 do not fit into the same pattern. These steels were also
found to depart from the general trend of LCS vs. CE". Therefore, the decrease
in the LCS with Pop, in the lower strength steels cannot be extrapolated to the
higher strength stecls. The quench hardenable steels ar¢ known to have a
higher CE as well as a higher resistance to cold cracking. In this context it is
not surprising that two linear equations were obtained - one for the lower
strength and the other for the higher strength steels in both the Battelle
Underbead Cracking and UT-Mod. Hydrogen Sensitivity tests.

The regression equations obtained from Ito's formula are given below. It is
seen that there is poor correlation between the actual and estimated values in
both type of steels. However, compared to the higher strength steels, the
correlation in the lower strength steels is better.

Lower Strength Steels
LCS (act.) = 58.82 + 0.60 LCS (cal.) R2 = 0.672
igher rength 1

LCS (act.) = 95.32 + 0.20 LCS (cal.) R2 = 0.100

(ii) Inagaki's Formula [82]

Inagaki et al in 1978 proposed a formula for calculating the LCS in implant
cracking tests. The geometry of implant sample and support plate were the
same as used by Ito et al [79]. They obtained the following empirical equation
for their data-
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Fig.4.48. Comparison between actual and calculated lower critical stress by lto's
formula for all steels
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LCS (kg/mm2) = 68.9 - 121 P - 24 log ([H] + 1)
+ 1.75 At gog-500 +1.65 x 102 A 127414 R 4.7

The above equation was derived from data obtained from HT 50 and HT 80
steels with P.p, in the 0.16 to 0.282 range. The hydrogen content (JIS method)

in this study was varied from 1 to 21 ml/100g and the cooling time from 800 to
300°C from 5 to 20 sec. Inagaki et al found that their data gave a better
correlation with log ([H] + 1) as contrasted to log [H] found by several other
investigators. Inagaki's formula also included the cooling time from 800 to
500°C in addition to tjgq as in Ito's formula

The comparison between the experimental data and LCS calculated from
Inagaki's formula is shown in Fig. 4,49, The following regression equations
were obtained from the correlation-

Lower rength

LCS (act.) = 34.47 + 0.83 LCS (cal) RZ = 0.629
Higher Strength !

LCS (act.) = 77.30 + 0.46 LCS (cal.) R2 =0.164
Inagaki's formula also underestimates the LCS in the present set of steels and
provides a poor correlation with the experimental data.

(iii) Matsuda's Formula [83]

Matsuda et al compared the applicability of the above two formulae to the
data from SM50, HT60, HT80, HY130, 3.5 % Ni, 9 % Ni, 1 1/4 Cr-1/2 Mo, and 2 1/4
Cr-1Mo steels and found that both equations underestimated the LCS in these
steels. He attributed the reason for nom-applicability of the two predictive
equations to the difference in the notch radius of the specimen between his
and other studies. Matsuda et al employed a helical noich geometry as against
a circular notch used by both Ito et al and Inagaki et al. The main _
disadvantage in using a circular notch geometry in the implant cracking test
samples is the uncertainty associated with the exact positioning of the notch
in the CGHAZ, whereas in the helical notch a portion of the notch is always in
the CGHAZ. Based on their results, Matsuda et al proposed another formula that
allowed calculation of the critical stresses in the above steels-

LCS (kg/mm?2) = - 268 Pery - 233 log [H] + 138 oovorvvveco. (4.8)
where the Pop, varied from 0.196 to 0.308 and hydrogen content (JIS

method) from 1.1 to 28.5 ml/100g.
It should be noted that Matsuda's formula is similar to that proposed by Ito et al
but is applicable only for the implant tests conducted with no preheat as this
formula does not contain the term corresponding to the effect of preheat on
the cooling time from peak temperature to 100°C.

The applicability limit of Matsuda's formula with respect to chemical
composition is given below-

C -004100.15%; Mn - 0.50 to 0.84 %; Si -0.23 to 0.60 %;
Ni-0.03t0 876 %; Cr -0.04 10 2.25 %; Mo - 0.01 o0 0.96 %;
Cu - 0.01 10 0.23 %; V -0100.06 %

When the calculated LCS at 75°F prcheat temperature from this formula are
compared with the actual data, the following regression lines (Fig. 4.50) are
obtained-

Lower Strength

LCS (act.) = 19.08 + 0.63 LCS (cal.) R2 = 0.828
Higher rength _Steel

LCS (act.) = 78.98 + 0.23 LCS (cal.) RZ = 0.113
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It appears that the LCS in the lower strength steels at 75°F preheat can be
calculated with a good accuracy by using Matsuda's formula, however, when
this formula is applied to the higher strength steels, the coefficient of
determination is very poor.

(iv) Terasaki's Formula [84]

Terasaki et al in 1982 proposed the following formula to estimate the lower
critical stress in implant cracking tests:
For (HR)100 2 2 ppm

LCS (kg/mm?) = - 20 log (HR)100 - 0.20 Hypay + 125 oo 4.9)
For (HR)100 < 2 ppm

LCS (kg/mm2) = - 75 log (HR)100 - 020 Hpax + 145 eeeeeee (4.10)

(HR)100 = Hp exp {-75 (Z DAt 100} @ == oo “.11)

Ho=126Hg (4.12)
where-

(HrR)100 is the retained hydrogen content in ppm at 100°C,
Hy is the hydrogen content in fused metal just after solidification
HE is the diffusible hydrogen content measured by JIS method

(X DAt)1gg in cm? is the thermal factor for hydrogen diffusion, summed from
solidification temperature to 100°C on cooling
Hpax is the CGHAZ hardness in DPH

Terasaki et al also provided relationships to calculate the thermal factor
from different cooling times. They compared the calculated results with the
experimental values and arrived at the following regression equations-

(Z Da)y00 = (1.95 t1g - 20) x 10-5 (R2 = 86%) ..(4.13)
= (4.51 t150 + 41) x 10°3 (R2 = 97%) (4.14)
= (4.2 tago + 2.73 4150 - 13) x 10°3 (R2 = 99.5%) ...(4.15)

where t] g, 1150, and tpgp are the cooling times respectively from fusion

temperature to 100, 150, and 200°C

The equation to calculate the thermal factor from tj5g and tpgg provides the
best correlation with the experimental data. The applicability of this equation
was also studied by Karpi et al [85] and they found an excellent correlation
with their data from implant and RRC tests.

Terasaki's equations to estimate the lower critical stress were developed for
steels with chemical compositions, Hp,, and hydrogen content in the

following ranges-

C-0.07 10 0.42 %; Mn - 0.42 to 1.47 %; Si - 0.06 10 0.48 %;
Ni - 0.02 10 9.35 %; Cr-0.021t023 %; Mo - 0.01 to 1.00 %;
Cu - 01 0.39 %; V -0100.059 %, Nb - 0 10 0.042 %;
Al - 0 to 0.58 %; B -0t 0014 %.

12 = [H] £ 13 ppm

300 £ Hpax < 500 DPH

Terasaki et al employed a circular notch geometry to conduct the implant
cracking tests. Unlike the formulae described above, the Terasaki equations do
not consider carbon equivalent as a variable but instead include the maximum
HAZ hardness as a parameter. The effect of preheat is taken care of in the
thermal factor which is proportional to the amount of hydrogen remaining in
the weldment at 100°C,

Gedeon [86] compared the validity of the relationship between (HR)j0(@ and

the thermal factor by analyzing data from his study and that from literature.
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He found a good correlation between theoretical prediction and experimental
data. It appears that it is possible to calculate the thermal factor with greater
accuracy by using Terasaki's empirical formulae,

Therefore, while comparing our LCS data with that calculated from
Terasaki's equation the value of thermal factors at 75 and 150°F preheat
temperatures were calculated from equation (4.15).

The comparison between the experimental and estimated data is shown in
Fig. 4.51. The following regression equations were obtained for the lower and
the higher strength steels-

Lower Strength Steels

LCS (act.) = 28.46 + 0.67 LCS (cal.) RZ = 0.571

Higher Strength Steels

LCS (act.) = 59.84 + 0.71 LCS (cal.) RZ = 0.243

The low values of coefficient of determination indicates that no linear
relationship exists between the actual and calculated values.

(v) Pavaskar's Formula [75]

Pavaskar and Kirkaldy in 1982 proposed another formula to estimate the LCS
as a function of Hpax and % martensite content in the CGHAZ. They observed
that "hardness alone does not fully characterize the HAZ microstructural
condition for assessing the cracking susceptibility.....(instead) LCS correlates
very well with the % martensite and the maximum HAZ hardness combined
into a linear index".

HAZ Index = [1565 - 10 (% martensite) - Hpax] e (4.16)

Pavaskar and Kirkaldy used implant data generated by Evans and
Christensen [74] at various hydrogen levels to arrive at the following equation
(Evans and Christensen employed a circular notch geometry in their implant
samples) -

LCS (N/mm2) = [1565 - 10 (% martensite) - Hy, a5 11/2
[31-1551og[H]l et “4.17)
. where % martensite and Hp,,x can be calculated by the modified Maynier's
formulae [51]. The chemical composition of the steels varied in the range-

C-0.11 to 0.21 %, Mn - 1.57 to 1.61 %, Si- 043 %,

Al - 0.030 to 0.035 %, Nb - 0.021 %.

The diffusible hydrogen content ranged from 3 to 30 ppm as measured by
the IIW method and the martensite % varied from 30 to 95.

The results of the comparison using Pavaskar's formula is shown in Fig.
4.52. The regression equations are given below-

Lower Strengih _Sieels

LCS (act.) = 55.93 + 0.36 LCS (cal.) R2 = 0.465
Higher Strength eel
LCS (act.) = 74.55 + 0.59 LCS (cal.) R2 = (.171

(vi) Karpi's Formula [85]

Karpi et al improved upon Terasaki's formula by modifying the following
equation for calculating the amount of remaining diffusible hydrogen in the
weldments.

(HR)1jp0 =Hoexp [- A (Z DAD10p] @ e (4.18)

In Terasaki's formula A = 75, but Karpi et al found that the magnitude of A
depends on the type of steel. The following values were assigned to A based on
the experimental data by Matsuda et al [87]-

for HT 60 steel (UTS = 85 ksi) A is approximately = 83
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Fig.4.51. Comparison between actual and calculated lower critical stress by Terasaki's
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140
| PAVASKAR'S FORMULA |
120 -
HIGHER STRENGTH STEELS
2 1001
o
o
- L
-
S
2 80-
2
. LOWER STRENGTH STEELS
60 -
0
40 T T T 1 T ¥ T -1 r
20 40 60 80 100 120

CALCULATED LCS, ksi

Fig.4.52. Comparison between actual and calculated lower critical stress by Pavaskar's
formula for all steels
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for HT 80 steel (UTS = 115 ksi) A is approximately = 69

for HY 130 steel (UTS = 145 ksi) A is approximately = 46

or HY 180 steel (UTS = 200 ksi) A is approximately = 41

The dependence of factor A on the type of steel (when welded with a
matching filler wire) indicates that under similar welding conditions and
hydrogen content, a greater amount of diffusible hydrogen is retained in the
weldments of higher strength steels as contrasted to that in the lower strength
stecls. This appears to be based on the fact that in highly alloyed steels the
hydrogen diffusivity is lower than when the alloying content is reduced. In
other words, the CGHAZ's of the high strength steels will experience a greater
amount of diffusible hydrogen.

Karpi's equation to calculate the lower critical stress in the implant
cracking tests is provided below-

LCS (N/mm2) = 785 - 1.2 Hyay - 250 log (HR)100 ~ eooeven (4.19)

This formula was based on data from steels with the following chemical
composition variation-

C-0.06 to 0.19% Mn - 0.56 to 1.50% Si - 0.26 to 043%
Cr - 0.02 to 0.80% Ni - 0.017 to 8.92% Mo - 0.03 to 0.63%
Cu - 0.013 t0 0.17% V -0 to 0.04% Al - 0 t0 0.06 %

B - 0.0009 max.

The steels belonged to two classes; (a) C-Mn steel with 50 ksi strength level,
and (b) low alloy steels with 115 ksi strength level. The implant cracking test
samples were of helical notch geometry. ,

The results of correlation between calculated and measured LCS is shown in
Fig. 4.53. The data from the lower and higher strength steels fall into two
different categories, as also observed with the other formulac. However, using
Karpi's formula it was possible to obiain a relatively better R2 value for the
higher strength steels, as shown below-

Lower_ Strength
LCS (act) = 53.28 + 0.67 LCS (cal.) R2 = 0.551

Higher rength Steel

LCS (act.) = 76.59 + 0.77 LCS (cal.) R2 = 0.340

It is interesting to compare the capability of various formulae in predicting
the lower critical stress for the steels in this study. Although none of the
formulae were able to provide the desired accuracy of prediction for all steels,
nevertheless comparisons may bring out important factors influencing the
crack susceptibility of the steels in this program. The following ranking of
different formulae is based on the type of steels.

For the lower strength steels-

Matsuda > Ito > Inagaki > Terasaki > Karpi > Pavaskar
For the higher strength steels -

Karpi > Terasaki > Pavaskar > Inagaki > Matsuda 2 Ito

Matsuda's formula was found to provide maximum RZ for the lower strength
steels but lowest R2 when applied to the higher strength steels. This is
surprising as this formula was developed for C-Mn as well as alloyed steels and
represented an improvement over Ito's formula. Both formulae are based on
Pcm» and it is possible that the hardenability of the present set of steels is mot
represented adequately by Pop,. Karpi's formula did not provide as good a
correlation for the higher strength steels as Matsuda's formula did for the
lower strength steels.  Karpi's formula definitely represents an improvement
over Terasaki's formula, at least for the higher strength steels. However,
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when applied to the lower strength steels the difference in the R2 values is not
appreciable.  Since Karpi's formula recognizes the influence of alloying
additions on the hydrogen diffusivity coefficient, if a parameter defining the
influence of chemical composition on hydrogen diffusivity is incorporated in
the formula, it may become possible to explain the results of implant cracking
tests from different types of steels. In the present set of steels, Pavaskar's
formula (employing % martensitc and Hp,,x) has not provided satisfactory
correlations. This may be due to (a) possible inaccuracy in estimating %
martensite and/or (b) non-applicability of the two factors - % martensite and
Hpax - in defining the LCS in the present set of steels. While comparing
different formulae, it is also noticed that in the most recent formulae, the
carbon equivalent as a parameter to calculate the LCS has been given less
importance and instead the maximum HAZ hardness is being preferred as a
parameter representing the chemical composition.

Since the calculated and actual LCS values did not show a linear correlation,
the implant cracking data were also analyzed for different preheat
temperatures. The following regression lines were obtained-

(a) Lower Strength Steels - 75°F preheat temperature;

Terasaki LCS (act.) = 10.17 + 0.85 LCS (cal.) R2 = 0.810
Karpi LCS (act.) = 43.17 + 0.84 LCS (cal.) R2 = 0.708
Ito LCS (act) = 52.29 + 0.68 LCS (cal.) RZ = 0.832
Matsuda LCS (act.) = 19.08 + 0.63 LCS (cal.) R2 = 0.828
Pavaskar  LCS (act) = 44.96 + 0.47 LCS (cal.) R2 = 0.648
Inagaki LCS (act.) = 21.60 + 1.00 LCS (cal.) R2 = 0.793

Ranking Ito > Matsuda > Terasaki > Inagaki > Karpi > Pavaskar
(b) Lower Strength :

Terasaki LCS (act.) = 50.24 + 0.45 LCS (cal.) R2 = 0.697
Karpi LCS (act.) = 66.43 + 0.44 LCS (cal.) R2 = (.756
Ito LCS (act.) = 69.46 + 0.41 LCS (cal.) R2 = (.768
Matsuda LCS (act.) = 51.78 + 0.38 LCS (cal.) R2 = 0.757
Pavaskar  LCS (act) = 67.77 + 0.26 LCS (cal.) R2 = 0.686
Inagaki LCS (act.) = 53.46 + 0.56 LCS (cal.) R2 = 0.809

Ranking Inagaki > Ito > Matsuda > Karpi > Terasaki > Pavaskar

When the lower strength steels are considered at different preheat
temperatures a considerable improvement in the predictive accuracy of all the
formulae is noticed. Figs. 4.54 and 4.55 show the comparisons obtained for Ito's
and Inagaki's formulae respectively. The regression lines corresponding to 75
“and 150°F preheat temperatures merge at higher LCS values but the difference
increases at lower LCS values. The above indicates that (a) the cooling time
t100 used in these two formulac may not adequately represent the amount of
hydrogen remaining at 75 and 150°F temperatures, (b) the increase in
hydrogen embrittlement at 75°F is greater at higher hydrogen levels than at
150°F, and (c) the change in embrittlement is not linearly related with
preheat temperature.

(c) Higher_ Strength steels - 75°F precheat temperature:

Terasaki  LCS (act.) = 39.62 + 1.01 LCS (cal) R2 = 0.361
Karpi LCS (act.) = 63.93 + 1.10 LCS (cal.) R2 = 0.507
Matsuda LCS (act.) = 78.98 + 0.23 LCS (cal.) R2 =0.113
Ito LCS (act.) = 91.04 + 0.27 LCS (cal.) RZ =(0.124
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individually at 75 and 150°F preheat temperature
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Pavaskar  LCS (act.) = 51.20 + 1.08 LCS (cal.) R2 =0.374
Inagaki LCS (act.) = 64.99 + 0.66 LCS (cal.) R2 = 0.243
Ranking Karpi > Pavaskar > Terasaki > Inagaki > Ito > Matsuda
(d) Higher

Terasaki  LCS (act.) = 85.37 + 0.31 LCS (cal.) R2 =0.343
Karpi LCS (act.) = 92.35 + 0.35 LCS (cal.) R2 = 0.500
Matsuda LCS (act.) = 102.6 - 0.02 LCS (cal.) R2 = 0.003
Ito LCS (act.) = 102.0 - 0.01 LCS (cal.) R2 = 0.001
Pavaskar  LCS (act.) = 96.20 - 0.14 LCS (cal.) R2 =0.086
Inagaki LCS (act.) = 98.91 + 0.06 LCS (cal.) R2 = 0.024
Ranking Karpi > Terasaki > Pavaskar > Inagaki > Matsuda > Ito

Although Karpi's formula provided the best R2 between the experimental
and measured values, however, there does not appear to be any linear
relationship between measured and calculated LCS. Therefore, the data were
further analyzed by categorizing steels into Cu-containing (HSLA-100 and

HSLA-130) and non Cu-containing (HY-130 and DQ -125) steels.
regression equations were obtained:

The following

HSLA-1 nd HSLA-1 Is - °F preh mperature:
Terasaki LCS (act.) = -40.68 + 2.45 LCS (cal.) R2 = 0.805
Karpi LCS (act.) = 40.50 + 1.88 LCS (cal.) R2 = 0.758
Matsuda LCS (act.) = 18.73 + 1.45 LCS (cal.) R2 = 0.418
Ito LCS (act.) = 94.01 + 1.55 LCS (cal.) R2 = 0.435
Pavaskar LCS (act.) = -10.14 + 2.71 LCS (cal.) R2 = 0.750
Inagaki LCS (act.) = 10.10 + 2.14 LCS (cal.) R2 = 0.547
Ranking Terasaki > Karpi > Pavaskar > Inagaki > Ito > Matsuda
HSLA-1 nd HSLA-1 1s - 150°F preh I

Terasaki LCS (act.) = 67.70 + 0.65 LCS (cal.) R2 = 0.960
Karpi LCS (act.) = 88.88 + 0.51 LCS (cal.) R2 = 0.946
Matsuda LCS (act.) = 80.02 + 0.46 LCS (cal.) R2 =0.724
Ito LCS (act.) = 100.7 + 0.49 LCS (cal.) R2 = 0.739
Pavaskar LCS (act.) = 75.50 + 0.74 LCS (cal.) RZ = 0.948
Inagaki LCS (act.) = 77.06 + 0.64 LCS (cal.) R2 = 0.829
Ranking Terasaki > Pavaskar = Karpi > Inagaki > Ito > Matsuda

Terasaki's formula provides the best correlation parameters when data from
HSLA-100 and HSLA-130 are considered separately at 75 and 150°F preheat
temperatures. The comparison for Terasaki's equation is shown in Fig, 4.56. As
observed in the lower strength steels, the regression lines for 75 and 150°F
preheat temperatures in HSLA-100 and HSLA-130 steels also converge when
tests are conducted at lower hydrogen content. The difference increases as the
hydrogen content is increased.

When data for HY-130 and DQ-125 are compared at 75 and 150°F preheat
temperatures, no correlation was observed among the experimental and
calculated LCS values. Therefore, HY-130 and DQ-125 steels are considered
separately.

HY-130 Steel (75 and 150°F preheat temperature)

Terasaki LCS (act.) = 65.36 + 0.69 LCS (cal.)
Karpi LCS (act.) = 85.49 + 0.55 LCS (cal.)

R2 = 0.567
R2 = (.569
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Fig.4.56. Terasaki's formula predicts accurate lower critical stress for HSLA-100 and
HSLA-130 steels when data are analyzed separately at 75 and 150°F preheat

142



Ito LCS (act) = 93.62 + 0.67 LCS (cal) R2 = 0.928
Pavaskar  LCS (act.) = 70.86 + 0.78 LCS (cal.) R2 = 0.490
Inagaki  LCS (act.) = 63.45 + 0.83 LCS (cal) R2 = 0.778
Ranking Ito > Inagaki > Karpi > Terasaki > Pavaskar

Matsuda's formula was not considered as it is applicable to room temperature
precheat only. Ito's formula provided the best correlation with the
experimental results.

-12 1 © I
Terasaki LCS (act) = 56.31 + 0.71 LCS (cal.) R2 = (0.448
Karpi LCS (act) = 81.31 + 0.53 LCS (cal.) R2 = 0413
Ito LCS (act.) = 77.13 + 0.64 LCS (cal.) R2 = 0.631
Pavaskar  LCS (act) = 67.04 + 0.65 LCS (cal.) R2 = 0.465
Inagaki LCS (act.) = 54.29 + 0.79 LCS (cal.) R2 = 0525

Ranking Ito > Inagaki > Pavaskar » Terasaki > Karpi

The reason that none of the formulae provided good correlation with the
actual data appears to be the constant LCS values (100 ksi) obtained for low
diffusible hydrogen content at both the preheat temperatures and for high
diffusible hydrogen content at 150°F preheat temperature. Taking this aspect
into consideration Ito’s formula appears to calculate the LCS in DQ-125 with the
best accuracy.

The applicability of the above formula to the steels in this program can be
summarized as below: '

For the lower strength steels tested at 75°F Ito's formula allowed accurate
determination of the LCS and the following equation can be used to calculate
the critical stress-

LCS (act.) = 52.29 + 0.68 LCS (cal.)

For the lower strength steels tested at 150°F, the following equation derived

from Inagaki's formula can be employed for calculating the LCS-

LCS (act.) = 53.46 + 0.56 LCS (cal.)
For HSLA-100 and HSLA-130 steels Terasaki's equation provided the best
correlation coefficients for both 75 and 150°F preheat temperatures.
75°F preheat temperature-

LCS (act.) = - 40.68 + 2.45 LCS (cal.)
150°F preheat temperature-

LCS (act.) = 67.70 + 0.65 LCS (cal.)
For HY-130 steel tested at 75 and 150°F, Ito's equation can be employed to
estimate the lower critical stress-

LCS (act.) = 93.62 + 0.67 LCS (cal.)

For DQ-125 steel tested at 75 and 150°F, Ito's equation provided the best
coefficient of determination-

LCS (act.) = 77.13 + 0.64 LCS (cal.)

It is evident from the above that no single formula is able to estimate the
lower critical stress in all steels in this study. The steels strengthened by
copper precipitation behave differently from the remaining steels. In
addition two regression lines are obtained for two preheat temperatures in
copper containing steels. This implies that the existing parameter defining
the remaining diffusible hydrogen content in the weldment (tjgo in the case
of Ito's and Inagaki's formulae) as a function of preheat temperature does not
adequately represent the real situation. However, in the non copper
strengithened steels such as DQ-125 and HY130 the cooling time from fusion
temperature to 100°C appears to be sufficiently accurate. The reason for this
anomaly may lic in the difference in the CGHAZ microstructures of Cu-
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containing and non Cu-containing steels. It is possible that the presence of
fully or partly dissolved copper precipitates and their cffect on the retention
of austenite pockets in the CGHAZ may enhance the actual hydrogen level in
the CGHAZ thus leading to increased embrittlement of the HAZ. The above can
be confirmed by carefully planned experimentation designed to provide
specific information on the role of copper precipitates and their associated
microstructural features. These investigations were outside the scope of the
present study. Unless the underlying mechanisms are clarified it appears
difficult to evolve a single formula to calculate the lower critical stress in all
steels in this investigation.

4.3.5. Applicability of Carbon Equivalent Formulae

When the existing formulae to calculate the LCS are applied to the data from
stecls under study, Ito's and Inagaki's formulae based on Pgy provide the best
correlations for the lower strength, and HY-130 and DQ-125 steels. However,
the results from HSLA-100 and HSLA-130 are best explained by employing
Terasaki's formula. Terasaki's formula is not based on any CE but the
chemistry is indirectly represented by the maximum HAZ hardness. The
results of the implant cracking test were also analyzed with respect to-

(a) LCS vs Carbon equivalents, P.p, and CEj
(b) LCS vs Maximum HAZ Hardness, Hpax
(¢) Susceptibility Index (SI) vs CE's and Hyax

The variation of LCS and SI with carbon equivalent, [CEN], is not presented
herein as it reveals a trend similar to that observed with P.,. This is due 1o
the fact that CEN approaches P.p, for low carbon steels.

The variation of LCS with P.p, for the lower strength steels is shown Fig.
4.57. When the diffusible hydrogen content is high (20 ml/100g) and the
preheat temperature is low (75°F), there is a linear decrease in the LCS with
Pcm- At 5 ml/100g hydrogen and 75°F preheat temperature, an initial decrease
in the LCS with P, is noticed, however the LCS becomes constant with a
further increase in Pop,. The LCS does not decrease appreciably with Poy, at
150°F, as shown in Fig. 4.57. It should be noted that results for DQ-80 at 150°F
preheat could not be obtained as the rupture occurred in the soft zone instead
in the CGHAZ. No clear relationship among LCS and CE's was apparent for the
lower strength steels, therefore, these results are not shown.

Fig. 4.58 illustrates the change in the LCS with CEj for the lower strength
steels. The relationship between the LCS and CEj is essentially similar to that
obtained for LCS vs Pgp. However, it appears that LCS and CEj are better
related than LCS and P.,,. The above, however, cannot be supported based on
statistical parameters, as the scope of the present study included testing omly at
two preheat temperatures and two hydrogen levels. Any attempt to conclude
the validity of one CE over the other for the steels under study based on limited
data will be misleading.

Figs. 4.59 and 4.60 show the change in the LCS with Hy, 54 for the lower and
higher strength steels respectively. It was found that in case of the higher
strength steels, no definite relationship between the LCS and Py and CEjp was
observed. But when the LCS is plotted as a function of Hy,ax. it was possible to
obtain a somewhat better correlation, as shown in Fig. 4.60. There was a slight
increase in the LCS with an increase in the hardness of CGHAZ. This type of
behavior, however,- was not observed for the lower strength steels. In the
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lower strength steels, the LCS decreased with an increase in Hpy,x, as shown in
Fig. 4.59.

The susceptibility index (SI) is defined as-

SI=(NTS-LCS)/NTS

Table 4.4 gives the values of notched tensile strength (NTS) in the coarse
grained HAZ and SI for all steels in this program. The SI represents the
embrittlement of a steel to HAC, higher the SI more susceptible the steel will be
to HAC. The variation of SI with Pcp,, CEj, and Hp, ;5 is shown in Figs. 4.61 to
4.63 respectively. Like in the LCS vs CE's behavior, no definite relationship
was observed in the SI vs CE's variation for the higher strength steels. For the
lower strength steels the SI increased with CE's and Hp,,x when data for 75°F at

5 and 20 ml/100g hydrogen contents were plotted. There was no significant
change in the SI with either CE's or Hp, 55 when results at 150°F were analyzed.

Fig. 4.63 shows that when the SI variation with Hy, ,x is considered, the SI for
all conditions except 75°F-10 ml/100g shows a slight initial decrease with Hp 54

and then an increase. This implies that, in general, steels DQ-125, HSLA-100,
and HSLA-130 show lower SI than HY-130.

From the above discussion, it appears that no single CE can explain the
results of the implant cracking test for all steels. However, CEj was found to

correlate with the observed data slightly better than P.p, for the lower

strength steels. When the higher strength steels are considered, the use of
Hpax In explaining the experimental data was found to be better than CE's. An

almost similar trend was also observed in the Battelle Underbead cracking test.
However, the UT-Mod. HST provided results which are at slight variance from

that observed in the implant cracking and Battelle underbead cracking tests.

As mentioned earlier, the results from the Battelle and UT-Mod HS tests should
not be considered conclusive because of the reasons discussed in Sections 4.3.1
and 4.3.2.

To apply the results from the implant cracking test to actual welding
conditions, it is necessary to obtain a stress field parameter responsible for
crack initiation. Some investigators have been successful in determining
stress field parameter from theory and experiments. If the lower critical
stress from the implant cracking test is greater than the stress field
parameter, the probability of hydrogen assisted cracking is greatly reduced.
The parameter is still difficult to calculate with a great deal of confidence as it
depends on the groove geometry, bead length, yield strength of the material
etc. In this study, the steels are ranked approximately by considering the ratio
of the lower critical stress and yield strength. The magnitude of maximum
residual stress in a welded geometry attains a value equal to the yield strength
of the material, therefore, the data from the implant cracking test can also be
used to compare various steels based on the ratio of LCS and YS. If the ratio of
LCS to YS is one or greater than one, the steel can be safely welded under the
welding conditions and hydrogen levels employed during .the implant test.
The variation of LCS/YS ratio with hydrogen content at 75 and 150°F preheat
temperatures for all the steels in this program are shown in Figs. 4.64 and 4.65
respectively. It may be noticed that in DQ-80 tests at 150°F, rupture during the
implant cracking test occurred in the soft zone rather than in the CGHAZ,
therefore, the LCS under this condition is taken as the rupture strength of the
soft zone, as it approximately represents the lower limit of potential hydrogen
assisted cracking. The LCS/YS ratio for DQ-80 at 75°F prcheat temperature is
greater than that at both hydrogen levels, thus implying that this steel can be
casily welded at room temperature even with a diffusible hydrogen content up

147



Table 4.4 Susceptibility Index of Steels

Steel NTS Preheat Hydrogen Susceptibility
(ksi) Temp(oF) Content Index
(m1/100g)
HSLA-80-1 213 75 5 0.643
150 5 0.596
75 20 0.695
150 20 0.636
HSLA-80-2 224 75 5 0.643
150 5 0.598
75 20 0.710
150 20 0.632
HS1A-80-M 213 75 5 0.638
150 5 0.601
75 20 0.789
150 20 0.671
HSLA-100 246 75 5 0.593
150 5 0.573
75 10 0.715
150 10 0.593
HSLA-130 257 75 5 0.591
150 5 0.582
75 10 0.650
150 10 0.611
HY-130 275 75 3 0.645
150 5 0.618
75 10 0.664
150 10 0.645
DQ-125- 259 75 5 0.614
T ) 150 5 0.614
75 10 0.660
150 10 0.614
DQ-80 145 75 5 0.379
150 5 *
75 20 0.407
150 20 *

* Not Determined
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to 20 ml/100g. However, for all the remaining steels, the LCS/YS ratio is less
than one, therefore, precautions must be taken by way of either reducing the
diffusible hydrogen or increasing the preheat temperature. At 150°F preheat
temperature and 5 ml/100g diffusible hydrogen content, LCS/YS ratio for
HSLA-80-1 becomes greater than one and therefore, can be welded safely at
150°F only when the hydrogen content is about 5 mi/100g. But under similar
conditions steels HSLA-80-2 and HSLA-80M may be prone to cold cracking. It is
interesting to note that the LCS/YS ratio for low CE steels (lower strength level
steels) generally shows a significant improvement when the preheat
temperature is increased, but the ratio in the higher strength level steels
(higher CE's) remains relatively insensitive to both hydrogen content and
preheat temperature. On the face of it the above observation implies that it is
more difficult to obtain crack-free welds in the higher strength steels.
However, on the contrary it is found that thesc steels have greater resistance.
to cold cracking despite having higher CE's. It is experimentally observed -
than in highly alloyed steels the residual stresses may remain appreciably
lower than the yield strength and therefore, even at apparent LCS/YS ratios
less than one, the steels can be welded safely. Karpi et al [85] also observed a
similar phenomenon and attributed this to the lower austenite to martensite
transformation temperature and larger transformation expansion in steels
containing higher amounts of alloying elements

4.3.6. Preheat Requirement to Avoid Hydrogen Assisted Cracking

The ranking of all steels based on susceptibility index and LCS/YS ratio is
similar. However, when the steels are compared with respect to LCS/YS ratio,
it becomes possible to roughly estimate the preheat temperature to prevent
cold cracking in a highly restraint weld joint. These estimates are
approximate as the scope of the investigation was to evaluate the implant
cracking data at only 75 and 150°F preheat temperatures. Further
confirmation of the estimates can only be possible by generating data at more
preheat temperatures and hydrogen levels.

The AC-50 steel did not show any hydrogen assisted cracking in both the UT-
Modified and Implant Cracking tests, therefore, it can be inferred that AC-50
would be weldable at room temperature even with high hydrogen electrodes.

The DQ-80 steel can be safely welded at room temperature (probably the
lowest preheat temperature could be as low as 32°F-indicated by the UT-
Modified test results) and up to 20 ml/100g hydrogen. However, to prevent the
hydrogen assisted cracking in HSLA-80-1, a preheat temperature of 150°F at 5
ml/100g hydrogen appears to be required. At greater than 5ml/100g
hydrogen content, a preheat temperature higher than 150°F should be wused.
For HSLA-80-2 and HSLA-80M a preheat temperature higher than 150°F at
5ml/100g hydrogen is indicated by the present data.

Since HSLA-130 is being considered for certain structures as a replacement
for HY-130, it is interesting to compare these two steels in terms of preheat
temperature requirement. The required preheat temperature to avoid cold
cracking in HY-130, according to Bailey [88], is 300°F when the hydrogen
content of the weldment is 14 ml/100g. The comparison of LCS/YS for HSLA-
130 and HY-130 at 10 ml/100g hydrogen level with 75 and 150°F preheat,
reveals that HSLA-130 is less sensitive to cracking than HY-130, thus a preheat
temperature lower than 300°F will be required to safely weld HSLA-130. At
lower hydrogen contents (e.g. 5ml}/100g), the sensitivity of HSLA-130 is
significantly reduced as compared to HY-130, therefore, a preheat temperature
considerably less than 300°F would be required to obtain crack-free welds in
HSLA-130. The prcheat temperature requirement for HSLA-100 is lower than
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HSLA-130 except when HSLA-100 is welded at higher hydrogen contents. The
DQ-125 is less sensitive to HAC than HY-130 but it is more susceptible than
HSLA-130 and HSLA-100.

In summary, the following ranking of steels in this program can be derived
in terms of prcheat temperature requirement to prevent hydrogen assisted
cracking:

If the critical preheat temperatures for DQ-80 and HSLA-80-1 are taken as 75
and 150°F at hydrogen contents up to 20 ml/100g, then the remaining steels in
the lower strength steels can be qualitatively ranked as below-

DQ-80<HSLA-80-1<HSLA-80-2<HSLA-80M

If the critical temperature of HY-130 at high hydrogen content is
considered as 300°F, the ranking for the higher strength steels in terms of
preheat temperature required to avoid cold cracking is given below-

HSLA-100<HSLA-130=DQ-125<HY130

In order to determine the exact critical preheat temperatures for steels in

this program, further testing at different preheat temperatures is required.

44CONCLUSIONS

The following main conclusions can be derived from the results presented
in this Section-

(1) The Hardness Control and Hydrogen Control approaches to estimate the
preheat temperature for crack-free welds cannot be used for steels in this
program because of inherent limitations. These approaches do not take into
account the influence of finer grain size (due to TMCP) and shape controlled
non-metallic inclusions in decreasing the hardenability.  Therefore, the
estimated preheat temperatures from the approaches may be overly
conservative for modern steels.

(2) The steels in this program were tested for their susceptibility to
hydrogen assisted cracking by the Battelle Underbead Cracking, UT-Modified
Hydrogen Sensitivity, and Implant Cracking tests. In the Baticlle test no true
hydrogen assisted underbead cracking was observed in any of the steels. The
cracks appeared to initiate in the weld metal and propagate into the heat
affected zone. The cracks in the HAZ were transverse to the fusion line. On
the other hand, in the UT-Modified test, no cracks were observed in the fused
zone but cracking occurred in the HAZ. The cracking was intergranular in
nature. Steels DQ-80, AC-50, DQ-125 and HSLA-80M did not show cracking even
at 32°F preheat temperature and 4% strain. In general, the results of the two
tests agreed in terms of ranking of the materials.

(3) The trend observed in the Battelle and UT-Modified tests was also
evidenced in the Implant Cracking tests. The AC-50 steel did not rupture in the
CGHAZ but the failure took place in the soft zone. A similar behavior was also
noticed for DQ-80 when tested at 150°F preheat temperature. However, DQ-80
ruptured in the CGHAZ at 75°F preheat temperature. The lower critical stress
in HSLA-80M and HSLA-100 dropped appreciably when tested at 75°F and 20
and 10 ml/100g hydrogen content respectively. This was believed to be due to
the presence of a susceptible microstructure in the CGHAZ containing retained
austenite or austenite-martensite packets in a predominantly martensitic
structure. The secondary constituents may retard the diffusion of hydrogen
and thus lead to increased susceptibility. The HSLA-130 steel having almost the
same composition as HSLA-100 did not show a rapid drop in the LCS under
similar conditions of testing. This was attributed to the presence of a finer
grain size in the base plate and a finer distribution of epsilon-copper
precipitate as contrasted to that in HSLA-100.
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(4) The cracking in the Implant test initiated in the CGHAZ and propagated
into the weld metal in all steels except HSLA-80M, where the cracking was
confined to the CGHAZ. The fracture surface examination revealed that the
cracks propagated in an intergranular fashion in HSLA-80M, while in the
remaining steels the cracks followed a mixed mode-intergranular and quasi-
cleavage.

(5) Several published formulae to calculate the lower critical stress in the
Implant tests were analyzed and their applicability to the data from steels in
this study assessed. None of the formulae predicted LCS with acceptable
accuracy. However, when data were categorized according to the lower
strength and the higher strength steels, and considered individually at 75 and
150°F preheat temperatures, some of the formulae allowed calculation of LCS
with acceptable accuracy. Two separate regression lines, converging at
higher LCS (i.e. low hydrogen content) and corresponding to 75 and 150°F,
were obtained. This indicated that for copper containing steels, thermal factor
for hydrogen diffusion may be at variance from the conventional steels.
Therefore, there is a need to determine the thermal factor for copper-
containing steels.

(6) From the implant tests, the variation of LCS and susceptibility index (SI)
with CE's (Pep and CEj) and Hp,,x was evaluated. Carbon equivalent, CEj, was
found better than Pgp, for the lower strength steels, whereas, Hp, ,x Wwas better
than CE's for the higher strength steels. A similar trend was also observed for
the Battelle and UT-Modified test results.

(7) The data from the present investigation is limited and not sufficient to
calculate the critical preheat temperature to avoid cold cracking . However,
an approximate estimation can be provided when the ratio LCS/YS is compared
for different steels. If LCS/YS ratio is equal or greater than one, the steel can
be welded safely under the test conditions. The AC-50 and DQ-80 steels can be
welded safely at room temperature preheat and hydrogen level up to 20
ml/100g. A minimum preheat temperature of 150°F will be required for HSLA-
80-1 to prevent risk of cracking. The HSLA-80-2 and HSLA-80M will require a
precheat temperature greater than 150°F.

Since a preheat temperature of 300°F is required (obtained from literature)
for sound welds in HY-130 at high hydrogen levels, the other steels belonging
to the higher strength category will require significantly lower preheat
temperature than 300°F, as indicated by the ratio LCS/YS. The higher strength
steels can be ranked in the order of increasing critical preheat temperature-

HSLA-100<HSLA-130<DQ-125<HY-130

Thus using HY-130 in place of HSLA-130 will result in a definite

improvement by decreasing the preheat temperature for safe welding.

-
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5. HAZ SOFTENING

5.1. INTRODUCTION

The introduction of the TMCP in steel production has enhanced the
resistance of the weld HAZ in such steels to hydrogen assisted cracking by
reducing the carbon equivalent while maintaining or even improving
mechanical properties when compared to conventional steels. The attractive
properties in such steels are obtained by controlled rolling and/or accelerated
cooling. These manufacturing operations leave the material with considerable
stored energy. This energy is released and the effect of TMCP is partly or fully
erased when the steels are either welded and/or heat treated.

In a weldment, the HAZ consists of several sub-zones. Each sub-zone in the
HAZ is characterized by a different microstructure and hence different
mechanical properties. The zone immediately adjacent to the fusion boundary
experiences the highest peak temperature and austenite grain growth takes
place. Austenite grain growth depends on the amount and type of micro-
alloying addition. Easterling has compiled a time/temperature precipitate
dissolution diagram for the commonly used micro-alloy carbides and nitrides
(Fig. 5.1) [22). TiC appears to be the most stable and VC the least during a
welding thermal cycle. The HAZ zone nearest to the fusion line is referred as
the coarse grained HAZ and corresponds to an average peak temperature of
2400°F. The microstructure in this zone is controlled by the chemical
composition (represented by carbon equivalent) and welding parameters. The
CGHAZ is of paramount importance not only from the point of view of
mechanical properties such as strength and toughness but also for its
susceptibility to hydrogen assisted cracking and stress relief cracking.

The region corresponding to an average peak temperature of 1750°F
represents the fine grain HAZ (FGHAZ). During the on-heating portion of a
FGHAZ thermal cycle, ferrite transforms to austenite and sufficient time is not
available for the austenite grains to grow, therefore, the grain size in this
zone remains small or is refined. Consequently during the austenite
transformation in the on-cooling portion of the cycle, a fine grained
microstructure results. In micro-alloyed steels the FGHAZ is quite wide
because of more effective grain boundary pinning as the carbides and nitrides
present do not dissolve at these temperatures. From Fig. 5.1, it is clear that
most of the carbides and nitrides are thermodynamically stable in the FGHAZ.
Therefore, the width of the FGHAZ will depend on the number density of
precipitates and not on the type of carbides or nitrides.

A thermal cycle with peak temperature of 1450°F defines the HAZ heated
between the critical temperatures (A}-A3) and is known as the intercritical
. HAZ (ICHAZ) or partly refined zone. Themmal cycles with temperatures less
than the Ay temperature represent subcritical HAZ (SCHAZ) exposure. Unlike

in CGHAZ, FGHAZ, and ICHAZ, no transformation takes place in the SCHAZ.
However, during intercritical and subcritical exposures, the recovery and
recrystallization processes occur and the completeness of these processes
depends mainly on the type of steel, thermomechanical processing -and
welding heat input. For example, recrystallization behavior during a thermal
cycle is affected by whether the original material was cold rolled, and cold
rolled and control cooled, or is in the annealed condition.

A region in the HAZ having a lower hardness than the base mectal is termed
the "soft” zonme. The soft zone has been shown to possess poor tensile
properties (Fig. 5.2) [89]. Increased fatigue crack growth rate in the HAZ is
also directly related to the presence of a soft zone [89]. Moreover, the presence
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of a soft zone in a welded structure may limit the design strength to a lower
value and influence strain distribution during subsequent fabrication or in
service. In the copper containing steels the complete of partial dissolution of
epsilon copper precipitates may also contribute to a decreasec in hardness in
addition to that due to recrystallization.

Since the steels in this program are thermo-mechanically control processed
and five of them derive their strength from copper precipitation, it was
decided to investigate the effect of heat input on the soft zone characteristics.

5.2. EXPERIMENTAL PROCEDURE

The bead-on-plate welds employed for measuring the maximum HAZ
hardness as described in Section 3 were used to determine the hardness profile
across the HAZ. Only data for welds deposited by the shielded metal arc process
were analyzed. Therefore, the variation in heat input is from 15 to 154 kJ/in.
Samples were heat treated at 1000°F for one hour to study the effect of postweld
heat treatment on the soft zome in steels strengthened by epsilon-copper and
non-copper containing steels. Samples were also examined for
microstructural changes brought about by increasing heat input.

5.3. RESULTS AND DISCUSSION

The HAZ hardness profiles in HSLA-80-1(Fig. B-1 10 B-6), HSLA-80-2 (Fig. B-9
to B-14), DQ-80 (Fig. B-17 to B-22), DQ-125 (Fig. B-25 to B-31), AC-50 (Fig. B-34 to
B-39), and HSLA-100 (Fig. B-42 t0o B-48) as a function of heat input are given in
Appendix B. The bead shape and location of hardness measurement is also
provided as an inset.

In the present set of steels a soft zone was observed in HAZ's of HSLA-80-1,
HSLA-80-2, DQ-80, DQ-125, and AC-50 only. The remaining steels such as HSLA-
80M, HSLA-100, HSLA-130, and HY-130 did not show any softening in the HAZ.
The HAZ in these latter steels is characterized by the presence of a fully
martensitic structure and any effect of recrystallization, recovery, or
dissolution of copper precipitate on the HAZ hardness seems to be
overshadowed by the dominant influence of martensite.

Typical microhardness distribution across the HAZ from fusion boundary to
the unaffected base metal for HSLA-80-1 at three different heat inputs is
shown in Fig. 5.3. It is noted that for longer cooling times (e.g. 39.6 sec. for
HSLA-80-1) even the CGHAZ tends to becomes softer than the base metal. This
was observed in all the steels prone to HAZ softening except AC-50. The reason
for this anomalous behavior will be discussed later.

In order to define the characteristics of the soft zone two parameters were
determined from the HAZ hardness profiles-(a) soft zone width, defined as the
linear distance in mm over which the hardness is less than the base metal
hardness, (b) AH, the difference between the base metal hardness and the

- minimum HAZ hardness.

The increase in the width of the soft zone with t1g/5 for the five susceptible
steels is shown in Fig. 5.4. The soft zone width increases linearly with tg/5 in

all steels. However, the rate of increase in the soft zone width depends on the
type of steel and may reflect the differences in stored energy, initial grain
size, chemical composition, amount and distribution of inclusions. All of these
factors influence recovery and recrystallization kinetics.

The variation of AH with tg/5 is shown in Fig. 5.5. AH increases rapidly with
cooling time and tends to approach a saturation value, AHg, at longer cooling
times. The saturation value of AH does not appear to be a simple function of
carbon equivalent, as DQ-80 (P.p,-0.16) shows a much higher AHg than AC-50
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(Pcm-0.16), HSLA-80-1 (Pgp,-0.22) and HSLA-80-2 (P;p,-0.23). However, as

reported by other investigators [89), the minimum HAZ hardness achieved in
the soft zone is directly proportional to the carbon equivalent, and increases
with an increase in the carbon equivalent. Prior thermo-mechanical history
of the steel also seems to play an important role along with carbon equivalent
in defining AHg. In the copper-added steels there appears to be an additional

contribution to AH from precipitate dissolution besides recrystallization.
Therefore, it is appropriate to discuss separately the steels containing copper
and the copper-free steels. For example, when AH vs tg/5 bebaviors for non-
age hardenable steels, DQ-125 and AC-50, are compared it is found that DQ-125
with the higher CE softens more rapidly than AC-50 having a lower CE and
achieves a much higher AHg value than AC-50. However, the same is not true

when copper strengthened steels are compared. DQ-80 with a lower CE softens
more quickly than HSLA-80-1 and HSLA-80-2 with higher CE's. This implies
that the TMCP employed in the production of DQ steels leaves the steel matrix
with more stored energy than either quenching (in HSLA steels) or
accelerated cooling (in AC-50). Therefore, AHg appears to be directly

proportional to the magnitude of stored encrgy in the steel.

In AC-50, the CGHAZ hardness (Fig. 3.29) even at long cooling times remains
significantly above the base metal hardness contrary to the observations in
the other steels prone to softening. This anomalous behavior can be explained
on the basis of AHg and carbon equivalent. The CGHAZ hardness in the lower
shelf of the hardness vs tgss curve is controlled by the carbon equivalent

whereas the base metal hardness is a function of microstructure (due to TMCP)
and CE. 1If the CE of a steel is low and its strength (or hardness) is increased
considerably by the application of TMCP, the CGHAZ hardness will eventually
become lower than the base metal, as is the case with the other four steels in
which HAZ softening was detected. The lowest value of AH, obtained for AC-50
(Fig. 5.5) confirms the above argument.

In the copper strengthened steels, it is possible to eliminate the soft zone by
PWHT at elevated temperatures. Fig. 5.6 shows a typical HAZ hardness
distribution in HSLA-80-1 in the as-welded and aged condition. The soft zone
disappears almost completely and there is an increase in hardness throughout
the HAZ and unaffected base metal in HSLA-80-1. Fig. 5.6 also illustrates the
HAZ hardness profiles in AC-50. It is observed that the softening becomes
more pronounced and the hardness decreases throughout the HAZ and base
metal in AC-50 as opposed to HSLA-80-1 where the opposite was noticed. In the
HSLA steels the hardness increase upon PWHT is due to the reprecipitation of
epsilon-copper, but the absence of a similar phenomenon in AC-50 leads to a
decrease in hardness because of the release of stored energy at elevated
temperatures.

Another interesting observation is made. when comparing the behaviors of
HSLA-80-1 and AC-50. In AC-50, the hardness curve is shifted to lower
hardness values by a constant amount throughout the HAZ and base metal, but
this is not true in HSLA-80-1. A significant incrcase in the hardness was
observed in the CGHAZ adjacent to the fusion boundary upon heat treatment
but the difference in hardness from the as-welded condition decreases
gradually as the distance increases from the fusion boundary until it becomes
constant in the unaffected base metal. This can be understood on the basis of
the extent of dissolution of copper precipitatc during a welding thermal cycle
experienced in different regions of the HAZ. In the CGHAZ, complete
dissolution of epsilon-copper precipitate is expected but away from the fusion
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boundary the dissolution may not be complete. This is why the maximum
increase in hardness is observed in the CGHAZ region after PWHT. If the aging
treatment is continued for a longer period, the hardness of the CGHAZ should
decrcase. This was observed by some investigators [90] when they found an
improvement in the SRC susceptibility for an overaged CGHAZ as opposed to
CGHAZ which was heat treated for shorter durations. A similar improvement
in the toughness is also noticed in the overaged CGHAZ of the copper
containing steels [90]. In the ICHAZ and SCHAZ, a partial dissolution of the
copper precipitate is expected as the peak temperatur¢ is not high. Therefore,
on PWHT a smaller increase in hardness is observed. In the base metal the
hardness may increase or decrease on PWHT depending on whether the copper
precipitate are underaged or overaged. In the HSLA-80-1 steels the copper
precipitates appear to be underaged as a further increase in the base metal
hardness was observed on aging.

The PWHT of copper strengthened steels should be used with caution as
these steels have been shown to posses considerable susceptibility to reheat
cracking and may suffer HAZ toughness degradation [2].

5.4. CONCLUSIONS

(1) Low carbon equivalent TMCP steels exhibited HAZ softening. However,
high CE quench .hardenable steels do not show a soft zone in the HAZ.

(2) The width of the soft zone increases linearly with an increase in cooling
time from 800 to 500°C. The difference between the base metal hardness and
the minimum HAZ hardness in the soft zone was found to be a function of steel
making process and carbon equivalent.

(3) The soft zone disappeared in HSLA-80-1 on PWHT due to the
reprecipitation of epsilon-copper, but a further decrease in HAZ hardness was
observed in AC-50, a steel not precipitation strengthened.

(4) The hardness of a specific region in the HAZ of epsilon-copper
strengthened steel after PWHT was found to depend on the state of the copper
precipitate after the welding thermal cycle in the as-welded condition. A
maximum increase in hardness after PWHT was observed in the CGHAZ, as in
this region complete resolution of the epsilon-copper precipitate is expected
upon thermal cycling during welding.
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6. SUMMARY
The program to investigate the weldability of low carbon micro-alloyed
steels for marine structures was instituted with a view to studying the
following nine steel:

(1) HSLA-80-1 (C-0.044%;  CE(IIW)-0.46; Pep-0.22)
(2) HSLA-80-2 (C-0.062%;  CE(IIW)-0.48; P.p-0.23)
(3) HSLA-80M (C-0.057%;  CE(IIW)-0.64; Pem-0.28)
(4) HSLA-100 (C-0.072%;  CE(IIW)-0.75; P.p-0.33)
(5) HSLA-130 (C-0.070%;  CE(IIW)-0.77; Pcm-0.34)
(6) DQ-80 (C-0.032%;  CE(IIW)-0.31; P.m-0.16)
(7) DQ-125 (C-0.11%;  CE(IIW)-0.56; Pcm-0.25)
(8) HY-130 (C-0.12%;  CE(IIW)-0.78; Pcpy-0.32)
(9) AC-50 (C-0.079%;  CE(TIW)-0.32; Pep-0.16)

The carbon content of the steels ranged from 0.032 (DQ-80) to 0.12% (HY-
130) and the yield strength varied from 64 (AC-50) to 136 ksi (HY-130). The
range of variation in carbon equivalent, CE(IIW), was 0.31 (DQ-80) to 0.78 (HY-
130) and that for P, was 0.16 (AC-50 and DQ-80) to 0.34 (HSLA-130). The first
six steels contained copper greater than 1 wt% and the strength in these steels
was derived in part from the precipitation of epsilon copper. The remaining
three steels; DQ-125, HY-130, and AC-50, were not precipitation strengthened.

The HSLA steels were austenitized, rolled and quenched. A subsequent heat
treatment was provided to precipitation strengthen these steels. The base plate
microstructures in HSLA-80-1 and HSLA-80-2 was predominantly ferritic with
granular bainite as the minor constituent. However, granular bainite was the
major constituent in the HSLA-80M steel. The granular bainite is
differentiated from bainite based on the microstructural differences.
Granular bainite consists of packets of ferrite laths with non-cementite,
interlath, second phase particles. These have been identified as retained
austenite or austenite-martensite. The base plate microstructure of HSLA-100
and HSLA-130 was essentially similar and consisted of a predominantly
martensitic structure. The DQ steels were produced by a direct quench process
and DQ-80 was subsequently aged to precipitate epsilon-copper. However, DQ-
125 did not undergo a similar heat treatment but the strength in this steel was
achieved by an optimum combination of microstructure and carbon content.
The Direct Quench process, in principle, consists of rapid quenching of steel to
a temperature below the martensite transformation temperature after
controlled rolling. The AC-50 steel had undergone controlled rolling and
controlled cooling to provide a banded ferritic-pearlitic microstructure.  The
HY-130 is a conventional quenched and tempered steel and the strength is
achieved mainly by a tempered martensitic structure. The HSLA-100, HSLA-
130, and HY-130 steels contain higher amounts of nickel which is
intentionally added to provide good low temperature toughness. In copper
containing steels, nickel addition also prevents the incidence of hot-shortness
during rolling.

The work scope of this program included a detailed literature survey to
critically review the approaches employed to estimate the preheat
temperatures for safe welding and their applicability to steels in this program,
maximum HAZ bardness determination as a function of cooling time, and
testing of the steels for hydrogen assisted cracking by the Baitelle Underbead
Cracking test, UT-Modified Hydrogen Sensitivity test, and Implant Cracking
test. The data analysis from these tests was carried out with a view to validate
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one or more carbon equivalents applicable to the steels under study. In

addition, preliminary investigations were also conducted to document the
occurrence of a soft zone in the HAZ. The following is a summary of the

literature review and results of testing presented in this report:

(1) The application of thermo-mechanical controlled processing (TMCP) in
modern steel-making has enabled the production of steels with higher
strength and toughness while keeping the carbon content at the same level or
lowering the carbon content. The reduction in carbon content and thus
carbon equivalent has enhanced the resistance of steels to hydrogen assisted
cracking. The TMCP steels are characterized by the presence of a fine grain
size and the amount and type of micro-alloying elements are carefully
controlled to retard the growth of austenite grains in the HAZ. The modemn
steels also contain a low sulfur level and the non-metallic inclusions are
shape-controlled. The inclusions in the shape-controlled steels are spherical
in nature as contrast to an elongated morphology in the conventional steels.
Therefore, for the same amount of sulfur the demsity of inclusions will be
higher in the modern steels than in the conventional steels. The net effect of
increased grain boundary areca, and higher inclusion density in the TMCP
steels is to decrease the hardenability by providing greater number of sites for
ferrite nucleation. This implies that the application of carbon equivalent
formulae to define the hardenability of conventional steels may over estimate
the hardenability of modern steels. This appears to be due to the fact that in
conventional steels the hardenability was fully defined by the chemistry
alone and any effect of metallurgical factors was overshadowed by the
dominant influence of chemical composition.

(2) In order to estimate the preheat temperature two approaches are in wide
use-Hardness Control and Hydrogen Control. In the Hardness Control
approach, the hardness of the CGHAZ is controlled below a certain critical
level by suitably adjusting the welding parameters. In this approach the
hardenability is defined by CE(IIW). In developing this approach it was
assumed that the critical hardness remains constant with CE. However, now it
is -known that the critical hardness decreases with a decrease in the CE, thus
implying that steels with CGHAZ hardness below the critical level may also
show a tendency to crack in the CGHAZ. Most of the modern low carbon steels
develop lower CGHAZ hardness and, therefore, the Hardness Control approach
in its present form may not be suitable for estimating the preheat temperature
for crack-free welding. The Hydrogen Control approach is based on the
observation that the preheated welds do not show HAC even though the
hardness is higher than the critical hardness. This approach emphasizes the
importance of the diffusible hydrogen content in the weldment rather than
the maximum HAZ hardness. In the Hydrogen Control approach, the welding
parameters are selected to provide a cooling time (from 300 to 100°C) greater
than the critical cooling time, which is a function of weld restraint. It is
found that more hydrogen diffuses out of the weld when the cooling time (300
to 100°C) is increased by increasing the preheat temperature, thus reducing
the tendency for HAC without significantly changing the CGHAZ hardness.
The composition characterizing parameter employed in this approach is Pep.
a carbon equivalent proposed by Ito and Bessyo. The validity limits of P.p, is
violated by all steels in this program except AC-50. Therefore, its applicability
to the steels under study or other low carbon TMCP steels is in doubt. In the
literature, it is reported that the Hydrogen Control approach is overly
conservative in predicting preheat temperature when applied to the modemn
steels.
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(3) In recent years another method, the Critical Stress Control approach, to
obtain sound welds was developed as an alternative to the two approaches
described above. In this approach the critical stress below which cracking
does not take place is determined based on laboratory tests, such as the Implant
Cracking test, as a function of hydrogen content and preheat temperature. If
the lower critical stress under given conditions of welding is greater than the
intensity of restraint in an actual weld joint, the probability of HAC is greatly
reduced. In the literature several predictive equations are available to
calculate the lower critical stress in the Implant Cracking test, and the
intensity of restraint in an actual joint. However, the formulae available to
calculate the lower critical stress are applicable only to; (i) the class of steels
for which they were developed, (ii) a narrow range of diffusible hydrogen
content, and (iii) the specific implant sample geometry particularly the noich
radius. Thus far no single formula has been found to be applicable to all
classes of steels. Since the Hardness Control and Hydrogen Control approaches
have limitations when considering their application to modem steels, the
Stress Control approach has been examined in detail in this report.

(4) The literature review provided information on the type of
microstructures desirable in the CGHAZ for obtaining sound welds. The CGHAZ
microstructure containing internally twinned martensite followed by
martensite without twins has been described as the most sensitive to the HAC.
Among the less sensitive microstructures, a mixture of martensite and a softer
constituent such as bainite or ferrite and nonmartensitic structures such as
bainite or ferrite. It was shown by several investigators that the hydrogen
permeation rate in a martensitic structure is considerably slower than in a
bainitic structure. Thus, a combination of a hard and brittle microconstituents
and the presence of a higher amount of diffusible hydrogen makes CGHAZ's
containing martensite more prone to hydrogen assisted cracking as compared
to bainitic structures.

The hydrogen scmsitivity of CGHAZ's containing retained austenite or
austenite-martensite (expected to be present in the steels strengthened with
epsilon-copper) has not been investigated in detail. However, this type of
microstructure is expected to be deleterious to hydrogen assisted cracking by
retarding the diffusivity of hydrogen.

(5) The CGHAZ microstructure can also be characterized by monitoring the
variation of maximum HAZ hardness (Hp, ) with either cooling rate or

cooling time. The CGHAZ hardness respomse curve consists of three distinct
regions. A typical hardness curve consists of two plateaus-one at shorter
cooling time and the other at longer cooling time. The plateau at shorter
cooling time represents the hardness of a fully martensitic structure, whereas
the plateau corresponding to longer cooling time is due to the presence of a
fully bainitic structure. In between these two shelves, the hardness decreases
rapidly as the martensite is replaced by bainite and/or ferrite. This report
presents several formulae for calculating the hardness of fully martensitic
and fully bainitic structures. The martensite hardness is a direct linear
function of the carbon content, but the hardness of bainitic structure varies
- linearly with the carbon equivalent.

(6) In this study all steels were tested for HAZ hardness behavior as a
function of cooling time (800 to 500°C), tg;5. The cooling time was varied by
changing the heat input during bead-on-plate weld deposition by employing
both the SMAW and SAW processes. In order to obtain all three regions of the
hardness curve, tgs5 was varied from 2.5 to 140 sec. It was considered

necessary to select a formula or a nomogram to calculate tgss for different
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welding heat inputs. The literature search provided three nomograms and two
equations to determine tg/5 which were simple and at the same time accurate.
The experimental data obtained from the cooling portions of the weld thermal
cycles on two steels were compared with the calculated cooling times from
these five methods. All the nomograms and equations allowed accurate
determination of tgs5. However, the Uwer and Degenkolbe equation is
preferred over the other methods as it is applicable over a wider heat input
range, different joint geometries and various welding processes. This
equation was also used to compare a large body of data from the published
literature. The data from this study and from literature confirmed the
predictive superiority of the Uwer and Degenkolbe equation. After validating
the cquation for calculating tg;5 for two steels, the cooling times for the
remaining steels were determined using this equation.

(7) The Hpy 3¢ vs tg/5 behavior has been documented for all steels in this
program. The steels with lower carbon equivalents such as HSLA-80-1, HSLA-
80-2, DQ-80, DQ-125, and AC-50 showed typical hardness response curves with
three distinct regions. The hardness of a fully martensitic HAZ was found to be
proportional to the carbon content, and the hardness of the bainitic structure
was related to the carbon equivalent. In all of the above steels, except HSLA-
80-1 and AC-50, the hardness of the HAZ bainitic constituent was lower than
that of the base metal structure. This indicates the effect of TMCP and copper-
precipitation in enhancing the strength and thus hardness of the base plate
while keeping the carbon equivalent low. The CGHAZ hardness did not
decrease appreciably with tg;5 in the quench hardenable steels such as HSLA-
100, HSLA-130, and HY-130. The CGHAZ consisted of a fully martensitic
structure for all cooling times. A gradual decrease in the hardness with tg/5
was observed which could be ascribed to auto-tempering of the martensitic
constituent. The hardness behavior of HSLA-80M was found to lie between the
quench hardenable steels and the steels with lower carbon equivalents. The
CGHAZ microstructures obtained were found to correlate very well with the
measured hardness. An Atlas of Microstructures was prepared and is
presented in Appendix A.

(8) In order to select a carbon equivalent applicable to the class of steels
under investigation, the experimental Hp,,4 data were compared with the
hardness calculated from several formulae available in literature.  Suzuki
recently analyzed various available Hp, ,x formulae and found that these were

not applicable to modern steels. He proposed five equations to calculate Hy o4

in steels with composition varying over a wide range. The formulae were
based on Pcp, CE(IIW) and CEp, (modified version of CE(IIW)). In his

cvaluation the maximum copper and nickel contents were 0.26% and 2.09%
respectively. Therefore, steels in this study were outside the scope of the
formulae proposed by Suzuki with respect to Cu and Ni. Yurioka also proposed
three formulae to calculate the maximum HAZ hardness in modern steels
namely; Yurioka-1, Yurioka-2, and Yurioka-3. Yurioka-3 is a simplified
version of Yurioka-2 and is applicable to stecls with C<0.3%, Ni<5%, Cu<0.9% and
Cr<1%. The steels in this study, therefore, lie within the scope of the Yurioka-3
formula for all elements except copper. The results of comparison between the
experimental and calculated Hpy,,x, when Suzuki's five formulae and Yurioka's
two formulae (Yurioka-1 and Yurioka-3) were considered, indicated that
Yurioka-3 formula provided the best correlation parameters followed by
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Suzuki's formulae based on CE(IIW) and CEp,. The Hp,x equations derived from
P.m did not yield accurate predictions of the hardness.

(9) The carbon equivalent employed in the Yurioka-3 formula, CEj, is given

below-

CE[=C+8i/24+Mn/6+Cu/15+Ni/12+Cr/8+Mo/4+AH
where AH represents the effect of free boron on the hardenability. A
comparison of CEj, CE(IIW) and CEp, with Pop,, revealed that in defining the
hardenability of steels, the contribution of C and Cu to the overall CE is greatly
reduced in CEj, CE(IIW) and CEy, whereas the weightage of Mn, Ni, Cr, Mo, and
B has been increased, when compared to that in Pgcpy. This implies that in the
modern low carbon steels the alloying elements (other than carbon and
copper) exert more influence on the hardenability than was the case in the
conventional C-Mn steels. The effect of copper (in amounts >0.50%) does not
appear to increase linearly with increase with content and therefore, in CEj
valid for the steels in this program its weightage has been reduced
appreciably. The evaluation of the Hp, ;¢ data analysis provided a basis for the
selection of a carbon equivalent applicable to the steels under study. CEj may
be considered to best represent the hardenability of steels in this
investigation.

(10) All steels in this program were tested for their susceptibility to
hydrogen assisted cracking using three different methods namely; the Battelle
Underbead Cracking test, UT-Modified Hydrogen Sensitivity test, and Implant
Cracking test. In the Battelle test an E 8010 (high hydrogen) elecirode was
employed to deposit bead-on-platc welds. The preheat temperature was varied
to obtain a critical preheat temperature above which the probability of HAC is
greatly reduced. The data thus generated was analyzed as a function of CE's
and Hpy 5. It was found that the lower strength sicels (AC-50, DQ-80, and HSLA-
80) showed a different behavior than the higher strength steels (HSLA-100,
HSLA-130, DQ-125 and HY-130). A better correlation between the critical
preheat temperature vs carbon equivalent was observed for CEj when data for

the lower strength level steels were considered. However, the correction for
the higher strength steels was optimum when Hy,,x was considered. The data
from the Battelle test cannot be considered conclusive as no true underbead
HAC was observed in any of the steels. The cracks generally originated in the
weld metal and propagated into the HAZ. Moreover, an undermatched
electrode was employed for the higher strength sieels, which could also give
misleading results.

(11) In the UT-Modified Hydrogen Sensitivity test, the stecls DQ-80, AC-50,
DQ-125 and HSLA-80M did not show cracking even when the tests were
conducted at 32°F and at 4% strain., These steels, except HSLA-80M, were also
found to be the least susceptible to HAC in the Battelle test. The remaining
steels showed intergranular HAC in the CGHAZ. No cracking, however, was
observed in the fused zone in the UT-Modified test. The critical preheat
temperature vs CE's (P, and CEj)and Hp,,y behavior revealed a slight
superiority of CEjp over P.y, and Hy, 45 in explaining the results from the UT-
Modified test. The gradient of critical preheat temperature vs CEj was steeper
for the lower strength steels than for the higher strength steels, thus
indicating a weaker dependence of critical preheat temperature on the carbon
equivalent for the higher strength steels as compared to that for the lower
strength steels.
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(12) The steels in this program were also tested employing the Implant
Cracking test at two preheat temperatures (75 and 150°F) and at two diffusible
hydrogen contents. The diffusible hydrogen content for HSLA-80-1, HSLA-80-
2, HSLA-80M and DQ-80 steels was 5 and 20 ml/100g, and for HSLA-100, HSLA-
130, DQ-125 and HY-130 steels was 5 and 10 ml/100g. The AC-50 steel tested at 5
and 40 ml/100g diffusible hydrogen content did not show any HAC in the
CGHAZ, and the rupture always occurred in the soft zone. DQ-80 steel also
behaved in a similar fashion when tested at 150°F preheat temperature,
however, the rupture occurred in the CGHAZ when tests were conducted at
75°F preheat temperature. In all the remaining steels, except HSLA-80M, the
cracks originated in the CGHAZ but propagated into the weld metal. In HSLA-
80M an intergranular mode of failure in the CGHAZ was observed as contrasted
to a predominantly quasi-cleavage mode in the other steels. Moreover, a
sudden drop in the lower critical stress was also observed when HSLA-80M was
tested at 20 ml/100g hydrogen and 75°F preheat temperature. A similar
significant drop was also evident in HSLA-100 at high hydrogen content and
75°F preheat. This phenomenon is explained on the basis of microstructural
differences expected in these steels. The CGHAZ microstructure may contain a
large fraction of retained austenite or austenite-martensite in the otherwise
martensitic HAZ. The presence of packets of secondary phases in the CGHAZ
may act trapping sites for the diffusible hydrogen, thus increasing the
susceptibility to HAC. This phenomenon was more pronounced at high
hydrogen levels. Though the chemistry of HSLA-100 and HSLA-130 is
identical, an appreciable difference in the HAC behavior particularly at high
hydrogen level was observed. This was attributed to the differences in the size
and distribution of epsilon-copper in these steels in addition to a finer grain
size in HSLA-130. The presence of second phase packets in the CGHAZ of HSLA-
100 have been observed by other investigators, but the effect of such packets
on the diffusivity of hydrogen has not been investigated thus far. Probably
because of the same reasons the lower critical stress in HSLA-130 was slightly
lower than in HY-130 at high hydrogen content and at 75°F preheat, otherwise
HSLA-130 was found superior to HY-130. In the UT-Modified test the critical
preheat temperature for HSLA-130 and HY-130 was found to be the same.
However, HSLA-100 showed a higher tendency to crack than HSLA-130 and HY-
130.

(13) In order to recommend a formula to calculate the lower critical stress
for steels in this program, various formulae published were analyzed and the
experimental data compared with the calculated LCS. This exercise also
provided a comparison of these steels with the conventional steels on which
most of the formulac were based. It is evident that copper containing steels
behave differently from the non-copper containing steels such as HY-130 and
- DQ-125. While acceptable single regression equations could be obtained for
HY-130 and DQ-125 at 75 and 150°F preheat temperatures, for the copper-
containing steels two regression equations with different slopes were found to
represent the data at 75 and 150°F temperatures. This indicates that in the
copper added steels, parameters such as the thermal factor and cooling time
from peak temperature to 100°C, which represent the amount of diffusible
hydrogen remaining at 100°C, are at variance with the non-Cu-precipitation
strengthened steels. This further confirms the conclusions derived from the
implant test results about the differences in the CGHAZ microstructures
between steels with and without a copper addition. Further work in this
direction is required to correlate the CGHAZ microstructure with diffusivity of
hydrogen and derive a parameter such as the thermal factor for HSLA steels.as
a function of preheat temperature.
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(14) The following equations can be employed to approximately calculate
the lower critical stress-

(a) For HSLA-80-1, HSLA-80-2, HSLA-80M, and DQ-80 at 75°F preheat
temperature, the LCS can be calculated from the Ito's formula using the
following regression equation-

. LCS (actual) = 52.29 + 0.68 LCS (calc.) R2=0.832
Implant data for the lower strength level steels tested at 150°F showed good
correlation when Inagaki's formula was employed and the following
regression equation was used-

LCS (actual) = 53.46 + 0.56 LCS (calc.) R2=0.809

(b) For HSLA-100 and HSLA-130, Terasaki's formula provided the best
regression coefficients at 75 and 150°F-
At 75°F preheat temperature

LCS (actual) = -40.68 + 2.45 LCS (calc.) R2=0.805
At 150°F preheat temperature

LCS (actual) = 67.70 + 0.65 LCS (calc.) R2=0.960
(c) Tto's equation was found adequate in providing accurate LCS for HY-130
at both 75 and 150°F preheat temperatures-

LCS (actual) = 93.62 + 0.67 LCS (calc.) R2=0.928

(d) DQ-125 did not show any variation in the LCS with the test conditions
except for high hydrogen and 75°F preheat temperature. Therefore, none of
the formulae provided acceptable correlation with the experimental data.
However, Ito's formula was found to be the best among all other formulac. The
regression equation is given below-

LCS (actual) = 77.13 + 0.64 LCS (calc.) R2=0.631

If the thermal parameter or cooling time to 100°C is modified for the steels
under study and if the tests are conducted at more hydrogen levels and preheat
temperatures, to provide a statistically significant data base, it will become
possible to derive an equation to calculate the lower critical stress in the steels
under study.

(15) Variation of the Implant Cracking test data (LCS and Susceptibility
Index) were also analyzed with respect to CE's (Pcyy and CEp) and Hpyyax. It was

found that the carbon equivalent CEj allowed better evaluation of the implant
data than P.p, for the lower strength level steels. And Hy,,x was found

superior to CE's for the higher strength level steels. A similar trend was also
observed in the Battelle test and UT-Modified test results. In order to estimate
the critical preheat temperature to prevent cold cracking in steels under
investigation, the ratio LCS/YS was compared for all steels. Since AC-50 did not
show true CGHAZ rupture but instead failed in the soft zome, it can be welded
safely at 75°F preheat temperature and at higher hydrogen contents. A
similar behavior was also observed for DQ-80 at 150°F, however, at 75°F

preheat temperature, the CGHAZ rupture was observed. Therefore, DQ-80 can
be welded at 75°F up to a hydrogen content of 20 ml/100g. On the other hand a
minimum of 150°F preheat temperature is required for HSLA-80-1. The critical
preheat temperature for HSLA-80-2 and HSLA-80M is higher than 150°F.

The critical preheat temperature required for HY-130 is reported to be
300°F. The remaining steels in the higher strength category are less
susceptible than HY-130, therefore, the preheat temperature requirement will
be appreciably lower than 300°F. The higher strength level steels are ranked
in terms of critical preheat temperature requirement for crack-free welding-

HSLA-100<HSLA-130<DQ-125<HY-130 -
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(16) Some of the steels showed the presence of a soft zone in the heat
affected zone. Therefore, the bead-on-plate welds employed for CGHAZ
hardness determination were used to investigate the variation of soft zone
width and the decrease in the HAZ hardness AH when compared to the base
metal, as a function of heat input. The steels HSLA-80-1, HSLA-80-2, DQ-80, DQ-
125 and AC-50 showed the presence of a soft zone. In the remaining steels no
HAZ softening was observed. The width of the soft zone increased linearly
with the cooling time from 800 to 500°C, and AH showed an initial abrupt
increase but tended to approach a saturation value with increased cooling
time. These parameters were found to depend on the type of steel. (AH is
proportional to the amount of retained emergy in the steel and carbon
€quivalent.) - In the copper containing steels the dissolution of epsilon-copper
precipitate during the thermal cycle also contributed to the softening in
addition to recovery and recrystallization. The soft zone disappeared in the
copper containing steels on PWHT due to the reprecipitation of epsilon-copper,
but in the non-copper containing steels softening became more pronounced.
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APPENDIX-A

ATLAS OF MICROSTRUCTURES
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Fig. A-1.(a) Distribution of Incluslons, 100X, as-polished.

Fig. A-1.(b) Base metal microstructure containing ferrite and granular balnite,
1000X, 2% nital etched,

Condition :  As-received.

Graln Size : ASTM No. 5-6 {5.6um, 1000X)
Hardness : 220 DPH.
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Fig. A-2, Microstructure of the coarse grained HAZ contains a predominantly
martensitic structure, (a) 200X, (b) 1000X.
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Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 15 kJ/in.

Cooling Time(800-500°C): 2.5 sec.
Grain Size: ASTM No.7 (32um).
Estimated Martensite Percentage: 89%.
Hardness: 321 DPH.
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Fig. A-3. Microstructure of the coarse grained HAZ contalning a mixture of
martensite and bainite; (a) 200X, (b) 1000X.

Etchant: 2% nlhtal.

Welding Process: SMAW.

Heat Input: 67 kdJ/in.

Cooling Time(800-500°C): 14 sec.

Grain size: ASTM No.4 (90um).

Estimated Martensite Percentage: 28%.
_ Hardness: 267 DPH.
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A-4. Microstructure of the fully bainitic coarse grained HAZ. (a) 200X, (b)1000X.

Etchant: 2% nital.

Welding Process: SAW.

Heat Input: 134 kJ/in

Cooling Time (800-500°C): 90 sec.
Graln Size: ASTM No.3 (125um).
Estimated Martensite Percentage: 0%.
-Hardness: 227 DPH.
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Fig. A-5.(a) Distribution of inclusions, 100X, as-polished.

Fig. A-5.(b) Base metal microstructure containing ferrite and small amount of
granular bainite, 1000X, 2% nital etched.

Condltion: As-recelved.

Grain Size: ASTM No.5 (6.7um, 1000X)
Hardness: 244 DPH.
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Fig. A-6. Microstructure of the coarse grained HAZ containing a large fraction
of martensite, (a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 15 kJ/in.

Cooling Time (800-500°C): 2.5 sec.
Grain Size: ASTM No.5-6 (55um).
Estimated Martensite Percentage: 90%.
Hardness: 359 DPH.
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Microstructure of the coarse grained HAZ contalning balnite and
martensite; (a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 67 kJ/In

Cooling Time (800-500°C): 11sec.
Graln Size: ASTM No.4 (80um).
Estimated Martenslte Percentage:
Hardness: 276 DPH.
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Fig. A-8
(a) 200X, (b) 1000X.

Microstructure of the fully balnitic coarse grained HAZ;

Etchant: 2% nital.
Welding Process: SAW.
Heat Input: 224 kJ/in.

Cooling Time (800-500°C): 140 sec.
Grain Size: ASTM No.2 (180 um).
Estimated Martensite Percentage: 0%.
Hardness: 227 DPH. :
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Fig. A-9.(a) Distribution of inclusions, 100X, as-polished.

Fig. A-9.(b) Base metal microstructure containing granular bainite,
1000X, 2% nital etched.

Condition: As-received.

Grain Size: ASTM No.4 (9.4um, 1000X).
Har_dness: 248 DPH.
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Fig. A-10. Microstructure of the coarse grained HAZ containing 100% martensite;
(a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 15 kJ/in,

Cooling Time (800-500°C): 2.5 sec.

Graln Slze: ASTM No.5-6 (55um).
Estimated Martensite Percentage: 100%.
Hardness: 353 DPH.
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Fig. A-13.(a) Distribution of inclusions, 100X, as-polished.

Fig. A-13.(b) Base metal microstructure containing martensite,1000X,
2% nital etched.

Condition: As-recelved.
Grain Size: ASTM No.5 (6.7 um, 1000X).
Hardness: 272 DPH.
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Fig. A-14. Microstructure of the fully martensitic coarse grained HAZ;
(a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW,

Heat Input: 15 kJin.

Cooling Time (800-500°C): 2.5 sec.
Grain Size: ASTM No.7 (32um).
Estimated Martensite Percentage: 100%.
Hardness: 388 DPH.

191



MATERIAL: HSLA-100
Coarse Grained HAZ

i

v
/2

LS
i a

N

o T Y
\ R 2 o o
(@) &P

Fig. A-15. Microstructure of the coarse grained HAZ with 100% martensite;
(a) 200X, (b) 1000X.

Etchant: 2% nital,

Welding Process: SMAW.

Heat Input: 67 kJ/in.

Cooling Time (800-500°C): 11 sec.

Grain Size: ASTM No.4 {90 um).
Estimated Martensite Percentage: 100%.
Hardness: 372 DPH.
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(a) 200X, (b) 1000X

Microstructure of the coarse grained HAZ contalining mostly

martensite;

Fig. A-16.

2% nital.

Etchant:
Welding Process:

93%.

71 sec.

SAW,

336 kJ/in.

(800-500°C):
ASTM No.3 (125 um).

359 DPH.

Cooling Time
Estimated Martensite Percentage:

Heat Input:
Graln Slze

Hardness:
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Filg. A-17.(a) Distribution of Inclusions, 100X, as-polished.

Fig. A-17.(b) Base metal microstructure contalning martensite, "IODOX,
2% nital etched.

Conditlon :  As-recelved.
Grain Size : ASTM No. 5 (6.7um, 1000X)
Hardness : 303 DPH.
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Fig. A-18.
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Microstructure of the coarse grained HAZ containing martensite;

(a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 15 kJ/in.

Cooling Time(800-500°C): 2.5 sec.

Grain Size: ASTM No. 7 (32um).
Estimated Martensite Percentage: 100%.
Hardness: 387 DPH,
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Fig. A-19. Microstruture of the fully martensitic coarse grained HAZ;
(a) 200X, (b) 1000X.

Etchant: 2% nital.

Weliding Process: SMAW.

Heat Input: 67 kJ/In.

Cooling Time(800-500°C): 11 sec.

Graln size: ASTM No.4 (90um).
Estimated Martensite Percentage: 100%.
Hardness: 370 DPH.
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Fig. A-20. Microstructure of the coarse grained HAZ containing a predominant
amount of martensite; (a) 200X, (b)1000X.

Etchant: 2% nital.

Welding Process: SAW.

Heat Input: 224 kJ/in

Cocling Time (800-500°C): 90 sec.
Grain Size: ASTM No.3 (125um).
Estimated Martensite Percentage- 93%.
Hardness: 355 DPH.
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Fig. A-21.(a) Distribution of inclusions, 100X, as-polished.

Fig. A-21.(b) Base metal microstructure containing tempered martensite,
1000X, 2% nital etched.

Condition: As-recelved.

Grain Size: ASTM No. 4 (9.4 pm, 1000X).
Hardness: 327 DPH.
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Fig. A-22, Microstructure of the fully martensitic coarse grained HAZ;
(a) 200X, (b) 1000X.

Etchant: 2% nltal.

Welding Process: SMAW.

Heat Input; 15 kJ/in,

Cooling Time (800-500°C): 2.5 sec.
Grain Size: ASTM No.5 (65um).
Estimated Martensite Percentage: 100%.
Hardness: 419 DPH.
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Fig. A-23.
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Microstructure of the coarse grained HAZ containing almost
martensite; (a) 200X, (b) 1000X.

Etchant: 2% nltal.

Weliding Process: SMAW.

Heat Input: 67 kJ/in.

Cooling Time (800-500°C): 11 sec.

Grain Size: ASTM No.4 (90 um).

. Estimated Martensite Percentage: 100%.
Hardness: 378 DPH. .
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Fig. A-24. Microstructure of the coarse grained HAZ containing predominant
amount of martensite; (a) 200X, (b) 1000X.
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Etchant: 2% nital.

Weiding Process: SAW.

Heat Input: 224 kJ/in.

Cooling Time (800-500°C): 140 sec.
Grain Size: ASTM No.3 (125 um).
Estimated Martensite Percentage: 85%.
Hardness: 385 DPH.
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Fig. A-25.(a)

Fig. A-25.(b)
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Distribution of Inclusions, 100X, as-polished.

Base metal microstructure containing martensite and bainite,
1000X, 2% nital etched.

Condition : As-recelved.
Grain Size : ASTM No. 7 (32um, 1000X)
Hardness : 321 DPH.
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Fig. A-26. Microstructure of the coarse grained HAZ containing martensite;
(a) 200X, (b) 1000X.

Etchant: 2% nltal.

Welding Process: SMAW.

Heat Input: 15 kJ/in.

Cooling Time(800-500°C): 2.5 sec.

Graln Size: ASTM No. 6-7 (40um).

. Estimated Martensite Percentage: 100%.
Hardness: 399 DPH.
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Fig. A-27. Microstructure of the coarse grained HAZ containing predomlnan-t
amount of martensite; (a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 67 kJ/in.

Cooling Time(800-500°C): 11 sec.

Grain size: ASTM No.4 (90um).
Estimated Martensite Percentage: 85%.
Hardness: 355 DPH.

204



’/‘_‘A‘lﬂf

g
'f_-:l("‘,'.;l AT T
"r;".:'.'u."q'.-‘-!’ »

-
& :.l{l

Fig. A-28. Microstructure of the coarse grained HAZ containing mostly bainite and
small amount of martensite; (a) 200X, (b)1000X.

Etchant: 2% nital.

Welding Process: SAW.

Heat Input: 336 kJ/in

Cooling Time (800-500°C): 80 sec.
Grain Size: ASTM No.3 (125pm).
Estimated Martensite Percentage: 12%.
Hardness: 289 DPH.
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Fig. A-29.(a)

Fig. A-29.(b) Base metal microstructure containing ferrite, 1000X, 2% nital etched.

Condition: As-recelved.
Grain Size: ASTM No.6 (5um, 1000X)
Hardness: 221 DPH.
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Fig. A-30. Microstructure of the coarse grained HAZ containing balinite and
martensite; (a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SMAW.

Heat Input: 15 KJ/n.

Cooling Time (800-500°C): 2.5 sec.
Graln Size: ASTM No.7 (30um),
Estimated Martensite Percentage: 55%.
Hardness: 250 DPH.
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Fig. A-31. Microstructure of the coarse grained HAZ with almost fully bainite
structure; (a) 200X, (b) 1000X.

Etehant: 2% nital.

Welding Process: SMAW.

Heat Input: 87 kJ/in

Cooling Time (800-500°C): 14.6 sec.
Grain Size: ASTM No. 2.5 (150um).
Estimated Martensite Percentage: 6%.
Hardness: 225 DPH.
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Fig. A-32 Microstructure of the coarse grained HAZ containing bainite and ferrite;
(a) 200X, (b) 1000X.

Etchant: 2% nital.

Welding Process: SAW.

Heat Input: 275 kJ/in.

Cooling Time (800-500°C): 80 sec.
Grain Size: ASTM No. 1-2 (200um).
Estimated Martensite Percentage: 0%.
Hardness: 205 DPH.

209



('a) - : . 200um

Fig. A-33.(a) Distribution of Inclusions, 100X, as-polished.

Fig. A-33.(b) Base metal microstructure containing a banded structure ferrite and
pearlite; 1000X, 2% nital etched.

Condltion: As-recelved.

Graln Size: ASTM No. 9-10 (12.5um, 1000X).
Hardness: 172 DPH.
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Fig. A-34. Microstructure of the coarse grained HAZ containing bainite and;
martensite; (a) 200X, (b) 1000X.

Etchant: 2% nital,

Welding Process: SMAW.

Heat Input: 15 kJ/in.

Cooling Time (800-500°C): 2.5 sec.
Grain Size: ASTM No. 6-7 (40um).
Estimated Martensite Percentage: 68%.
Hardness: 300 DPH.
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Flg. A-35. Microstructure of the coarse grained HAZ contalning ferrite and
small amount of martensite; (a) 200X, (b) 1000X. :

Etchant: 2% nital.

Welding Process: SMAW.

Heat input: 67 kJ/in.

Cooling Time (800-500°C): 11 sec.
Grain Size: ASTM No.4 (90um).
Estimated Martenslte Percentage: 17%.
Hardness: 242 DPH.
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Fig. A-36. Microstructure of the coarse graln HAZ containing ferrite and
bainite; (a) 200X, (b) 1000X.

Etchant: 2% nital,

Welding Process: SAW.

Heat Input: 224 KkJin.

Cooling Time (B00-500°C): 90 sec.
Grain Size: ASTM No.3 {(125um).
Estimated Martensite Percentage: 0%.
Hardness: 207 DPH.
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350
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Fig. B-1. HAZ hardness profile. Steel : HSLA-80-1 . Heat Input : 15 kJ/in
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Fig. B-2. HAZ hardness profile. Steel : HSLA-80-1. Heat Input : 28 kJ/in
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Fig. B-3. HAZ hardness profile. Steel : HSLA-80-1 . Heat Input : 45 kJ/in
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Fig. B-4. HAZ hardness profile. Steel : HSLA-80-1 . Heat Input : 67 kJ/in
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Fig. B-5. HAZ hardness profile. Steel : HSLA-80-1 . Heat Input : 87 kJ/in
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Fig. B-6. HAZ hardness profile. Steel : HSLA-80-1 . Heat Input : 112 kJ/in
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Fig. B-7. Variation of soft zone width with heat Input for HSLA-80-1
70
STEEL : HSLA-80-1
Bead-on-plate Welds
60 ( p )
g -
x
8’; 50 4
LU
Z -
fa]
T 40-
e
S
) Z 30 =
L
2]
B 20-
(5]
L
[a)
10 +
o T ‘l L) T 1 L L] T T T L] T T T
0 50 100 150
HEAT INPUT, kJ/in.
Fig. B-8. Variation of decrease In HAZ hardness with heat input for HSLA-80-1
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Fig. B-9. HAZ hardness profile. Steel : HSLA-80-2 . Heat Input : 15kJ/in
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Fig. B-10. HAZ hardness profile. Steel : HSLA-80-2. Heat Input : 28 kJ/in
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Fig. B-11. HAZ hardness profile. Steel : HSLA-80-2. Heat Input : 45 kJ/in
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Fig. B-12. HAZ hardness profile. Steel : HSLA-80-2. Heat Input : 67 kJ/in
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Fig. B-13. HAZ hardness profile. Steel : HSLA-80-2. Heat Input : 87 kJ/in
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Fig. B-14. HAZ hardness profile. Steel : HSLA-80-2. Heat Input : 112 kJ/in
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Fig. B-15. Variation of soft zone width with heat Input for  HSLA-80-2
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Fig. B-16. Variation of decrease In HAZ hardness with heat input for HSLA-80-2
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Fig. B-18.
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HAZ hardness profile. Steel :
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HARDNESS, HV5

Fig. B-19.

HARDNESS, HV5

Fig. B-20.
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HAZ hardness profile. Steel : DQ-80. Heat Input : 67 kJ/in
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Fig. B-21.

Fig. B-22.
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Fig. B-23. Variation of soft zone width with heat input for DQ-80
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Fig. B-24. Variation of decrease in HAZ hardness with heat input for DQ-80
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Fig. B-25. HAZ hardness profite. Steel : DQ-125. Heat Input : 15 kJ/in
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Fig. B-26. HAZ hardness profile. Steel : DQ-125. Heat lnpﬁt : 28 kdfin
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Fig. B-27. HAZ hardness profile. Steel ; DQ-125. Heat Input : 45 kJ/in
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Fig. B-28. HAZ hardness profile. Steel : DQ-125, Heat Input : 67 kJ/Iin
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Fig. B-29. HAZ hardness profile. Steel : DQ-125 Heat Input : 87 kJ/in
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Fig. B-30. HAZ hardness profile. Steel : DQ-125, Heat Input : 112 kJ/in
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Fig. B-31. HAZ hardness profile. Steel : DQ-125. Heat Input : 154 kJ/in
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Fig. B-32. Variation of soft zone width with heat input for DQ-125
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Fig. B-33. Variation of decrease In HAZ hardness witl:n heat input for DQ-125 .
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Fig. B-34. HAZ hardness profile. Steel : AC-50. Heat Input : 15 kJ/in

400
STEEL:AC-50
(Bead-on-plate Waeld)
300 -
m .
2 .
o)
(7]
Ll
- -
=)
=
T 500 HEAT INPUT-28k.Yin
100 +—+———-1————p————————————
0 2 4 6 8 10

DISTANCE FROM FUSION LINE, mm

Fig. B-35. HAZ hardness profile. Steel : AC-50. Heat Input : 28 kJ/in
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Fig. B-36. HAZ hardness profile. Steel : AC-50. Heat input : 45 kJ/in
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Fig. B-37. HAZ hardness profile. Steel : AC-50. Heat Input : 67 kJ/in
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Fig. B-40. Variation of soft zone width with heat Input for AC-50
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Fig. B-41. Variation of decrease in HAZ hardness with heat input for AC-50
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Fig. B-40. Variation of soft zone width with heat input for AC-50
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Fig. B-41, Variation of decrease In HAZ hardness with heat input for AC-50
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