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SUMMARY

A study was made of the effects of material composition on
weld solidification cracking in the TIG arc welding of thin alloy
steel sheet. The main points of this study included the effects of -
oxygen, manganese, Mn/S and 0/S ratios on the sulphur induced cracking,
and the possibility of predicting crack susceptibility based on the
material composition.,

Materials for this study included a series of Fe-lMn-S-0
alloys and a series of SAE4130 experimental steels (both having a 2
factorial design with Mn, S and O each at high and low levels), and
a number of commercizl high tensile steels. The Huxley cracking test
was employed for assessing the crack susceptibility of these steels,
Oxygen analysis of weld and parent metals was made in order to deter-
mine the oxygen pick-up during welding, In addition examination of
weld microstructure and detailed investigation of fresh weld crack
surfaces were made in order io study the weld crack morphology.

3

The results of this study showed that Mn, 0, Mn/S and 0/S
have no significant effects on solidification cracking, but it was
confirmed thai sulphur, phosphorus and carbon have a harmful effect
on solidification cracking. Main alloying elemenis in alloy steels
such as S8i, Ni, Cr, Mo have no obvious beneficial or harmful effect
on weld solidification cracking according to the statistical anzlysis,
Based on the cracking test data collected, it was not possible to
derive a regression equation for the prediction of weld crack suscep-
tibility for all types of steels, but it was possible to produce a
regression equation for the prediction of crack susceptibility of a
particular type of steel,

Examination of fresh weld crack surfaces by using a scanning
electron microscope revealed many features of solidification cracking,
and based on these findings the existing theories on solidification
cracking are discussed and comments given,
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1. INTRODUCTICN

Cracking of welds is a problem in fabrications where high
integrity welds are mandatory, as in the aerospace industry. The
presence of large cracks prevents stiructures being put into service,
while the presence of smaller cracks, if undetected, may cause even
more troublesome failures such as fatigue, brittle fracture and stress
corrosion.

Two types of weld cracks might occur in the welding of fer-
ritic steels: cold cracks and high temperature cracks., Colé cracking
occurs in the weld metal and the heat affected zone immediately adja-
cent to the fusion boundary when cooling rates are fast enough to
produce martensitic microstructures. It is the result of the combined
action of stress, hydrogen and a crack susceptible microstructure.
High temperature cracking might occur in the weld metal as solidifica-
tion cracking, and in the heat affected zone as liquation cracking.
Solidification cracking occurs in several forms: it may appear as -
continuous centreline cracking, transverse cracking, root cracking or
crater cracking.

For the aerospace industry, the welding of high tensile
steels in sheet form is a very difficult task, because the production
of ecrack free welds is mandatory, and this can be achieved only by a
careful selection of materials and correct selection of welding para-
meters, High tensile steels have been recognized for a long time as
materials susceptible to weld solidification cracking. The relation-
ship between steel composition and weld crack susceptibility has been
discussed at length by many investigators, but no final agreed con-
clusions appear to have been drawn. An exception is the harmful effects

of carbon, sulphur and phosphorus on the crack susceptibility which are



generally accepted by all workers in the field.

The detailed relationship between composition and solidi-
fication cracking in the high tensile steels is far from being clearly
understood. This research is going to deal with the following ques-
tions which do not appear to have been settled: |

1) What amounts of sulphur and phosphorus are tolerable in
various types of steels if cracking is to be avoided?

2) Can the presence of oxygen reduce sulphur-induced solidi-
fication crack susceptibility? What is the necessary level of oxygen
to counteract the harmful effect of sulphur?

3) Is the effect of manganese or Mn/S on solidification
cracking significant? If so, what level of manganese or Mn/S is reguired
for the avoidance of cracking?

4) Can it be assumed that the effect of each alloying element
is linear and additive on weld crack susceptibility, so that 2 linear
regression equation is applicable for the prediction of crack suscep-
tibility?

To answer the above guestions, two approaches have been
adapted. One approach is experimental and involves crack testing and
concurrent metallurgical investigation of a range of steels with designed
variations of composition. The second approach involves collection and
statistical analysis of all the cracking/composition data avazilable in
this research and the published literature.

Materials available for this study were 12 casts of specially
designed Fe-Mn-S-0 alloys, 10 SAE4130 experimental steels with planned
variations of sulphur, mangaﬁese and oxygen contents, 6 SAB4130 steels
with varying carbon contents and 19 other commercial steels of various
alloying contents. The weld solidification crack susceptibility of these

steels was assessed by using the Huxley cracking test, and by a compa-



rison of the testing results, the effects of manganese, oxygen and
sulphur as well as their combined effects were assessed, In addition
investigations of the weld crack surfaces by using a scanning electron
microscope, weld and parent metzl oxygen analysis and metallogrephic
examinations of the weld solidification microstructures were carried
out., This was done in order to see what particular characteristics
were connected with the weld crack susceptibility and how the composi-
tion of the weld affected the weld microstructure and cracking tendency.
The information obtained from the investigations of fresh solidification
surfaces was furthermore used for the construction of a possible me-
chanism of crack morphology, and for a comparison with other existing
theories of solidification cracking.

There is a considerable amount of cracking test data for fer-
ritic steels zveilable in the relevant literature and it is the aim
of this investigation to use as much of it as possible. The data was
analysed by regression, using a computer programme, in order to see the
cracking and composition relationship and find out what kind of regres-
sion equation could be used for the prediction of crack susceptibility.

1 is hoped that the efforts of this research will show more

clearly the cracking and composition relationships and establish a
reliable guide for the production and selection of steels which are

not susceptible to solidification cracking.



2. LITERATURE SUR VEY

Solidification cracks, sometimes also termed hot cracks,
are intergranular failures occurring during or immediately after
the weld metal is solidified. They differ from cold c¢racks or mechani-
cal fracture in several ways, First of 211, they form when weld metzal
solidification occurs under thermally or mechanically restrained
conditions. Secondly, they are predominately of an intergranular nature,
apparently grain boundary phases in liguid or solid state play a great
role in their formation. Thirdly, the crack surfaces caused by the
solidification process are exposed to the atmosphere at very high tem-
pératures and are oxidigzed.

There are many types of solidification cracks, but in the
tungsten inert gas arc welding of crack susceptible steel sheet, the
cracks normally run along the weld centreline. Transverse cracks may
also occur when steels to be welded are very susceptible to cracking
or extra siresses are introduced.

In this literature survey, the technological factors known
or believea to affect weld crack formation are reviewed, and the con-
cepts which explain the causes and extent of solidification crack
susceptibility are studied. The.iron—based phase diagrams of the Fe-S,
Fe~0-S, Fe-Mn-S and Fe-Mn-S5-0 systems are introduced in order to explzin
the conditions for the formation of low melting sulphide inclusions,
and hence to relate the possible effects of composition on weld crack
susceptibility. Because solidification cracking is directly related
to the solidification process of the weld metal, the basic principles
of metal solidificaztion and the characteristics of weld pool solidi-
fication are zlso reviewed in detail,

After considering the theories, the experimentzl approaches



for the assessment of crack susceptibility, especially the methods for
thin sheet, are introduced and compared. Following this, the eguations
or parameters claimed to be able to predict or describe the amount of
cracking are reviewed and any contradictions pointed out. Finally, =z
summary of the main conclusions of the literature survey is made znd

an indication given of the problems still remaining to be solved.

2.1 Technical Factors

2.1.1 Stresses

The direct causes for the occurrence of cracks are stresses
within the welded components, which can be subdivided in three groups:

1) Internal stresses: which are present before welding as a

result of cold working, sudden and non-uniform cooling after hot rolling
or heat treatment. They can also be produced by the neighbouring weld
runs,

2) External stresses: They are caused by an unsuitable weléd

construction. Examples are restrained contraction as a result of rigid
clamping, or the stresses produced by an inappropriate welding procedure.

%) Weld bead stresses: They are caused by the expansion of

material as a result of heating and by contraction during cooling after
welding.

According to F Bollenrath and H Cornelius1) the lower the
yield stirength of the materizl to be welded, the easier the stresses
can be accommodated by a plastic deformation. T would be expected
therefore, that the higher» the material strength, the more difficult

will be the stress release without crack formation.



2.1.2 Welding process parameters

2)

According to JC Borland and various sources the
following process parameters are considered to affect weld metal
crack susceptibility:

1) Electrode quality, diameter and sharpness,

2) Heat input and its associated arc current and voltage.

%) Shielding gas composition.

4) Shielding gas flow rate.

5) Ambient atmosphere and temperature.

€) Clamping device.

7) Backing material and its geometry.

8) Welding speed.

9) Arc gap.

10) Direction of welding (toward or away from the edge).

Though there are so many welding parameters which may affect
weld cracking, most of them have standardized vzlues for a desirsble
performance and afford less margin for modification. The two realistic
parameters which can be varied are the heat input and the welding speed.
However,for a full penetration of the weld bead a defined welding speed
is associated with a constant heat input, and the reguired current and
voltage are not freely adjustable, Welding with a higher welding speed
tends to form a tear-shaped weld pool and leave a longer crack suscep-
tible zone behind it, and the tensile forces on this zone are lower.
The balance of these effects determines the cracking behaviour of the
weld. EJ Morgan-Warrens) demonstrated that the effect of welding speed
on cracking in a thin steel sheet is complex and the general effect of
an increase in speed is to first increase, than decrease, the weld

crack susceptibility.



2.1.3 Steelmaking process

4)

According to XL Zeyen steelmeking processes zalso play &
role in the modification of solidification crack susceptibility of
steel, He discovered that the 1% chromium and 0.2. molybdenum high
tensile steels made by the open hearth steelmaking process were more
susceptible to cracking than those made in the electric steelmaking
process, The charged raw materials for steelmaking have been consi-
dered as being influential on crack susceptibility, but no strong

4,5) 6)

evidence has been obtained for this According to O Wernmer
increasing steelmaking temperature will be likely to reduce weld
cracking tendency, and the experiments of P Bardenheuer5) showed the
same results. This could be explained as the consequence of homogeni-
zation of the melt at higher temperatures or in a longer process time,
Regarding the effect of steel homogeneity on crack susceptibility one
would expect that a large size steel ingot might have an adverse effect
due to its conditions for the macrosegregation of sulphur and phosphorus.
Modern steelmaking processes such as vacuum furnace steel
melting, controlled atmosphere melting, argon blow melt purification,
vacuum degassing, electroslag melting etc will modify steel quality in
various ways. It can be speculated that such processes may produce
steels with different crack susceptibility, even if their composition

7)

is similar, For example, HV Huxley showed that some vacuum melted

high purity steels have a markedly reduced crack susceptibility.

2.1.4 Heat treatment conditions

Steels are heat treated to obtzined the best combination of

mechanical properties. For example, SAE4130 steels might be o0il guenched



from 900°C and tempered at azbout 5OOOC before welding, however, this
heat treatment is designed for a better tensile strength rather than

8)

for the crack prevention. According to HS George » heating steel above
or below its critical temperature with a subsequent air cooling could
prevent cracking, however, no detziled explanation for this was given,
In contrast, EJ Mcrgan—warrenﬁ) showed that heat treatment has no
significant effect on cracking for his particular steels and heat treat-
ment conditions. The reported effect of heat treatment on crack pre-
vention might possibly be explained as the consequence of decarburizing
during heat treating, for steels reheated to over 800°C are subject to
oxidation and decarburization if the heat treating atmosphere in not
controlled. |

Even preheating the parts to be welded has the effect of
reducing crack susceptibility, as consequences of stress releasing or

homogenization, this practice is not economical and sometimes imprac-

tical, especially when the construction is large and complicated.

2,2 Concepts of solidification cracking

In the early work of P Bardenheuer and W BottenbergB) they
concluded that the steel weld cracks were due to the internzl stresses
caused by the pearlite or martensite trinsformation. It was later
discovered that cracks are formed at temperatures much higher than
pearlite or martensite transformation. This theory must therefore be
discarded in favour of high temperature mechanisms. In the following

sections some concepts of solidification cracking are reviewed.

2.2,1 Portvin Model of solidification stages

A Portvin9) was the first to consider the metzl solidifica-



tion stages and relate them to solidification cracking, His ideas have
been widely used and modified by later research workers. According to
his view the solidifying metzl proceeds in three stages:

Stage 1: Crystals of the solid phase are not sufficiently
developed to touch one another and float in the liguid. In this stage
the solid phase is discontinuous, therefore both liquid and solid phase
are capable of relative movement.

Stage 2: Crystals of the solid phase are sufficiently deve-
loped to touch one another. They form a solid mesh through which liguid
can circulate like water in a sponge. Both liquid and solid phases are
continuous, but only the liguid phase is capzble of relative movement.

Stage 3: The solid crystals are so far developed as to form
barriers restricting movement of the liguid., In this stage the solid
sphase is continuous while the liquid discontinuous, and consequently
no relative movement of the two phases is possible,

According to this model a crack does not developed until the
beginning of the second and the third stages. This model explains that
no actual crack is developed within the weld pool, and if cracks are
formed, they must form at the weld pool boundary or behind the weld
pocl where the third stage solidification process takes place. As this
model gives only a qualitative description of the solidification process,

no quantitative approach being used, its application is therefore limited.

2.2.2 The concept of crack susceptible temperature interval

It has been agreed that there is a particular temperature
interval in which the solidifying weld is susceptible to cracking. It
is also reasonable to assume that the wider the crack susceptible tem-

perature interval of a2 material, the higher its susceptibility to soli-
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dification cracking, If the developed stress does not exceed the cri-
tical rupture siress in this interval, the solidified metzl is free
from solidification cracks. However, there is no settled agreement zbout
at what stage the metzl becomes crack susceptible.

Coherent. temperature is defined as the temperature at which
the growing dendrites are interlocking with one another and forming a
network. Based on the studies of aluminium castings many investigators
10'12)have agreed that a crack could developed in the temperazture inter-
val between the coherent. and solidus temperature, being termed "the
brittle range". JC Borland13) argued that the actual crack formation
begins at a later stage when the grain boundaries are being developed,
and termed this interval between the temperature of grzin boundary
formation and solidus temperature "the critical solidification range'.

Not arguing the particular stage of solidification for the

14) and T Senda15) actually measured

crack formation, NN Prokhorov
the crack susceptible temperature intervel, The former used equipment
similar to the Gleeble machine, while the latter applied the Trans-
Varestrzint test machine to determine the ductility and strain condition
at various temperatures,thus tc obtain the information for the crack
susceptible temperature interval, They called this interval '"the brittle
temperature range". In the case of steel, this interval lies between
about 140000 and 120000, and is dependent on the composition, especially

on the contents of sulphur and phosphorus. A steel with a higher
content of sulphur or phosphorus tends to have a wider britile tempe-
raiure range thana steel with a lower content of sulphur and phosphorus.
Figz 1 shows schematically the brittle temperazture range together with
the ductility curve of a material, It also shows that the starting

temperature of the brittle temperature range lies below the liquidus

and the end of the range below the solicdus temperaiure,
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2.2.3 The concept of crack susceptible length

The crack susceptible length, or the length of the crack
susceptible zone, is the length behind the weld pool which is vulnerable
to stress and susceptible to cracking., This depends not only on the
crack susceptible temperature interval, but a2lso the welding parameters.
Theoretically the crack susceptible length can be calculated if the
crack susceptible temperature interval is known. EJ Morgan—warrena)
has attempted to calculate this length by using Rosenthal heat flow
equation16). Practically this length can be determined by the sudden
imposition of augmented strain on the weld immediately after the wela
run,.

With the same magnitude of a stress on the crack susceptible
zone, a weld with a larger crack susceptible length is expected to be
more crack susceptible., However, for the same material, a weld with o
larger crack susceptible length may not necessarily mean that it is
more susceptible to cracking then that with a smaller crack susceptiible
length, because as the weld pool and the crack susceptible length zre
elongated by using & higher welding speed, the stresses acting on the
crack susceptible length are reduced. This concept is therefore only
good for the comparison of materials, but not valid for the comparison
of welding parameters. Performing Varestraint test at welding speeds

3)

ranging from 1 mm/S to 10 mm/S, EJ Morgan-Warren discovered that:

1) crack resistant steels would have a crack susceptible length equals
to zero; 2) less crack susceptible steels would have a crack susceptible
length of about 1 mm, being not much affected by the welding speed; 2

for most of the crack susceptible steels the crack susceptible length

increased as the welding speed was raised.



2.,2.4 The concept of crack susceptible time interval

7)

1 1 AT : o : ;
TW Clyne studied the relationship between crack suscepti-

bility and the changes in local liguid fraction with time. and defined

the crack susceptibility coefficient (CSC) as:

t

v
CSC = — (2.1)
R

where tV is the wvulnerable iime period and tR is the time aveilable

for the stress relaxation process. t_ is thought to be the time availa-

R
ble for mass and liquid feeding or the time period in which the locel
liquid fraction (fL) is between 0.1 and 0.6 approximately, whereas ty
is the time for interdendritic separation when the local liquid fraction
is between 0.01 and O0,1. This is illustrated in Fig 2. With the Scheil
equation18) and the phase diagram data it is possible to calculate the
theoreticel CSC.

The above treatment has a more theoretical character, and for
the calculation of CSC it assumes the knowledge of liguidus as well as
solidus temperature , and relies on the correctness of the Scheil eguz-
tion. It does not take account of the size of strain imposed during
the solidification process, In practice the alloy has multiple compo=-
nents and its solidification data are not readily aveilable, which
makes the calculation of CSC hardly possible,

If the Clyne concept is wvalid for the weld, a low weld crack
susceptibility can be achieved by the combined effect of increasing tH

and reducing t In the general practice, increasing the heat input

V .

of the welding arc will simultaneously raise both t_ and tv s which mey

R
not have the effect of reducing tv/tR . However, by applying an
auxiliary electrode some distance behind the welding arc for additional

heat input may increase tH but not much affect tv y and thus reduce

weld crack susceptibility.
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2.2.,5 The cencept of critical strain rate

This concept originated from the study of the brittle tempe-
rature range and the hot ductility curve of materials by NN Prokhorov14)
and later expanded by T Senda et a115). According to NN Prokhorov the
weld sirain begins to develop at the upper limit of the brittle tempe-
rature range with an approximately constant rate (see Fig 1). If the
strain development of the weld bead exceeds the weld ductility, or the
strain line intersects the ductility curve of the material, a solidifi-
cation crack is formed. The slope of the strain line in Fig 1 represents
the strain rate d €/dT7. The minimum strain rate with respect to tempe-
rature which causes a crack (represented by line 2 in Fig 1) is called
the critical strain rate. This depends on the alloy composition, welding
farameters and the rigidity of the welded structure.

T Senda et aljs) made a distinction between the critical
strain rate to time (CSS) and the critical strain rate for temperature
drop (CST) required to cause cracking, and establishéd the relationship

between CSS and CST by
CSS = CST x Mean Cooling Rate (2.2)

where the mean cooling rate is that between the upper brittle tempe-
rature and the temperature at which a crack initiats.

Both CSS and CST can be measured experimentally by the Trans-
Varestraint cracking test. T Senda et al measured them and pointed out
that €SS is a good crack susceptibility index and the smaller the CSS

the more crack susceptible is the weld.
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2.3 Steel composition and the solidification cracking relationship

ré)

; 2 : s s
Earlier research work done by German investigators ' '’

N a
and the later reports by CLM Cottrell®'’, BJ Wilkinson et a11’), JC

Borlandzo) 21,22)

and HV Huxley have shown the various effects of
composition on the solidification cracking in the welding of high
tensile steels or carbon manganese steels. It has been generally
accepted that the effects of carbon, sulphur and phosphorus in steels
are harmful, though EV Huxley22) indicated that an increase of carbon
content to a maximum of 0.15% confers improved resistance to weld
solidification cracking.

Regarding the effect of manganese or Mn/S on the weld cracking
many empirical formulae have been clzimed to be zble to predict crack
formation . These formulae are often different from one another., TFor
example, by an investigation of solidification cracking in low alloy
steel welds with the Murex cracking test PW Joneaz5) indicated an Mn/S
ratio of about 50 in steel would prevent crack formation. CF Meitzner
and RD Stout24) showed that HYB0 steels with Mn/S ratios from 144 to
175 would prevent the HAZ cracking even under severe test conditiions.
CcT Anderson25) found the concentration of manganese reguired to prevent
red-shortness in hot working could be represented by the empirical
formula: %Mn = 1.25 x %S + 0.03.

The effect of oxygen in steels has been also reported to be

26)

significant. T Boniszewski indicated that the propensity of sulphur
to cause solidification cracking in the mild steel welds in influenced
by the degree of oxidation. EJ Morgan—WarrenB) based on his statistical

analysis, reported a strong effect of oxygen in alloy steels in pre=-

venting solidification cracking. Though the effect of oxygen in steels
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in modifying sulphide inclusion shape has been documented by CE Simsze),

W Gratt2) ) W pak1?9) and TP ohis et 82 21), . some workera have mat
confirmed the beneficial effect of oxygen in reducing the weld cracking
tendency in alloy steels, Earlier German worka’ag) did not show the
direct relationship between oxygen content and crack susceptibility in
the welding of aircraft steels. Furthermore, recent investigations by
N Baileyss) on the solidification cracking in C-Mn steels by submerged
arc welding have not supported the view that oxygen reduces weld
cracking, Because of such different views on the composition effects,

it seems necessary to review the fundamental iron-based systems and

the theories of inclusion formation.

243.1 Fe=S system

The Fe~-S system phase diagram according to ET Turkdogan34)
is shown in Fig 3. Relating to the sulphide inclusion formation four
features are very important for solidification cracking and these are
as follows:
1) Delta iron has the highést sulphur solubility of 0,18%
at 1365°C.
2) The highest solubility of sulphur in gamma iron is only
0,050% at 136500. It decreases with decreasing temperzture.
3) Due to its low solubility in gamma, a sulphur rich liquid
will precipitate from the solid upon cooling.
4) Liquid phase will be present in the system for temperatures
over 988°¢C.
It is assumed that so long as the liquid sulphide is present
in a sufficient amount, the solidifying Fe-S alloy is susceptible to

solidification cracking. However the Fe-S phase diagram should be
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used only as a guideline for the further study of crack susceptibvility
in carbon and alloy steels, because commercizl steels, being always
multi-component systems, might behave quite differently from ihe Fe-2

system,

2.3.2 Fe-ln-S system

The Fe-Mn-S phase diagram was constructed by H wEntrup35)

and R ngelas)

. Wentrup's version disagrees with Vogel's in a smell
detail, and recent work by LK Bigelow and MC FlemingsBT) has been in
fevour of Vogel's diagram, which is schematically represented in Fig 4.
The iron-rich, low sulphur Fe-ln-S alloy melt may solidify in two
distinct ways:

1) First case: The melt begins to solidify when it reaches
its freezing point. On cooling more primary solidification of iron
occurs until the liguid melt is so enriched with manganese that a
solid MnS phase (containing FeS) is precipitated, The liquid composi-
tion ;eaches the right of the point R in the Ee% eutectic curve and
moves toward el (see Fig 5 the path of A1b1eé). The solidification
is finished when the remaining liquid has vanished.

2) Second case: The melt solidifies as in the first case till
the liguid composition reaches the left of R in the Ee% eutectic curve,
the remaining liquid changes the composition along this curve toward E
and it might persist until 988°C (see the path of A,b,E in Fig 5)« ‘Int
this case the last solidified phase is FeS.

The solidification which proceeds as in the second case is
not desirable because the persisting liquid of FeS wezkens the solid
and might lead to solidification cracking. By adding more manganese

to alloys which would solidify as in the second case, they might
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change the solidification path to the first case. <This means that the
formation of FeS-Fe eutectic liguiu cau pe suppressec py adaing more
manganese to the steel. opaseu on the stuuy of FeS-MnS pnase relztiou:-
ships iu tne preseuce of excess irou, GS Mann and LH van Flacksa)
deduced that in oraer to avoia liquid FeS iu a2 low sulphur steel, the
mauganese conteut reguirea would be:

%Mn > 0.40% + 2 x %S (2.3)
With this argument, they explained why the Mn/S ratio is not a good
index of manganese reguirement for the suppression of solidifiecation
cracking.

Research work on the effect of sulphur on solidification
cracking in the weia metal of low carbon and low nickel alloy steels

159) showed a very interesting effect of MmB/S or

by H wmekagawa et a
Mn5/S ratio on the solidification cracking., Based on Scheil equation
they deauced tne solidification path of the Fe-Mn-S alloy with respect
to the change of its ligquid composition and concluded that all alloys
with a similar Mn3/S ratio share the same solidification path if the
primary phase is delta ferrite, If the primary phase is austenite,
alloys with a similar Mns/s ratio have the same solidification path.
The relationship between solidification cracking and com-
position according to their conclusions can be shown in Fig 6. With
steels in region A, wnose mna/S is less than 0,83, FeS inclusions are
formea together witn MnS, and therefore the crack susceptibility is
extremely high. with steels in region B, whose Mn3/S is between 0,83
and 6.7, MnS only is generally formea, but tne crack susceptibility
is high, since the eutectic temperature is relatively low. With steels
in the region C, whose Mn5/5 is greater thatn 6.7, the eutectic tempe-
rature of Mn-MnS is high, and consegquently the crack susceptibility

is sufficieutly low. The above mentioned is valid for ferritic steels,
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As to austenitic steels it was also reportea by the same investigators
that Mn5/s > 370 is requirea to prevent crack formation.

1 should be emphasized that these conclusions were based
onn the experiments of very low carbon steels with a higher sulphur
content than in high tensile alloy steels, 1t is doubtful that such
conclusions are also valia for the alloys at present unaer investiga-

tion.

2-3-3 Fe-0-S Sys‘t.em

Because sulphur and oxygen are always preseut in steel aua
because oxygen moaifies iuclusion shape, the Fe-0-S system will be
investigateu in some uetail, pC Hilty ane w Crafts' Fe-0-S pnase ulagrem
(see Fig 7)40) gives pesic hints oi how sulpnice aua oxiace inclusious
are formeu. Accoruiug to the phase diagram the solidification path
of an iron-rich Fe-0-S alloys aepends on the fatio of oxygen to sulpnur,

Two cases of solidification paths are illustratea in Fig 8
and Fig 9. Fig B8 refers to the solidification paths of an alloy uot
saturated with oxygen but having a high 0/S ratio, as indicated by the
line of 1 on the diagram. when this melt reaches ligquidus upon cooling,
relatively pure iron solid is formed, and the concentration of the li-
quid phase will graaually shift to c¢ upon further cooling. At the point
of ¢, a second liguid will appear, having its composition ai the opposite
enda of the tie line cd. The melt thnen will coutinue to soliaify with a
solid concentration from ¢ to f£f, but simultaneously precipitate uriplets
of an oxide-rich phase with a composition from a to g. Accoraing to
J Yarwooa et a147) sucn aroplets will pe trappeu or isolateac by growing
weiiarites ana will eveutually bpecome solid inclusious at the eutectic

temperature.
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Fig 9 relates to tne soliaification of an alloy having a
relatively low ratio of 0/S and saturated with oxygen at the start
of solidification., As the alloy is cooled, it will separate into two
liquids represented by i and j, where i is metal rich liquid and j
oxide and sulphide rich liquid phase. By forming a metal phase upon
further cooling, i will shift along the line to k, meanwhile the other
liquid will vary its composition from j to 1. At this stage the growing
dendrites are more or less enveloped by the ligquid of composition 1.
In addition the dendrites themselves will contain droplets of liquid
varying in composition from j to 1. The solidification process is
continued by additional metal crystallization from the last droplets
and ends with the formation of FeS-Fe or FeS-Fe(O-Fe eutectic.

In the first case, the inclusions are oxide rich and spheri-
cal, while in the second case the inclusions are main;y sulphide or
FeS-Fe eutectic, which are filmlike., Therefore, the ratio of 0/S is
very crucial in deciding the inclusion type.

The solidification process of Fe-0-S alloys just mentioned
has been confirmed by JC Yarwood et 3141), however, zll the work done
was based on alloys with quite a high sulphur and oxygen content (about
0.3% S and 0,1% 0). In normal steels sulphur or oxygen content will
not be Qo high and therefore the applicability of this Fe-0-S system

to commercizl steels needs careful consideration.

2.3,4 Pe-Mn-S=0 system

It is not easy to construct a Fe-Mn-S-0 guarternary phase
42)

diagram., However ET Turkdogan and GJW Kor have made an extensive
study of phase relations in this system. The most important features

of their study relating to solidification are explained here,
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There are two distinct invariant equilibriz in the Pe-ln-3-0
system and the estimated data for them are given in Table 1. According
to Table 1, one invariant is at about 90000 and the other at about
1225°C, It can be seen that so long as the alloy contains Mn(Fe)O and
Mn(Fe)S in equilibrium with the metal, a liquid oxysulphide phase can
still be present between 90000 and 122500.

A convenient way of representing the phase equilibria in
the Fe-Mn-S-0 system is to use the univariant equilibria‘involving
four condensed phases. This is shown in Fig 10 for the part of the
system involving the solid metal and manganese sulphide with ternary
Fe-Mn-S and Fe-S-0 and binary Fe-Mn terminal phase fields. For simpli-
fication, the delta to gamma transformation is omitted in this equili-
brium diagram.

According to Fig 10 and assuming the absence of a liquid
oxysulphide is the condition for crack resistant steels, then three
important features can be pointed out:

1) The higher the menganese content in a steel, the higher
is the temperature below which no liquid oxysulphide is present, or the
less crack susceptible is the steel.

2) The liquid oxysulphide venishes at temperatures between
900 and 122500, this means that the lowest temperature at which
sulphur-induced cracking can take place is 90000 for Fe-Mn-S-0 alloys.

3) For steels with a mangznese content of more than 1%,
the temperature at which the liquid oxysulphide disappears is almost
constant, being very close to 122500. This implies that steels with
a manganeée content of over 1% have no additional benefit of reducing
sulphur-induced cracking as steels with a manganese content of just
1%.

The foregoing points could apply to a rimmed or semi-killed

steel containing manganese as the major alloying element., For killed
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alloy steels, the oxygen content is low and the sulphur will be pre-
dominately in the form of MnS, manganese oxysulphide inclusions are
only formed in the solute-enriched interdendritic liquid during the

solidification of steel.

2.4 Solidification process and its effects on solidificztion cracking

Cracking occurs in the weld metal because the weld metal is
brittle at a stage during the solidification and cooling process and
is subject at the same time to severe stresses, The control of the
weld pool solidification in favour of crack-free sound welds can be
achieved if the basic principles of metal solidification are well
understood. For this reason some important features of metal soli-

dification are reviewed here.

2.4.1 Selidification morphology of a single phase alloy

According to WA Tiller and JW Rutter43) the solidification
types of a single phase alloy are fixed by three parameters C0 y
G and R, where CD represents the solute concentration at the solidi-
fication front, G the temperature gradient and R the growth rate.

1) Under the same cooling conditions the solidificetion type
will shift from plane front to dendritic, and from dendritic to endo-
genous equiaxed solidification with increasing soluﬁe concentration.

2) With an alloy of the same solute concentration, the soli-
dification type shifts from exogenous globulitic to dendritic and
from dendritic to plane front solidification by increasingly retarded

cooling conditions,
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In the solidification of a weld, G depends mainly on the heat
input, while R depends on the welding speed. If the welding speed is
not exceedingly high, the growth rate R is approximately the same as

the welding speed in the central region of the weld bead.

2.4.2 Weld solidification and its effect on cracking

Weld solidification has been investigated by GJ Davies and
JG Garland44), F Matsuda et a145) and WF Savage and CD Lundin46) ete.
Important features of weld metal solidification are summarized as
follows:

1) The columnar grains in the wela metal grow epitaxially
from the half-melted grains in the parent metal at the fusion boundaries,

2) The columnar grains grow competitively toward the centre.
Only the grains with orientations conducive to growth would grow to
the central region of the weld bead.

3) Constitutional supercooling takes place in front of the
growing interface, and with an increase in constitutionzl supercooling,
the interface solidification substructure changes in term from planar to
cellular dendritic and dendritic moaes. If constitutionazl supercooling
progresses sufficiently, eguiaxea grains will form in front of the
growing interface.

4) Depenaing on the welding speea, the weld pool shape can
be tear-shaped or elliptical, The latter is associated with a higher
welding speed.

5) Solidification cracking occurs at the point of impingement
of the columnar grains growing from the opposite sides of the wela

pool.

6) Welds made with a tear-shaped weld pool, where the angle
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of abutement between the columnar grains is steep, are more susceptible
to solidification cracking than welds with an elliptical weld pool.

7) Solidification cracking is favoured by factors which
decrease the solid-solid contact arez during the last stage of solidi-
fication., These factors include the presence of low melting segregates
ana the solidified grain size.

8) The larger the solidifying grain size, the smaller the
area of grain bounaary contact is for a given liquia content, conse-
guently the more susceptible to cracking is the weld.

9) Equiaxed weld solidification tends to occur in the central
region of the weld bead, where solidification rates are highest and the
thermal gradients the smallest due to the distance from the arc.

10) Equiaxed weld pool solidification might also be promoted
by increasing welding speed.

11) Due to their fine sizes and isotropic character the equi-
axed graines are favourable for better mechanical properties. In the
same thermal conditions equiaxed weld solidification is less suscepti-
ble to cracking than the weld with a columnar structure. This is
partly due to the smaller area of grain boundary contact.

12) For some zlloys the equiaxed grains are not obtainable
without an artificial control of the weld pool.

13) Equiaxea grains may form on the surfaces of the weld,
this suggests that these grains are nucleated hetereogeneously at the

47)

gas/liquid surface

2.4.3 Control of weld pool sclidification

The control of weld pool solidification by changing welding

parameters is very limited. However, for the freedom of solidification
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cracking and better wela qualities, it is sometimes required to control
the weld pool solidification by artificial means. Some possible methods
for weld pool solidification control are listed as follows:

1) Using inoculants to induce the nucleation of new greins.

2) Directing streams of argon on the weld pool surface to

stimulate surface nucleation.

3) Using transverse or longitudinal arc vibration to cause

grain refinement.

4) Introducing ultrasonic vibration into the weld pool.

5) Inducing weld pool stirring by a magnetic field.,

6) Using pulsed arc or moduletion of the arc current to

generate thermal fluctuation.

For the improvement of the weld pool solidification in the
steel sheet, the application of pulsed arc welding seems to be very
promising. It reguires only the power source which supplies pulsed
and modulated current. G Aiche1e48) reported the reduction of cracking

severity by the application of pulsed arc welding.

2.5 Methods for assessing solidification crack susceptibility

Numerous methods have been developed for assessing the
solidification crack susceptibility of weld metal, most of them having

been designed to fulfill & specific purpose rather than for general

2)

applicability. Some test methods have been aocumented by JC Borland

49,50)

and K Wilken and W Schoenherr . Tests may be classified broadly

by the method used to impose the stress on the solidifying metzl. On
the one hand the stress may be applied mechanically by an external

23) 51,52) +93)

force, as in the Murex y varestraint and Trans-varestrzin

tests; on the other nand the stress may be inauced thermally by the
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£54) 55)

specimen aesign as in the nouldcrof and Pellini tests. For the
1IG arc welding , the material concerned is often in z sheet form,
therefore only test methods using thin sheet or plate will be reviewed

nere.

2.5.1 Focke=Wulf west

In this test = spgcimen of about 50 mm x 70 mm, 1 to 2 mm
thick is firmly clamped by a commercizl apparatus originally made by
Focke-Wulf Flugzeugbau AG, Bremen, A butt weld is made along the
centreline with or without a filler wire. After cooling, the specimen
‘is bent backwards and forwards until it is fractured, Weld metel
crack susceptibility is then determined by estimating the percentage
of oxidized fracture surface on the broken edges. Extensive work on
the weld crack susceptibility of aircraft steels using this test was

194,5,6,32,56)

reported The results will be analysea and discussed

in later sections.

2.5.2 Pellini cracking test

fhie: Lot has bhen Sescribed by WH Aphleth sud W Pellint
It involves the laying of a weld bead with full penetration over a
number of strips of fixed width (see Fig 12). The interface of adja-
cent strips lies at right angles to the direction of welding and acts
to increase locally the strains imposed on the freezing wela metal,
thus under certain conditions causing cracks to occur. By the use of
strips of different wiaths it is possible to vary the degree of severity
of straining. The crack lengths in wvarious straining conditions due

to the strip width variation are the measure of the crack susceptibility,
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2.5.3 Houldcroft cracking test

The test described by PT Houldcrcft54) does not require a
clamping fixture. The test piece is made from a rectangular plate of
about 45 mm x 77 mm, by cutting slots in either side, their depth
increasing progressively along the length of the sheet. The specimen
is placed on a carbon block and a TIG weld is made without a filler wire
starting at the edge of the specimen where the slots are widest aparrt.
4 full penetration weld with a constant bead width should be obtzined
in this test, A crack initiates at the edge and then propagztes until
there is insufficient stress to cause cracking. The crack length
measured is regzrded as a measure of the solidification crack suscep-
tibility. The design of the specimen is shown in Fig 13.

FJ Wilkinson et a157) used the Houldcroft test in a miniature

form to assess the crack susceptibility of high tensile steels.

2.5.4 Huxley cracking test

This test, developed by HV Huxley7), is similar to the
Houlderoft cracking test, but it uses z specimen with a different
geometry and slotting arrangement, and requires a special jig. The
specimen is in the form of a strip of 506 mm long by 38 mm wide, usually
about 2 mm thick (Fig 14). The strip has opposite slots, approximately
0.8 mm wide and 15 mm deep, let into each edge, the distance between
each pair of opposing slots being %8 mm. The slots serve as thermal
insulators betweeﬁ the segments and give an edge starting effect for
the initiation of a crack, The test is effected by making a melt-run
along the length of the specimen, running between but not intersecting

the base of the slots. The cracking tendency of a steel is given by
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expressing the mean crack length as a percentage of the segment length.

2+5.5 Circular patch test59)

By this type of test 2 150 mm x 150 mm square sheet is firmly
held in a test jig with four bolis at each corner and one at the centre
(see Fig 15). A circular weld bead of 50 mm diameter is then made
starting from any point. The weld run is made by TIG process in one
pass. Centreline or transverse cracks are formed due to radizl and
circumferential strains imposed on the solidifying metal. The length
or the angle of z centreline crack is normally measured and referred

as crack susceptibility.

2.6 Indicators and predictors of solidification crack susceptibility

The concepts of indicator and predictor must be distingui-
shed first before going into any detail. Crack indicators are those
which describe the severity or menner of cracking, and they are easily
measurable in weld production or in some welding tests. On the other
hand, the predictors are those which may more or less predict the
severity of solidification cracking. Composition, metallurgical and
welding process parameters, which have a correlation with crack indi-
cators, may be regarded or used as crack predictors., The relationships
between crack indicators and predictors are usuzlly thought to be
capable of explanation but sometimes the explanations are not very
satisfactory. Some crack indicators and predictors are reviewed in

the following sections,
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2.6.1 Crack indicators

There are many types of crack indicators, but not all of them
are good criteria for crack susceptibility. Possible crack indicators
are listed as follows:

1) Crack length: In a designed crack test, usuzally with

severe test conditions, crack length can be measured. It is especially
suitable for the centreline cracks, because the number of these cracks
in a test is few and the cracks are continuous. Crack length becomes

difficult to measure when the cracks are numerous and irregular, as

is the case with the varestraint iest., The length of a fine crack orx

subsurface crack is also very difficult to assess.,

2) Crack number: In some tests, only a crack or a crack-free

condition is recorded as the test result. In other tests the crack
number can be estimated, such as in the Trans-Varestraint test.

3) Crack area: There is some justification for using the
crack area as a crack indicator when the crack arez is measurable and
indicative of the real situation. In the Focke-Wulf cracking test the
crack area or the percentage of crack area is measured and taken as a
crack indicator.

4) Required strain to cause cracking: In the tests involving

the application of external restraints the reguired strain to cause
cracking may be measured, This serves as a useful guide for the
comparison of materials or welding procedures,

5) Derived crack indicators: This is based on a series of

tests under varying test conditions., Examples are UCS or units of

4 ; 60
crack susceptibility derived by JG Garland and N Bailey ), based on
the gradient and intercept in the plotting of crack length against

strain, €SS and CST (the critical strain rate) described in section

2.2.5. Using the experimental results in the Gleeble hot tension test,
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g Wellnit261) also derived a crack indicator RF (Rissfaktor). The
application of the derived crack indicator is only justified when it
can indicate the crack severity more precisely, or when other simple

indicators fzil to reflect the real crack situation.

2.,6.2 Crack predictors

Only the predictors based on alloy composition will be
considered here, A predictor may consist of only one variable, or it
may be derived from many variazbles. Its predicability is more essential
than its theoretical background. Some values thought or claimed to be
predictors of crack susceptibility are presented as follows:

1) Carbon content: Sometimes the carbon content zlone in steel

can indicate the solidification crack susceptibility guite successfully,
especially when the steels are not zlloyed or specially treated.

2) Carbon eguivalent: Various carbon equivalent formulae are

available, some designed for the prediction of solidification cracks,
some actually designed for other purposes, such as hardness prediction,
estimation of martensite temperature and cold crack prediction. SA

Ostrovskaya62) defined carbon equivalent to be:

P (8i=-0.4) (Mn-0.8) Ni
ol S T R AT 32 T 4P

CE(Ostrovskaya,1) = C + 285 +

g . (Cr=0.8)
15 15 (2.3)

(for C between 0,09 and 0,14%)

2o (81.0,2) n (}Mn-0,.8) L

CE(Ostrovskaya,2) = C + 2S + g - = ¢
Cu (Cr-0.8)
ve 70 (2.4)

(for C between 0,14 and 0.25%)
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CE(Ostrovskaya,3) = C + 2,55 + 2P5 - _Lﬁig0-4) 7. (MngO.B) R gi

L ) (2.5)

+
(for C greater than 0.25%)

Crack susceptibility is said to be the function of the carbon equi-
valent thus caelculated, The correlation between CSF of the Huxley
cracking test and this carbon equivalent was poor according to EJ Mor-
gan-WarrenB).

Realizing the detrimental effects of carbon and nickel in the
high tensile steel, H Nakagawa et a139) proposed the carbon eguivalent
to be:

CE(Nakagawa) = C + g; (2.6)
This carbon equivalent has z good correlation with the maximum crack

length in the Trans-Varestraint cracking test for sieels containing P
and S less than 0,010%, C being between 0,04 and 0,14% and Ni up to 9%.

A common equivalent based on the end of transformation
temperature (Mf), much used for the prediction of the heat affected
zone cracking is as follows:

i Mn Ni Cr Moei . Sy Cu
CE(MI.)-C-t- i T daa T (2,7)

Similar equations for carbon equivalent are plenty in number. More
detail is given in the reports by K Winterton®?) and I Hriwnax®4),

) Sulphur: If the contents of alloying elements and carbon
in steels.are comparable, the sulphur content is a very good crack
predictor. However, there is no agreed sulphur level zbove which
solidification cracks occur.

4) Mn/S: A high Mn/S ratio has been thought to be effective
in controlling the hot workability or solidification and HAZ crack

susceptibility. Many author323’24’25’29) have studied the effect of
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Mn/S on cracking, however, no universal trend for this ratio can be
concluded. It seems that the effect of Mn/S depends on the carbon
content in the steel.

5) MnB/S or Mns/S: H Nakagawa et a139) argued that the con-

ventional Mn/S for crack susceptibility indication should be replaced

by Mn3/5 for the ferritic steel or HnB/S for the austenitic steel,

based on the consideration of the sclidification process and some
experimental results. The steels used for their study of solidification
cracking were zlmost pure Fe-Mn-S alloys with a very low carbon content
and a relatively high sulphur content. Therefore, the Mnﬁ/s or Mn5/S
may not reflect crack susceptibility for technical steels,

40)

6) 0/S: The investigations of DC Hilty" ’/, JC Yarwood41) and

ET Turkdogan42)

encourage the belief that a high oxygen toc sulphur
ratio will be beneficial for crack prevention, but no reliable figure
is available for the minimum 0/S required to suppress the formation of
filmlike sulphide inclusions or cracks.,

7) Phosphorus: When other alloying elements have similar
contents, the solidification crack susceptibility can be predicted by
the amount of phosphorus in the steel, This fact was recognized by

JC Borlandzo) and HV Huxlesz), the latter realizing the mutual effect
of phosphorus and carbon on solidification cracking, guoted two tenta-

tive crack predictors:

PCE(Huxley,1) = P x (C + gé ) (2.8)
i v
PCE(Huxley,2) = P x (C + 23 - ?g - agﬁ - —=35") (2.9)

8) Hot crack susceptibility(HCS): The equation for HCS was

obtained from the miniature Houlderoft cracking test carried out on a
number of low alloy steels by FJ Wilkinson et a157). It is expressed

by:
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Si ii
C(S+P+ +
S o 25 100

M + Cr + Mo + V

) x 1000

(2,10)

The HCS was found to correlate with the test results and was in good
agreement with production welding. Steels with a HCS value of less
than 4 would show resistance to weld solidification cracks.

9) Crack susceptibility factor according to CLM CottrellzT):

The crack susceptibility factor (CSF) measured by the Huxley cracking

test, can be predicted by the following equation:

P(CSF,Cottrell) = (P(C + 0.142Ni + 0,282Mn + 0.2Co - 0.14Mo- 0.224V)+
+ 0.195S8 + 0.00216cu) x 104 (2.11)
Cottrell found this expression has a correlation of 0.92 with the
actual CSF value, though the equation looks complicated.

10) Crack susceptibility factor according to HV Huxleyzz) s

In his study of the influence of composition on weld solidification
cracking in carbon manganese steel, Huxley attempted to establish
an equation to predict the crack susceptibility factor. Various regres-
sion equations were obtained, but none appeared to be good enough for
prediction purposes. One of his equations is as follows:

P(CSF,Huxley) = 7836C x S = 11455 + 13.3 {2,12)
The above equation is based on 22 observations with a carbon content

ranging from 0,10 to 0,30% and has a correlation of 0,.74.
3)

11) Crack susceptibility factor according to Morgan-Warren
With 82 observations of steel composition and the Huxley cracking test
data, EJ Morgan-Warren made a regression analysis of the crack suscep-
tibility factor based on composition and found an eguation with a
correlation of 0.82, which is given as follows:
P(CSF,Morgan-Warren,1) = 36C + 12Mn + 5Si + 540S + 812P + 3.5C0 -

- 20V - 13 (2.13)
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With 42 observations of crack susceptibility and composition (inclu-
ding oxygen analysis) he discovered ancther regression equation:

P(CSF,Morgan-Warren,2) = 42C + 847S + 265P - 10Mo - 3042(0) + 19

(2.14)

For this expression the correlation has improved from 0,82 to 0.9
with 95% confidence limits of + 11. The mean oxygen content in those
steels was, however, only 0.0054%. It can be argued that the apparent
effect of oxygen is obstructed in the second eguation by the introduc-
tion of a much higher sulphur coefficient and a higher intercept
constant,

12) Units of crack susceptibility (UCS) predictor: the UCS

is a derived indicator of crack susceptibility according to JG Garland

et 3160)

and the UCS in the submerged arc welding of carbon-manganese
steels can be expressed as being equal to:
P(UCS,Garland,1) = 184C + 870S - 188P - 18Mn - 4760CxS - 12400SxP +
+ 501PxMn + 326000CxSxP + 12.9 (2.15)
In their later investigation66), however, another equation was reported
in which the various terms of interactions were disregarded. The
equatibn then is:
P(UCS,Garland,2) = 223C + 187S +'1OOP + 48Nb - 14.3Si - 6Mn -
- 16A1 + 0,5 (2.16)
Based on the later work of N BaileysB) a revised equation of UCS is
given by:
P(UCS,Bailey) = 230C + 1908 + T5P + 45Nb = 12,351 - 5.4Mn -

- 14A1 - 1 (2.17)
where C* is the corrected carbon content (the carbon contents less than
0.08% are to be treated as equal to 0.08%).

There is another possibility of predicting crack susceptibi-
lity based on composition. Instead of using a straight-forward equa-

tion, a decision flow chart according to some criteria can be constructed
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67)

as carried out by K Orths et al for the prediction of solidification
cracking in the steel cast. In their decision flow chart, deoxidation
products, P+S, P, S5 and other factors are considered one by one,
details of which are shown in Fig 16,

From the various expressions of predictors as introduced
before, it can be seen how difficult it is to find an applicable and
universal crack predictor. It would be worthwhile to point out that
the following questions have not yet been clearly answered:

1) How do the alloying elements interact with each other?

2) Does Mn/S or 0/S have a real effect on cracking?

3) Can a single equation reflect the effect of a wide range

of composition on cracking?

4) To what extent has composition an overriding effect com-

pared to solidification conditions and welding parameters?

2.7 Summary of the literature survey

0f the various factors which affect solidification cracking,
stresses are clearly the direct cause for the occurrence of cracks.
Unsuitable plate geometry and poor selection of welding parameters
intensify stresses and hence have a direct adverse effect on cracking.
The steelmaking process may confer unfavourable properties on the
material and affect the crack susceptibility of material in some cases.

There are many conceptual variables of solidification cracking,
such as crack suscepiible temperature interval, crack suscepiible length,
crack susceptible time and the critical strain rate etc. If these can
be experimentally measured it will be very helpful for the understan-
ding of the relationships between cracking and composition or welding

variables.
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Instead of using these conceptuzl variables as criteria for
crack susceptibility, the results of a simple cracking test are more
conveniently used as crack indicators. They may be crack length, crack
area, number of cracks, or reguired strain to cause cracking in certain
tests, There are two approaches for the test of crack susceptibility:
one with externally imposed restraints and the other with thermzlly
induced restraints., Among the numerous cracking tests, the Huxley
cracking test is regarded as the most suitable one for the crack sus-
ceptibility assessment of steel sheet,

The Huxley cracking test has the advantages of reguiring no
special test apparatus, relatively easy specimen preparation, a high
test sensitivity and reproducibility. Moreover the test results have
been correlated with the real production welding?). Numerous Huxley
cracking test datz have been available in the literature, which can be
taken as reference for the study of cracking and composition relation-
ships.

Theories of the effect of composition on solidification
cracking are based on the metallurgical conditions for the formation
of filmlike sulphide inclusions. The study of the iron-based alloys,
such as Fe-S, Fe-Mn-S, Fe-0-S and Fe-Mn-S-0 systems, leads to the
belief that the manganese and oxygen content, or Mn/S and 0/S ratios
could be important factors for the control of crack susceptibility.
However, their effects have not yet been verified. None of the above
mentioned systems can be directly applied to the technical steels,
because of the presence of carbon and the relatively low amounts of
oxygen and sulphur in them,

Various equations for the prediction of crack suscepiibility
from composition are available, but they seem to contradict each other.

This reflects the uncertainty azbout the effects of composition on crack
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susceptibility. Clearly more work is needed to identify the limits

and conditions for the effects of Mn/S, 0/S and other compositional
factors. 7his would assist the establishing of a rationzl and realistic
cracking and composition relationship.

The solidification cracking of weld metal is closely asso-
ciated with the solidification process. A solidification process
producing fine equiaxed grains with less segregation would reduce
crack susceptibility. However, the control of weld pool solidification
is limited without using artificial menas. Using inoculants, or
vibrating or stirring the weld pool may alsc refine the grains in the
weld metal and hence reduce the crack susceptibility, but these mea-
sures may not be required if crack-proof steels with required properties
are readily available.

The objectives of this work are to extend the knowledge about
sclidification cracking in steel welds in general and to investigate
the cracking and composition relationship in particular. Particular
problems to be solved are:

1) To avoid cracks in the weld, what amounts of sulphur and
phosphorus are tolerable in the various types of steels?

2) What factors can raise the tolerable amount of sulphur
in steels?

3) Is the effect of manganese or Mn/S on solidification cracking
significant? If so, what level of Mn/S or manganese content is required
for the prevention of cracking?

4) Can the oxygen content reduce the sulphur-induced soli-
dification cracking? What is the necessary level of oxygen to counter-
act the harmful effect of sulphur?

5) Can it be assumed that the effect of each alloying element

is linear and additive? Is it possible to find a linear regression
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equation on ithis assumption for the prediction of crack susceptibility?
6) To what extent has composition an overriding effect on

cracking compared to solidification conditions and welding parameters?
7) Which of the existing theories of solidification cracking

can explain the crack behaviour in the TIC arc welding of thin steel

sheet?
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3« EXPERIMENTAL INVESTIGATION AND RESULTS

The Huxley cracking test was chosen as the meain method for
the assessment of solidification crack susceptibility. In order to
ensure the reliability and similarity of testing results under
various tesiing conditions, the general aspects of the Huxley cracking
test were re-examined. These included:

1) Reproducibility.

2) The effect of surface conditions,

3) The effect of plate thickness.

4) The right conditions for a full penetration of weld bead.

5) Possibility of modifying the specimen design.

6) The effect of jig.

Two sets of experimental steels were then tested with the
Huxley cracking test in order to see the effects of carbon, manganese,
sulphur, oxygen, Mn/S and 0/S. Additional steels were also tested, so
the crack susceptibility of a wide range of steels can be compared.

All the test data were used for the regression of crack sus-
ceptibility based on composition. The data from each set of experiment
was ireated separately first, then pooled to reveal the general trend,
Numerous Huxley cracking test data from previous research investigators
were also collected for regression analysis. This effort enabled
the conclusions of the general trend of cracking and compesition rela-
tionship to be established.

As this work had a special interest in evaluating the effect
of oxygen, more experiments were undertaken, these included:

1) Closed box welding tests,

2) VWelding with an argon-oxygen mixture as a shielding gas,

3) Oxygen analysis of parent and weld metals of various tests.
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no determine the mechanism of weld solidification cracking
as well as the effect of&inclusions, the fractured crack surfaces were
examined under a scanning electron microscope. Fresh crack surfaces
obtained from the closed box welding revealed the general features of
solidification cracking, In addition, the actual crack development
during welding was studied during some runs of the Huxley cracking

test, so as to gain more information of cracking development,

3«1 GCeneral aspects of the Huxley cracking test

The Huxley cracking test has already been described in sec-
tion 2.5.4 and the test conditions of the present research have adhered
as closely as possible to those chosen by HV Huxley and EJ Morgan-Warren.
Concerning the reproducibility of the test results of CSF values, HV

68)

Huxley < reported 95% confidence limits for a mean of 8 crack lengths
being 1.75 mm (equivalent to a CSF value of 4.6), and for a mean of 24
crack lengths 1,02 mm (equivalent to a CSF value of 2,7). Similarly

3) reported the 9%% confidence limits for 24 crack

EJ Morgan-Warren
lengths to be 0.91 mm (equivalent to a CSF value of 2,4). In this re-
search the reproducibility of the Huxley cracking test has been checked
constantly throughout the research period. Some of the typical repro-
ducibility test results are shown in Table 2, It appears that steels
with a higher crack susceptibility tend to have a wider scatter of the
test results. However, in any case, the 95% confidence limits for the
mean of 24 crack lengths will not exceed 2 mm or 5 CSF units as can

be seen in Table 2.

The original plate thickness of various research materials

was not uniform, and the surface conditions of them were also different.
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For these reasons, the effect of surface conditions and the testing
conditions for various plate thicknesses was studied. Four types of
surface condition of the Huxley cracking test specimens have been used
for the comparison of Huxley cracking test results, namely:

1) Heavily scaled.

2) Pickled in a mixed acid (mainly HC1).

3) Shot-blasted or abrasive-ground (linished).

4) Brightly milled.

The test results are shown in Table 3. Generally speaking the test
results were not affected by surface conditions if there were no heavy
scale on the surfaces. A specimen with a heavy scale on the surface
may affect the arc stability during welding, and if the arc wanders
away from the centreline, the test result must be discarded. A bright
surface is not required for the test, though the test result would not
be affected by this condition. During the experimental programme many
plates were taken down to 2.0 mm by milling, therefore their surfaces
were bright. To remove surface scales, shot-blasting is not so effec-
tive as abrasive-grinding. Because surface grinding by abrasive took
a considerable time to remove scales, attempts to pickle the specimen
in a mixed acid were made., The quick scale removal by pickling was
offset by the required drying process and the quickly developed new
scales on the surfaces. In the later tests, specimens with brightly
milled or abrasive-ground surfaces were used,

The sheet thickness of the experimental steels was not
constant, consequently a slight variation of the welding conditions
was required., In accordance with the experiments done by HV Huxley
and EJ Morgan-VWarren, the rules applied in this research for the
variation of test conditions were as follows:

1) Keeping the welding speed constant at 2 -mm/S.
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2) Choosing a suitable current to yield a 6 mm weld bead

with a full penetration.

In all of the tests, the arc length was kept at about 2.2 mm
and it was found that a slight variation of arc length within the limits
of = 0.2 mm did not change the test results. The electrode was a clean
thoriated tungsten electrode having a tip with an angle of about 550.
For all current settings the arc voltage remained very close to 117V.
The current required to produce a 6 mm weld bead by using various sheet
thickness was found experimentally and is given in Table 4. The re-
lationship between arc current and sheet thickness can also be repre-
sented by the following eguation:

Current(4A) = 3.8 + 4.19 x Thickness (mm) (2.1)

The specimen design for the Huxley cracking test used in this
research was the same as used by previous investigators, which is shown
in Fig 14, Because the number of segments in a test coupon has no
effect on test results, some test specimens were cut so as to have only
five segments in order to save material. The original design allowed
a 51 mm run~in and 51 mm run-out margin in the test specimen, However,
most of the specimens were cut to have a 38 mm run-in and 38 mm run-out
margin, because it was found that such arrangement has no effect on test
results and saves material.

The thickness of the test sheet was ideally 2 mm, and some
thicker plates were taken down to 2 mm by milling. The effect of
sheet thickness on the Huxley cracking test results was checked by the
aveilable sheets of various thicknesses, and the results are shown in
Table 5. It can be seen that the variation of thickness between 1,68
and 2.51 mm has a negligible effect. Most of the specimens had a
thickness very close to 2 mm; in any case it was within the range

between 1.6 to 2.5 mm.
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To carry out a test the specimen was set up on a Huxley Jjieg
consisting essentially of two round bars 12,7 mm diameter by about
420 mm long. The specimen was laid on the jig in such a way that line
contact only was maintained between specimen and jig; this ensured =
minimum loss of heat to the jig by conduction. The specimen was held
loosely at the edges by screws let into the jig at suitable intervals,
the point of retention being at the ends of each test section. During
welding, the specimen held in the jig was moved at a constant speed of
2 mm/S, while the elctrode was held vertically above the specimen with
a gap of about 2,2 mm, It was found that the centreline of the specimen

must strictly  follow the welding line in order to avoid bridging
the ends of the slots. However, the way of holding specimen was found
to be not essentizl. Testé with other type of jig were experimented,
In the simplest case it involved putting a specimen on a2 metal block
which has a groove along the centreline, without any clamping. The
test results were identical to that using Huxley jig.

In case there was difficulty in starting the welding arec, the
electrode was slightly lowered for striking the arc and gquickly adjusted
to the required level, or alternatively, a small piece of graphite was
used to assist starting the arc, Generally speaking, starting the arc
was not a problem if the specimen was free from scale.

When the weld proceeded toward the end of the run-out margin
in the specimen the welding current as well as the travelling device
was switched off. In case crater cracking was to be avoided, a slope
down current was used at the end of welding.

The crack lengths of each tested specimen were measured
visually, a stereo-microscope with a low magnification being used
where necessary., Measuring the crack length in the Huxley cracking

test was not found to be a problem in this research.
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3.2 The effects of carbon, mangznese, sulphur and oXygen on crack

susceptibility

First of all, two series of experimental steels were made
for the welding test. One of these series of steels belongs to the
SAE4130 specification with intended variation of manganese, sulphur
and oxygen contents while keeping the contents of other alloying elments
at the same levels, By comparing the test results of this series of
steels, it was anticipated that the effects of manganese, sulphur, oxy-
gen, Mn/S and 0/S could be assesséd. The other series of steels basically
belongs to the Fe-Mn-S-0 alloy system. <‘he variation of manganese,
sulphur and oxygen contents in the latter series of steels enables a
fundamental study to be made of the sulphide inclusions and their effect
on solidification cracking. Comparing the two series of steels, one
with 0.30% carbon and the other with practically no carbon content, the

effect of carbon on solidification cracking can zlso be examined.

3.2.1 SAE4130 steels

The plan of 23 factorial experiment with manganese, sulphur
and oxygen each at low and high levels for SAE4130 steels is shown in
Table 6. The chosen high and low levels of manganese were 0,70 and 0.,20%
respectively, being slightly beyong the specified manganese range (0.40
to 0.60%) so as to show the effect of manganese more clearly, The high
sulphur level of 0,040 is equivalent to the specified maximum value
for SAE4130 steel, while the low sulphur level of 0.007% represents
the amount of sulphur in a quality steel. The chosen levels for oxygen
contents, 0.020 and 0.005% , were thought to be the upper and lower

limits of oxygen content in high tensile steels. By such arrangement



it also provided a wide range of 0/S and Mn/S ratios, which enabled
study to be made of whether O/S and Mn/S has an effect on solidifica-
tion cracking,

According to the plan a series of special casts was made at
the BSC Material Research Laboratory and the resulting analysis is given
in Table 7. The resulting casts had a manganese content between 0,17
and 0.80%, a sulphur content between 0,007 and 0,042%, an oxygen con-
tent between 0,004 and 0,016%, an 0/S ratio between 0.17 and 2,00, and
an Mn/S ratio between 5 and 80, Because their composition agreed rea-
sonably with the plan, the casts could be suitably used for the experi-
ment., The casts were hot-rolled to 15 mm plates and then cold-rolled
to approximately 2 mm thick sheets. The 2 mm sheets of each steel were
flattened and cut into Huxley specimens. The specimens were tested
repeatedly on different occasions in order to avoid systematic errors.
The test procedures were in accordance with that described in section 3.1,
the current used being about 90 A and the voltage measured 11 V.,

The oxygen content of each parent sheet was analysed at
least five times by the fusion method and the composition was determined
by a routine spectro-analysis. The results of the chemical analysis
and cracking test for this series of steels are shown in Table 7. It
can be seen that a wide range of CSF values (0 to 62), or a good spread
of cracking behaviour, was obtained.

The eight steels with composition most close to the 25 factorial
plan, MA1 $e-MA8, were arranged in a manner suitable for factorial
analysis as shown in Table 8., For further treatment, the three factors,
manganese, sulphur and oxygen are represented by A, B and C respectively.
The appropriate small leter a, b and c is used when the corresponding
factor is at high level, The absence of a letter means that the corres-

ponding factor is at the low level. Thus ab represents the steel in
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which manganese and sulphur are at the high level but oxygen is at the
low level. The symbol (1) is used when all factors are at the low level,

The Yates methods9)is a2 simple technique for the analysis of a
2" factorial experiment, which relies on a specific arrangement and
order of calculation, In this investigation this method was applied to
show the effects of Mn, S, O and their interactions, and the calculation
is shown in Table 9. In the Table, the observation column gives the
observed CSF values, and columns I, II and "Effect Total" are calculated
from the preceding columns in the same way: The first 4 numbers in a
colum ( I, II or Effect Total column) are the sums of successive pairs
of numbers in the preceding column,the next 4 numbers are the differences
of successive pairs in the preceding column, the first number being
substracted from the second one, By dividing the values in the "Effect
Total" column by 4, the corresponding effects can be obtained., The sum
of sguares for each effect is obtained by squaring the effect total
and dividing by 8, From the results of calculation as shown in Table 9,
it can be seen that sulphur (b) has the largest effect on cracking; the
interaction of Mn and S (ab) as well as the interaction of S and 0 (bc)
has only a negligible effect comparing with the extremely large effect
of sulphur (b).

In addition to this factorial analysis, a multiple regression
of CSF wvalues based on composition was made in which the variables Mn,
S, 0, 0/S and Mn/S etc were considered. This analysis also showed that
only sulphur has a 5% level of significance and the regression equation
was found to be:

P(CSF,MA) = 16818 - 6 (3.2)
with a correlation coefficient of 0,95 and a residuzl error of 8, A
comparison of the observed values and the estimated ones using the

above equation is shown in Table 10 and Fig 17.
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3,2.,2 Fe-}Mn-5-0 alloys

The plan of 23

factorial experiment with manganese, sulphur
and oxygen each at high and low levels for this series of alloys is
shown in Table 11, The high and low levels of manganese were 0.80 and
0.01% respectively, the low level almost representing the absence of
manganese in the alloy. The high sulphur level of 0.20% is slightly
higher than the solubility of sulphur in delta ferrite (0.18%) in the
Fe-S binary system. The high level of oxygen content 0,20% was thought
to be a possibly meaningful upper limit for the present investigation.
This plan also provided a very wide range of Mn/S and 0/S ratios,
ideally for the study of the effects of Mn/S and 0/S on cracking.
Because of the uncertainty and difficulties of having the required
composition, 12 ingots were made by the BSC Corporate Laboratory. The
chemical analysis of the resulting casts is shown in Table 12, It can
be seen that the first eight casts had the high and low levels of Mn,
S and 0 contents conforming to the plan, and the other four casts were
additional alloys with an intermittent level of oxygen.content. The
ranges of 0/S and Mn/S ratios were wide, being between 0,03 and 3,15
for the former,and between 0.1 and 51.8 for the latter. Therefore, the
suitability of these casts for experiments could be expected,

Slices of about 10 mm thick were cut from the ingot, which
having 2 75 mm x 75 mm cross section and weighing approximately 10 kg,
then cold-rolled to a2 2 mm sheet. Due to the limited size of the
rolled sheet, each Huxley specimen contained only five test segments.
The specimens normally had a clean surface, but required hammering to
restore the flatness.

The test procedures for this series of steels were the same

as described in the previous section. The details of composition and
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the Huxley cracking test results are shown in Table 12. Factorial
analysis for this series of steels with the Yates method as described
in section 3.2.1 is shown in Table 13 and 14. Table 14 indicates

that only the effect of sulphur is significantly large, other effects
negligibly small. This fact can also be observed quite readily from
Table 12, since the five alloys with high CSF values correspond exactly
to the alloys with a high sulphur content. A multiple regression of CSF
values based on compositional factors including Mn, S, 0, Mn/S and 0/S
was made and the results showed that sulphur only has a 5% level of
significance, and the regression equation for this series of steels
being:

P(CSF,MC) = 4318 - 9 (2.3)
with & correlation coefficient of 0.98 and a residual error of 8.

It is interesting to notice that Mn/S and 0/S ratios in this
series as well as in the previous SABE4130 series had no significant
effect despite their wide ranges. Comparing the sulphur coefficients
in equation 3.2 and 3.3, it can be seen that the effect of sulphur on
cracking is more severein the SAE413C steels than in the Fe-Mn-S-0
alloys, this is presumably due to the higher carbon content in the

SAE4130 steels.,

3.2.3 Other steels

In order to check the effects of oxygen, manganese, carbon,
sulphur, 0/S, Mn/S ratios on the crack susceptibility of commercial
high tensile steels and to extend the scope of the test data for the
study of composition and cracking relationship, more steels were col=-
lected for the Huxley cracking test. The steels collected included
six additional SAE4130 steels (designated as MB series), four EN24,

four ASTM A387B, one each of HY130, HY80, ASTM357, EN5, EN19, EN353,
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Corten A, Creusabro 32, Hypress 23, BS4360-50B and SAE1006. Except for
SAE1006 all other steels are high tensile low alloy steels, For further
reference all steels(except for the 6 additional SAE4130 steels) are
called MD series of steels in this research, and each steel has its
series number beginning with MD (see Table 15).

Table 1€ shows the composition and cracking test data for the
six additional SAE4130 steels (MB series). It can be seen that the
variation of composition, especially carbon and phosphorus, in this
series was wider than in the previous SAE4130 experimental steels (Mi
series). Table 17 shows the composition and Huxley cracking test date
for the miscellaneous steels in the MD series, As can be seen from the
Table, in this series of steels the carbon content lied between 0.06
and 0,50%, sulphur content between 0.010 and 0.040%, manganese content
between 0,30 and 1.48%, and other elements had also a considerable
scatter of contents, Except for MD9, which contained 0.052% 05, most
steels had an oxygen content of less than 0.015%, as could be expected,
most high tensile steels being killed steels., A wide range of cracking
behaviour was also observed in this series of steels, for the CSF
values lied between O and 68.

Without a statistical analysis of the results, the effects
of sulphur and phosphorus can be directly seen from the data shown in
Tables 16 and 17, but the effects of other elements as well as the Mn/S
and 0/S ratios can only be revealed by a suitable statistical analysis,

An analysis of the results will be described in the following section.

3.3 Statistical enalysis of the composition and cracking relationship

Details of the statistical methods adopted in the present

investigation are expounded in such standard texts as "Statistics for

Technology" by C Chatfield69). and some important terms are explained
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in the appendix of this thesis.

Altogether 47 steels have been studied in this research. The
test results have already shown many interesting features of the compo-
sition and cracking relationship. In order to have more understanding
of the effect of each single element and their interactions the results
have been systematically analysed by means of a computer statistical
package programme (ICL Statistical Analysis XDS3). Many regression
equations have been obtained consequently.

In order not to draw conclusions from limited observations,
and to take full advantage of the documented cracking test data, an
attempt has been made to collect as much cracking test data as possible.
Altogether 170 Huxley cracking test data are collected, most of them
belonging to the high tensile low alloy steels of interest to the air-
craft construction industry. In addition 131 Focke-Wulf cracking test
data and 49 Trans-Varestraint cracking test results have been collected
for analysis, and this enables the comparison of testing methods and
shows if composition has an overriding effect on solidification cracking.

In the following sections the data sources, statistical
procedures and the analytical results are presented. At the end there
is a brief summary of the findings. The effect of each single element,

and their interactions, will be discussed in the next chapier.,

3,3,1 Data sources

Tour series of steels have been tested in this research as
described before. They are:

1) MA series: This series of steels fall into the speci-
fication of SAE4130 with designed variation of Mn, S, 0, 0/S and Mn/S,

details of composition and cracking test resulis are shown in Table 7.
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2) MB series: This series contains six SAE4130 steels with a
wider variation of C, S and P, and its details are shown in Table 16.

3) MC series: Twelve experimental Fe-lin-S-0 steels with a
vey low carbon content are in this series, whose composition and CSF
values are shown in Table 12, The sulphur contents in this series of
steels are higher than in any other series of steels, the highest
being 0.180%. The oxygen contents are also higher than in other series,
the highest being 0.066%.

4) MD series: This series includes many miscellaneous
commercial steels, in which the carbon level varies from 0,06 to 0,50%
(details in Table 17).

The following series of steels have been investigated by
previous investigators. For the convenience of identification, a series
name and number are given to each steel according to data source. The
first letter in the series name stands for the initial of the author's
name, additional letters follow if the data originated from more than
one author or an author had various sets of data. Except for steels in
the HD series, all are high tensile steels of interest to the aircraft
industry. TUnfortunately the oxygen analysis was not given in many series
of steels. However, by tracing the steelmaking process records in the
original reports or looking at the avazilable oxygen analysis, it can
be assumed that most steels had a very low oxygen content, possibly
only 0,005%.

5) HA series: The experimental data of this series were

170). The

supplied by HV Huxley and gquoted by EJ Morgan-Warren et a
steels included in this series were mainly 3%%Cr-Mo-V and 1%Cr-Mo steels
with & carbon content higher than 0.3%%. Because of their high carbon

content, the oxygen content might be very low, possibly about 0.005%

or even lower, The details of this series are reproduced in Table 18,
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6) HB series: The composition and cracking test data of this
series of steels were reported by HV Huxley21) and reproduced in Table
18 of this thesis, The steels included were high tensile steels with
various combination of alloying elements. While the sulphur contents
were less than 0,010%, the phosphorus contents varied from 0,009 to
0,023%.

7) HC series: The data source of this series of steels is

also derived from HV‘Huxley7)

, and the details are shown in Table 20,
One interesting point of considerable significance in this report is
that both HC8 and HCY9 are 2%Ni-Cr steels with a similar composition,
one air-melted with 0,012% S and 0.016% P, showing a CSF velue of 40,
while the other being vacuum-melted high purity steel with only 0,004%
S and 0.001% P, showing no cracking tendency at all, This implies that
sulphur and phosphorus contents have an overriding effect on solidifi-
cation compared to other alloying elements.

8) HD series: The data is taken from the report on the in-
fluence of composition on weld solidification cracking in carbon manganese

R2) gnd whoun in Dable 21, This series of steel@

steel by HV Huxley
are almost comparable with those Fe-Mn-S5-0 alloys in the MC series,
While the MC series can be considered as pure Fe-Mn-S-0 alloys, the HD
series of steels represent contaminated Fe-Mn-S-0 alloys.

9) C series: This data is taken from CLM Cottrell's reportzT)
on factors affecting the fracture of high tensile steels. Among the
55 steels included for the study were 1%Cr-Mo, 3%Cr-Mo-V, S5%Cr-Mo-V,

3)

29%Ni, 12%Cr and Si-Cu alloy steels. EJ Morgan-Warren”’ have already done
a regression analysis on this series of steels together with the steels
in the HA series. Details of this series are shown in Table 22,

10) MW _series: The data, shown in Table 23, is derived from

EJ Morgan-Warrena’?o). Totalling 17 samples, four types of sieels were
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involved, namely SAE4130, ASTM A387B, EN24 and 3%Cr-Mo-V (RS140). The
oxygen analysis for this series of steel is available.

11) MH series: Shown in Table 24, while the crack data is
derived from HvV Huxley, the oxygen analysis was made available by EJ
Morgan—Warren7O). However, the oxygen content in this series of steels
was not very high (21l less than 0,006%).

All series of steels mentioned above were tested by the Huxley
cracking test under similar test conditions, except that the tested
sheets might have different thickness. It has been found in this re-
search that so long as a 6 mm weld bead with a full penetration is ob-
tained, the crack susceptibility of a steel is identical, disregarding
the change of sheet thickness between 1.6 mm anf 2,5 mm (see Table )
For this reason, the test resulis in various series should be fully
comparable, and the variation of crack value can be thought as the effect
of composition only.

Two series of steels have been assessed by JG Garland and N
Bailey60’66) by using the Trans-Varestraint cracking test, which are:

12) GBA series: This data,shown in Table 25, is quoted from
the report by JG Garland and N B&ileyGO). The compositions were spe-
cially designed by the original authors to suit = 24 factorial analysis,
By using plates containing 0.10 or 0.2%% C with 0,007 or 0.05% each of
S and P, and 0,5 or 1.5% Mn and welding with a 1% Mn steel wire and a
neutral flux giving a bead of 70% dilution, it was possible to study
the crack susceptibility and composition relationship,

13) GBB series: The data, reproduced in Table 26, is from the
report of JG Garland and N Bailey66). The test and the evaluation of
crack susceptibility are the same as in the GBA series, however, more
steels were involved in this series.

14) Focke-Wulf or FW series:This series contains 131 Focke-

Wulf cracking test data collected from German documents1'6’32), Most
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of the steels are aircraft steels . The test procedures have been
described in section 2.5.1. Full details of each steel composition
and cracking test result are not listed in this report, but the stz

tistics of this series are given in Table 27.

3¢3.2 Procedures of statistical analysis

An ICL statistical package programme was used for the statis-
tical analysis of the collected data. BEach set of data was treated
separately, but in the later stage various sets were pooled or a set
of data was divided for analysis according to the alloy composition,

No matter how the data was combined or divided, the following tests
were usually made;

1) Regression analysis-of crack susceptibility with the
variables of C, S and P only, where C, S and P representing the weight
percentage of carbon, sulphur and phosphorus in the steel (parent metal).
Other alloying elements were not considered.

2) hegression analysis of crack susceptibility with all
single term variables: C, S, P, Si, Mn, Ni, Cr, Mo, V, Al, O, attempting
to find a regression equation with variables at a 5% or 10% level of
significance, having the form:

CSF = a, + a1-C + az-s + aB-P + a4°Mn + oo
In case the values of a variable is not known, the inclusion of such
a variable is omitted or a typical value is assigned to the variable,

3) Regression analysis of crack susceptibility based on
single term as well as cross term variables. Cross term variables inclu-
ded were: CS (the product of carbon and sulphur percentage), CP (the
product of carbon and phosphorus percentage), Mn/S and 0/S ratios, etec.

Accompanying the finding of regression coefficients, the sum
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of squared errors, residual, correlation coefficient and t statistics
are simultaneously calculated. These statistical values provide infor-
mation to evaluate the suitability of the eguation.

The higher the correlation coefficient for a regression
equation, the better is the fitness of this equation in relation to
the values observed, With more variables in the regression set, the
correlation coefficient becomes higher. However, it is only meaningful
to include the variables which are really significant. Variables with
a2 high t statistic value are significant, for example, a variable with
a t value of greater than 2 is significant at a 5% level. The selection
of variables to be included in the regression is done by the computer
according to t statistic values; no human calculation is required, thus
the accuracy of the selection is assured.

After finding a regression equation a prediction of the crack
susceptibility based on composition can be made by the computer programme

if it is required,

3¢3.3 Results of statistical experiments

For the Huxley cracking test data, the crack susceptibility
factor (CSF) is treated as a dependent variable of compositional variables.
For the Trans-Varestraint cracking test, the units of crack susceptibi-
lity (UCS) are the dependent variable; for the Focke-Wulf cracking test,
the crack factor (CF) is the dependent variable. Regression analysis
based on variables at various levels of significance have been made in
the statistical experiments, however, it is impossible to include all
the test results in this report. For the sake of clarity and economy
of space, only the regression equations with variables at 10% level

of significance are given here. In order to distinguish various regres-
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sion equations, the predicted value of CSF is represented by P(CSF,SN),
where SN is the series name of the observations.

1) MA series: This series, shown in Table 7, has ten SAE4130
experimental steels with a designed variation of M, S and O contents
and a wide range of Mn/S and 0/S ratios. The effects of oxygen, man-
ganese, 0/S and Mn/S are however not significant at 10% level in this
series, Because the contents of carbon, phosphorus and other alloying
elements were not varied, their effects were not discovered by the
regression analysis, thus the regression egquation contains only one
variazble, sulphur. The eguation is:

P(CSF,MA) = 16818 - 5 (3.2)

With a correlation coefficient of 0.95 and a residual error of 8, more
details have been described in section 3,2.1

2) MB series: This series contains six SAE4130 steels with
a2 wide range of sulphur, phosphorus and carbon contents as can be seen
in Table 16. The regression equation for this series is:

P(CSF,MB) = 1060S + 333P + 18 (3.4)
with a correlation coefficient of 0.95 and a residual error of 4.

3) MC series: The study of this series (Fe-Mn-S-0 alloys)
has been already described in section 3.2.2. Although the variation
of Mn, 0, Mn/S and 0/S is quite substantial, these variables have no
significant effect on cracking. The regression eguation is:

P(CSF,MC) = 431S = 9 (3.3)
with a correlation coefficient of 0,98 and a residual error of 8.

4) MD series: This series includes many miscellaneous steels
as can be seen in Table 17. Though this series has a wide range of
composition, the regression analysis showed that only carbon and
sulphur are the variables at the 10% level of significance. The regres-

sion eguation
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P(CSF,MD) = 114C + 10358 - 23 (3:5)
has a correlation coefficient of 0.83 and a residual error of 15. The
comparison of the observed and predicted values is shown in Fig 18.

5) HA series: As shown in Table 18 this series contains only
two types of steels, 3%Cr-Mo-V and 1%Cr-Mo (SAE4130) steels., The
regression equation for this series is:

P(CSF,HA) = 84C + 404S + 509P - 20 (3.6)

The regression equation has a correlation coefficient of 0.63 only,
much less than the other. This might imply that the 1%Cr-Mo and 3%
Cr-Mo-V steels have less comparable cracking and composition relation-
ships (comparing equation 3,12 and 3.17 for each type of steel).

6) HB series: This series contains a mixture of many types
of steels as can be seen in Table 19, The sulphur contain in this
series of steels is less than 0.010%, probably because of this, sulphur
appears not a significant variable in the regression. A wide range of
carbon content in this series of steels reveals the importance of the
mutual effect of carbon and phosphorus on cracking as can be seen in
the following regression egquation:

P(CSF,HB) = 4Ni - 5Mo = 316CP + 7 (3:7)

The above equation also shows the harmful effect of nickel and the
beneficial effect of molybdenum on solidification cracking. Surpri-
singly this regression equation has a very high correlation coeffi-
cient of 0,96 and a very small residual error of 4.

7) HC series: With a similar carbon content but various
phosphorus contents, the steels in this series are very susceptible
to cracking, except for HC9, which is a vacuum-melied high purity
steel(Table 20). COracking appears to be influenced by the phosphorus
content only as can be seen in the following equation:

P(CSF,HC) = 1919P - 3 (3.8)
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with a correlation coefficient of 0.89 and a residual error of 10.

8) HD series: This series contains 22 experimental steels
with data shown in Table 21. The steels are carbon manganese steels,
in which the manganese and sulphur contents were deliberately wvaried,
However, the regression did not show that sulphur, manganese and Mn/S
are significant at the 10% level. The eguation

P(CSF,HD) = 6749CP - 16 (3.9)
with a poor correlation coefficient of 0.65 and a large residual error 18
implies that factors other rhan CP have effects on CSF value, but do
not behave linearly in such kind of steels.

9) C series: This series contains a wide variety of composi-
tion and cracking behaviour as can be seen in Table 22. The best
regression equation with variables at the 10% level of significance is:

P(CSF,C) = =18C + 1001P + 4Si + 29Mn + 6Ni - 7Mo +

+ 47160S - 1462 MnxS - 10 (3.10)
with a correlation coefficient of 0.91 and a2 residual error of 5. Be-
cause of the wide scatter of alloy contents in this series of sieels,
many variables are revealed as being enfluential on the cracking ten-
dency; however, the occurrence of MnuxS as a variable at the 10% level
of significance might be explained due to some chance effect of the
regression.

10) MW series: Shown in Table 23, this series contains four
types of steels., The oxygen analysis is available in this series of
steels, however, the oxygen content varied only between 0,003 and 0.015%.
The regression equation is:

P(CSF,MW) = 6Ni - 2078(0) - 30(0/S) + 55 (3.11)
with a correlation coefficient of 0.96 and a residual error of 5. The
apparent large negative coefficients of oxygen and 0/S are in fact

balanced with a large intercept of 55.
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11) MA and MB series: This set combines the MA and MB series,

both are SAE4130 steels. The regrescion equation for this combined set
of data is:

P(CSF,MA+MB) = 1587S + 657P - 5 (5.12)
with a correlation coefficient of 0.94 and a residuzl error of 8. Figs
10 to 21 show that carbon, manganese and oxygen contents have no effect
on the CSF value in this combined series with only one type of steel
involved. Fig 22 and 23 show the effects of sulphur and phosphorus
contents on CSF values respectively. Fig 24 shows the observed values
against estimated values by using the above equation.

12) MA+MB+MD series: This set contains a variety of high ten-

sile steels with a known oxygen analysis, which were experimentally
investigated in the present research, The regression eguation is:

P(CSP,MA+MB+MD) = 121C + 1320S + 373P - 36 (3.13)
with a correlation coefficient of 0,86 and a residual error of 13. The
effects of oxygen, Mn/S and 0/S were not significant at the 10% level
despite the inclusion of oxygen analysis for regression,

13) MA+MB+MC+MD series: This set combines all steels which

have been investigated in this research., All the 47 steels in this set

have a known oxygen analysis and the regression equation for this set is:
P(CSF,MA+MB4MC+MD) = 278S + 3602CS + 2077CP - 5  (3.14)

with a correlation coefficient of 0,88 and a residual error of 13, A

summary of this set of datza is given in Table 28 for reference,

14) Mw+MH series: This set combines the steels of the MW and

MH series. The same set has been analysed by EJ Morgan—Warrena). The
results of the regression in the present research are siightly different
from those quoted by him (see equation 2,14). The present regression
equation for this set is:

P(CSF,MH+MW) = 40C + 8335 + 260P - 10Mo - 3266(0) + 21 (3.15)
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with a correlation coefficient of 0,92 and a residual error of 5. This
is the only equation to show that oxygen has a powerful effect on
cracking.

15) MC+HD series: This set combines 12 Fe-Mn-S=0 alloys in

the MC series and 22 carbon manganese steels in the HD series and has
& regression equation as follows:

P(CSF,MC+ED) = 157C + 453S = 20 (3.16)
with a correlation coefficient of 0.79 and a residual error of 17.

16) 3%Cr-Mo-V series: This set contains 44 steels with a

composition close to the 3%Cr-Mo-V steel (RS140) and its statistical
date is shown in Table 29, The regression equation for this type of
steel is:

P(CSF, 3%Cr-Mo=V) = 1755 + 523P + 29Si + 17Ni = 17Mo + 22

(3.17)

with a correlation coefficient of 0.87 and a residual error of 4. It
is interesting to see that Si, Ni, and Mo appear to have some effects
on cracking.

17) All Huxley cracking test series (H217 series): This

set includes all known Huxley cracking test data from the literature
and the present investigation, totalling 217 observations. A statistical
summary of this set of data is shown in Table %0, and the regression
equation is:

P(CSF,H217) = 272S - 620P + 5Si + 2Ni + 1.3Cr - 9Mo +

+ 2037CS + 3735CP + 5 (3.18)

with a correlation coefficient of 0,76 and a residual error of 12. This
shows that when the number of steel types increases or when the compo-
sition range widens, the correlation between CSF and composition becomes
poorer, and the prediction of crack susceptibility by means of regres-

sion becomes more difficult.
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18) GBA series: The Trans-Varestraint cracking test data
and composition of this set are shown in Table 25 and the regression
of UCS (units of crack susceptibility) yields following equation:

P(UCS,GBA) = 224C + 418S - 19Mn + 4 (3.19)
with a correlation coefficient of 0,82 and a residual error of 5. This
is quite different from the one given by the original work and quoted
in equatiocn 2.15, as a result of not including the less significant
cross term variables,

19) GBB series: This series contains 32 carbon manganese
steels tested by the Trans-varestraint method; the detzails of which are
shown in Table 26. The regression equation is:

P(UCS,GBB) = 130C + 142S - 9341 - 1 (3.20)
with a correlation coefficient of 0.92 and a residual error of 5.

20) FW_series: This series contains 131 Focke-Wulf cracking
test data, a summary of which is given in Table 27. The regression
equation for this set of data is:

P(CF,FW) = 6777CS + 1215CP - 8Cr - 12838 - 4 (3.21)
where the dependent variable CF is the crack factor (Rissfaktor) or the
percentage of crack area in the Focke-Wulf cracking test. The regres-
sion has a poor correlation coefficient of 0,62 and a residual error
of 16, This shows that the Focke-Wulf cracking test reflects poorer
cracking and composition relationship than the Huxley cracking test.

21) Mixed series: This set combines 131 Focke-Wulf cracking

test data and 141 Huxley cracking test data, assuming that CSF and CF
are comparable and identical., With the means and ranges of observations
shown in Table 31, the regression of the dependent variable(CSF or CF)
Yields the equation:

P(CSF,CF) = 245C + 17Si + B53P + 917S + 5Cr = 56  (3.22)

With a very poor correlation coefficient of 0.53 and a very large
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residual error of 18. The results imply that the Huxley cracking test
is not comparable with the Focke-wulf cracking test, and the scale
and the sensitivity of the both tests are quite different,

In addition to the above regression analyses, the correlation
between the CSF value and single terms variables -as well as the derived
crack indicators as described in section 2.6.2 was studied and the
results are shown in Table 32. Among all the variables, C(S+0.5P)
has the best correlation with CSF value, based on 203 observations

of the Huxley cracking test.

3.3.4 Summary of the analytical results

Numerous regression equations of crack susceptibility based
on composition have been obtained for various sets of data, These
included not only the Huxley cracking test data, but also the Focke~
Wulf and Trans-varestraint cracking test data. Twenty two equations
with variables at the 10% level of significance are shown in this
report. It was possible to summarize as follows the results of the
extensive statistical experiments:

1) The regression equations for various sets of data are not
always in harmony. The compositional variables join or leave the regres-
sion equation depending not only on their effects on crack susceptibi-
lity, but also on the combination of samples.

2) Crack promoting elements recognized by most of the regres-
sion eguations are: C, S, P; in some cases also Si and Ni. S and P are
the most distinct ones,

3) Molybdenum appears often as 2 beneficial element, for its
presence in steel is associated with a reduction of cracking tendency.

4) The effect of oxygen content appears to be significant in
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regression of the MW and MW+MH series (see equations 3,11 and 3,15).
In other sets of regression with a known oxygen analysis, the effect
of oxygen appears to be not significant at the 10% level of significance.

5) Cross term variables CP and CS appear on many occasions
as very significant variables, especially when the steels with 2 wide
range of sulphur and carbon contents are included for the regression
analysis. Mn/S and 0/S do not appear as significant variables (except
for the MW series).

6) Al and Mn have a significant effect on cracking in the
Trans-varestraint test series (GBA and GBB) for the submerged arc
welding of carbon manganese steels. Their effect is not significant
in the series of TIG arc welding under investigation,

7) With the number of samples increased or the range of com-
position widens, the correlation between crack susceptibility and com-
position tends to become poorer by using a linear regression model, This
may imply that the effect of each alloying element is not linear and
additive,

8) Prediction of crack susceptibility with composition by
using a linear regression model can be carried out with fair accuracy
only for limited typés of steels or for steels with a small range of
composition,

9) The correlation between the observed CSF value and s ingle
term variables as well as crack predictors is shown in Table 32, The
expression of C(S+0,5P) has the best correlation with CSF value, based

on 203 Huxley cracking test data.
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3,4 The effect of oxygen in weld metal

In the statistical analysis the regression of CSF was based
on the parent metal composition, and the parent metal composition was
assumed to be the same as the weld metal composition. This assumption
might be true for the zlloying elememts, but might not be true for the
oxygen and carbon conten{s, because oxygen pick-up could occur during
welding in the open air without backing gas. As & consequence of oxy-
gen pick-up, weld metal decarburization could also be expected. The
oxygen pick-up might vary from steel to steel, and the degree of oxygen
pick-up might have the effect on weld metal crack susceptibility. For
this reason the oxygen contents in the weld and parent metal were ana-
lysed and compared., Furthermore, two exireme approaches in addition
to the normal Huxley cracking test were applied in order to investigate
if oxygen has a real effect on cracking. One approach was to carry out
cracking tests in an argon-atmospheric closed box to limit the oxygen
source, and the other one was to carry out cracking tests with a 2%
oxygen-argon shielding gas. By comparing the differences of oxygen

absorption to the differences of weld crack susceptibility, the effect

of oxygen on cracking could be seen if any.

3,4.1 Open air welding

The so-called "open air " welding in this research is the
normel TIG arc welding carried out in the aimosphere, in which the top
side of the weld pool is protected by the shielding gas, but the bottom
side of the weld is not protected by a backing gas or any other means.
The tests involved in the open air welding were the Huxley cracking test

and a simple bead on plate welding test, the latter is carried out for
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the comparison of the weld metal oxygen analysis, because some part of
the weld bead in the unslotted sheet would be free from cracking , thus
more suitable for the oxygen analysis.

The Huxley cracking test and results have been already
reported in sections 3,2.1, 3.2.2 and 3,2,3. The weld metal oxygen

analysis will be given in section 3.4.4.

3.4.2 Closed box welding

Two techniques have been employed and both have been used
with apprecizble success, In the first series of experiments a well
sealed box of about 1m x 1m x 0,5m was purged with argon gas for 16 hours
at 8 1/min. The Huxley cracking test wes then carried out inside the
box using a stationary torch and a traction device to move the test
piece, The welding conditions were the standardized values as descri-
bed in section 3.1. With a view to show the degree of oxidation and
decarburization on the one hand, and to see the variation of cracking
behaviour on the other, materials used for tests included both crack
susceptible and crack resistant steels, with a wide range of carbon
and oxygen contents, These included 10 SAE4130 experimental steels
(MA series), 12 Fe-Mn-S-0 alloys (MC series), 4 ASTM A387B steels etc,
The cracking test results of these steels 1in the closed box condi-
tion as well as in the open air conditions are shown in Table 33, It
can be seen that the.two sets of CSF values are almost identical. The
weld appearance in the closed box welding was, however, greatly im-
proved and the crack arez correspondingly less oxidizea.

Ther e was some trouble in the operation of the first series
of experiments, because the efficiency of the purge and the degree of

oxygen contamination inside the box were not uniform and were unknown,
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Therefore, an aliernative method was developed, in which an industrial
vacuum chamber with a volume of about 2000 litres was evacuated to

about 5 x 10_3 torr and then filled with pure argon to about 1 atmos-
phere for welding. The whole set-up of the stationary torch and the
traction device for the specimen was put inside the chamber for the
welding test. The welding conditions applied in this series of experi-
ments were also the same as mentioned before. More steels have been
tested with this technique and the crack susceptibility factors obtained
in this way are shown in Table 34 together with those welded in open
2ir. The second technigue did not modify the crack susceptibility, but

the weld appearance was betier than from the first technigue.

3.4.3 Oxygen-argon shielding gas welding

v

The Huxley cracking tests with oxygen-argon shielding gas
were carried out. The mixtures of argon and 2% or 5% oxXygen were
supplied by the gas producer in cylinders, therefore no laboratory gas
mixing was required. The introduction of oxygen in the argon shielding
gas changed the arc characteristics, therefore the welding curreni and
voltage were altered so that a full penetration of weld bead with about
6 mm bead width could be obtained. The required arc current and voltage
for the welding with 2% oxygen-argon shielding gas were 85A and 12V
respectively (otherwise 954 and 11V).

In the welding test with 5% oxygen in the argon shielding
gas, the arc stability and the smoothness of the welding run were so
difficult to control that the results could not be properly evaluated,
Therefore,most experiments were concentrated on the tests with an
argon + 2% O2 mixture. The cracking test data with the pure argon,

and with the argon + 2% 0, mixture, are shown in parallel in Table 35,
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The CSF values were generally less in the case of the oxygen-argon
shielding gas welding than in the case of the pure argon welding
experiments. However, the weld metal oxygen content was much higher
in the case of the former than in the case of the latter, as can be

seen in Table 36,

3e4¢4 Analysis of weld metal

Samples of parent and weld metals were taken for the analysis
of oxygen conient by the vacuum fusion method using the Balzer Exhalo-
graph apparatus. A sample of about 1 g is introduced to the graphite
crucible by a special loading device. Within a very short time (less
than one minute) the sample is fused and the oxide in the melt is re-
duced by the graphite of the crucible, The oxygen content is then de-
termined by measuring the carbon mono-oxide developed by infrared ab-
sorption, This method is standardized and an analysis can be made in
a few minutes,

The problem with the oxygen analysis of parent and weld metzls
was the technique of sampling. If the oxidized scale of the parent
plate is removed by filing and rinsing with acetone, the oxygen content
in the parent metal can be successfully determined. However, the weld
metal requires a very careful preparation before the actual analysis
can be made because of the oxidized surface and crack area,

In this series of experiments, the Huxley cracking test weld
of each steel was cut through the centreline and the oxide in the crack
area removed. Both sides of the weld metal surfaces were also cleaned
by filing. Finally, care was taken to remove any parent metal from
the weld metzl. The resulting sample of the weld metal for the oxygen

analysis was therefore small, so that sometimes two or three pieces of
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weld metal were used for one analysis. For the analysis of oxygen
at least four replicate tests were required in order to have a good
estimate of the real oxygen content.

Table 36 shows the results of the oxygen analysis for the
parent and weld metals tested by the open air, and by the close box
welding. Table 37 shows the oxygen analysis for the weld metal welded
with argon + 2% 02 gas mixture. All figures given are the mean values
of more than four tests,

In order to examine the extent of decarburization due to
welding, the weld metél carbon content of the 10 SAE4130 steels in the
MA series and 2 steels in the MD series (HY80, EN353) were analysed by
means of a conventional laboratory procedure, in which samples were
taken from the weld of the Huxley cracking test specimen without in-
cluding crack area and oxidized surfaces. The parent metal carbon con-
tents were also determined in the same menner for a comparison., The
results are shown in Table 38, It can be seen that only slight decar-
burization can be traced during the normal TIG arc welding. However,
as a result of the welding with an argon-oxygen mixture, the decrease

of carbon content in the weld metal was very obvious.

3.5 Metallographic study of weld metzls

Weld metal can be studied both by the optical and scanning
electron microscope. A polished, but unetched specimen can give a
general impression of the inclusion type and distribution under the
optical microscope, A polished specimen etched with z suitable solu-
tion can reveal the microstructure of the solidified weld metzal, How-
ever, the most powerful instrument for this subject might be the scan-

ning electron microscope, although in that case a clean solidification
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crack surface is required. Many crack surfaces were obtained by the
closed box welding, which were good enough for the SEM investigation
of the crack morphology. The following sections will show the inves—
tigational procedures and the results, A discussion of the results is

reserved for the next chapter.

3+5.1 Solidification microstructure of the weld metal

Some well polished but unetched specimens have been examined
under the optical microscope. Randomly distributed fine inclusions .
could be seen by using a2 200 or 500-fold magnification. The inclusion
number per unit area has been counted for the SAE4130 experimental steels
in the MA series, and the results are given in Table 39. The inclusion
number has nc direct association with the crack susceptibility factor,
but appears to be related to the sum of sulphur and oxygen contents in
the parent metal.

Liguated sulphide films were rarely seen in the SAE4130 ex-
perimental steels, even in the case of the specimen with more than 0,03%
S, such as MA3, MA4, MA7 and MAB, If the sulphide films of the SAE4130
steels were to be seen, they were very thin and not very long, more
often in the form of a chain.

For the Fe-Mn-S-0 alloys in the MC series, the polished and
unetched specimen showed many liguated films of sulphide. The presence
of about 0.060% of oxygen did not prevent the formation of liguated
films in this research,

Weld metal etched with picric acid or 2% nital showed the
general features of the transformed microstructure of bainite and
martensite, but the solidification structure of the weld metal could

not be revealed, A saturated solution of picric acid with sodium tri-

decylbenzene sulphonate as a wetting agent has been successfully applied
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to reveal the primary solidification structure of high tensile steels.
Figs 25 to 28 show typical micrograph of the weld metal solidification
structure, For the SAE4130 steels, the primary and secondary dendrite
arm-spacing have been estimated from the micrograph, being about 50 4 m
for the former and about 20 Mm for the latter. Because the basic com-
position of the weld and heat input were similar for all SAR4130 weld
specimens in the MA series, the primery, and the secondary arm-spacing
for them were also identical. According to K Schwerdtfeger71)the

local solidification time in seconds could be calculated from the pri-
mary dendrite arm-spacing L inMm by using the following equation:

L= 29,5 %% (3.23)
Theréfore for L = 50um, the corresponding local solidification time t
would be 3.9 seconds. This would mean that for a welding speed of 2 mm/S
in the Huxley cracking test, about 8 mm behind the weld pool is in the
process of solidification, or in other words, about 8 mm behind the
weld pool is the "crack susceptible length",

Columnar grain growth was generally seen in the weld metal
specimens under investigation; a columnar to equiaxed transition in the
weld metal was rarely found in the high tensile low alloy steel speci-
mens welded under the Huxley cracking test conditions.Near the weld
centre the dendritic columns may grow in parallel with the welding di-
rection, as can be seen in Fig 28. This phenomenon is, however, not

directly associated with a higher or lower crack susceptibility.

3e5.2 Solidification crack morphology

The scanning electron microscope has been widely applied for
the study of the weld metal solidification, crack surfaces, mechanical

fracture of fhe crack extension, and the surface phenomena of the crack
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surfaces, in order to trzce how solidification cracks occur and factors
affect their formation. In the majority of the tests the crack surfaces
were sc oxidized that many of their features were obscured. An attempt
has been made to overcome this problem in the present work by preparing
the specimens under closed box argon atmospheric conditions and exami-
ning them as soon as possible after the welding operation.

All the test specimens were taken from the Huxley cracking
test pieces. The SAE4130 steels were more extensively studied than
the others,

A stereomicrograph of a typical weld surface is shown in
Fig 29, where it can be seen that it has markings which follow the growth
directions of the weld metal crystallites. A close-up view (Fig 30)
reveals that the growth markings consists of continuous ridges, and
the ridges are more or less faceted. Fig 31 is the stereomicrograph
of the weld metal surface of MA3 (SAE4130, 0.042% S, CSF = 62), slightly
etched, which shows not only the characteristic growth markings but also
the relief of the instantaneous shape of the weld pool, or solid-liquid
isotherms. The crack is located along the centreline where the grains
meet together. By a careful examination of Fig 31 it can be seen that
the grains near the centreline show a random orientation. The fine
crack in the lower part of the micrograph would have been very diffi-
cult to detect if the original specimen had been examined by the naked
eye alone,

Gas pores were found on many surfaces where C x 0 value
exceeds 0,004, the condition for the CO gas formation. Fig 32 shows
the interior of a gas pore with a leading channel or pipe (specimen of
MB4 with a weld metal oxygen content of 0,023% and C x 0 = 0,008). The
Co gas which was evolved through the pipe to form the bubble. The

bubbles could be as small as 100 Mm in diameter or as large as the
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thickness of the sheet to be welded., As seen in Pig 32 the pore
interior surface looks rather like the weld metal surface but with
radial markings,

The extended fracture surfaces of solidification cracks
caused by mechanical rupturing at room temperature were bright and
therefore they could be clearly observed with the SEM. Basically
there are two types of mechanical fracture surfaces, one with an
obvious honeycomb-like structure as shown in Fig 33, and the other with
a smoother appearance in general as shown in Fig 34. The more the
sulphur content in steel, the more distinct is the honeycomb-like
structure, and this structure is thought to be the fractured FeS-MnS-Fe
eutectic,

The weld surface and the crack interior of the open air TIC
welded specimens have been always oxidized. The crack surface was seen
to have an oxidation skin which obscured the original solidification
structure, though the dendritic columnar pattern of solidification may
still be recognized. Figs 35 to 37 are typical examples of such oxidized
crack surfaces. Because of the secondary oxide skin on the original
crack surface, the actual crack morphology and inclusions on the crack
surface could not be evaluated, For this reason fresh solidification
crack surfaces were obtained from the test pieces prepared in the
closed box argon atmospheric TIG arc welding experiment as described
in éection 30442, Many typical features were found on the crack surfaces:

1) Dendritic colums: such dendritic colums can be seen in

Fig 38 and such a colummar structure is the most typical feature of the
crack surface,

2) Round dendritic tips: This could be seen locally in the

high tensile steel weld crack specimens, and quite often seen in the
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low carbon Fe-Mn-S-0 alloy specimens. Such round dendritic tips were
also found in the pore interior surface., Fig 39 shows an example of
this structure.

3) Distorted or ill-defined dendrites: This type of crack

surfaces has been quite frequenily observed. Examples are shown in
Figs 40 and 41, also shown in some area of Fig 38, The ill-defined
dendritic structure seems to have been distorted by thermal stresses,
or seems to have been covered by a flooding liquid phase after cracking
(see Fig 41).

4) Crack surface with globules: As shown in Figs 42 and 43,
the globules may have a sunk cavity or a projection of a non-metallic
phase protruding out from the centre of the globule (clearly shown in
Fig 44). The straight projection implies that it was formed after
cracking, otherwise it would have been bent. The sunk cavity can be
interpreted as the shrinkaage of the liquid phase in the open, namely
after cracking, without a resupply of the liquid to fill the cavity.,

5) Dendrites with extended tips: This type of structure can

be seen occasionally on some part of the crack surfaces. These extended
tips were more often found in the low carbon steels than in the high
tensile steels. As shown in Figs 45 and 46, the extended parts seem to
have been liguid or glutinous while they were stressed.

6) Broken dendritic colums: It is possible for dendritic

colums to breazk off in a brittle manner without a significant deforma-
tion. The dendritic colums may be broken individually as shown in

Fig 47, or as a group as shown in Fig 48. This brittle fracture on
the crack surface is a proof of sub-solidus cracking.

7) Crack surface with liquated inclusions: Figs 49 and 50

show the presence of liguated inclusions on the crack surface. Liquated

inclusions as shown in fig 49 could be found on the crzck surfaces of
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MA3 and 1144, whose weld metal contains 0,04% sulphur., Fig 50 shows the
extreme case in the high sulphur steel of MC8 (containing 0,16% S and *
0.06% 0). This kind of crack surface is associated with a very high
crack susceptibility (more than 40 CSF value),

8) Crack surface with an apparent liguated iron phase: Some

parts of the weld in Figs 51 and 52 seem to be in a liquid or musty
state while cracking is taking place. This could be found occasionally
on a small scale in the high tensile steels., Figs 51 and 52 are the
stereomicrograph of the crack surface of MB6 (SAE4130, 0.,40% C, 0,012%
S, CSF = 31). The presence of the liquid iron phase during cracking
seems to have a connection with a wider solidification range of weld.

9) Crack surface with ridges: As shown in Fig 53 and 54, the

ridges on crack surfaces seem to be original, not caused by the exposure.
to the atmosphere after welding, and they seem to match the groove of
the opposite side of the crack surface. An occurrence of such a crack
surface is associated with a very low crack susceptibility weld. The
micrographs in Figs 53 and 54 are from the SAE4130 steel specimen MA2
with a CSF value of 12.

10) Crack surface with striation: As shown in Fig 55a, this

type of crack surface is very clean with very few inclusions on it.

The striation on the crack surface implies that there might be only

a very small amount of film in the grain boundaries. A crack surface
having such an appearance is always associated with a less crack-sensi-
tive weld., Fig 55a shows the crack surface for MA5 weld (SAE4130, 0.007%
S, 0.006% P, CSF = 1).

11) Preely solidified iron ball: As shown in 55b, the soli-

dified ball seem to grow from a liguid drop which fell onto the crack
ssurface, and during its suspension in the air, it solidified to a

nearly perfect ball. Such ball was rarely found.
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In 2 single piece of a crack surface it is quite often the
case that more than one of the above mentioned phenomena can be observed.
The general tendency is that the cleaner the crack surface appearance
(the clearer the striation ),and the fewer the liquated inclusions,

the less crack susceptible is the weld.

3.5.3% Microsegregation and inclusion identification

Inclusions and matrices on the crack surfaces were studied
by means of the KEVEX X-ray energy specirometer together with the SEM.
The purpose of this study was to see the extent of micro-segregatiion
and to identify the inclusion types, so as to find some clues for the
composition and cracking relationship., Whenever an inclusion of appre-
ciable size (larger than 304m) or a cluster of inclusionms, or a
liguated film was found on the crack surface by the SEM, an attempt
was made to identify it. For each crack surface under investigation,
the degree of microsegregation was checked. Consequently more ithan
200 KEVEX charts were obtained. Thirty typical charts resulting from
this survey are reproduced in Figs 56 to 85. Figs 56 to 67 are the KEVEX
charts of the inclusions believed to be oxide inclusions because they
showed either only a minor amount of sulphur or none. These inclusions
have a relatively large size, being about 50 um or even larger, and
their shapes are not well defined, apparently resulting from particle
coalescing and sintering in the liquid weld. As the charts show, these
inclusions may also have sulphur dissolved in them, It has been found
that the presence of such oxide inclusions has no direct association
with weld crack susceptibility.

Figs 68 to 73 are the KEVEX charts of inclusions believed

to be sulphide or oxysulphide. They were taken from the liquated films

or globular particles on the crack surfaces. Due to the iron mairix,
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it was not possible to establish if they were manganese sulphide or
iron sulphide. However, it is certain that the sulphur pezk in a
chart is accompanied by the peaks of iron, manganese and chromium.
These inclusions were found in the specimens with a2 sulphur content

of more than 0.030% in the parent metal, and such steel weld is always
susceptible to cracking.

Figs T4 to 81 are the KEVEX charts of more complicated
inclusions., Inclusions revealed by such charts are randomly located
and their shapes are not in z crystal form., Such inclusions seem to be
2 complex of sulphide and oxide. The presence of such inclusions
would be harmful to the mechanical properties, but have no direct in-
fluence on weld crack susceptibility.

Inclusions containing phosphorus were only detected by the
KEVEX on the crack surface of MD16 (Hypress 23, 0,058% P, CST = 21),
the specimen with the highest phosphorus content in this research.

The KEVEX chart in Fig 82 shows the presence of phosphorus on the
matrix of the crack surface in the case of the specimen with a phospho-
Tus content of more than 0.035% (such as in MD16 and MD 19), Fig 83
shows the KEVEX chart of an inclusion contazining phosphorus in the
specimen of MD16 (Hypress 23, 0,058% P).

Fig 84 shows the KEVEX chart of the iron matrix of the crack
surface with almost no sulphur content and FPig 85 shows that with an
appreciable sulphur content. The latter is associated with the weld

with 2 high crack susceptibility (CSF > 20).

3,6 Miscellaneous experiments

In order to understand the initiation and propagation of

solidification crack, the welding arc and the weld pool were occasionally



-76_

observed through a less tinted shield during the Huxley cracking test.
It has been observed that: 1) The weld pool is tear-shaped rather then
elliptical, having an estimated length of about 9 to 12 mm; 2) A crack
initiates behind the weld pool and gradually lags behind the weld pool
until it stops.

In the evaluation of crack length for the Huxley cracking
test results, normally only continuous centreline cracks were observed,
in some cases, minor cracks may follow the continuous crack as shown
in Fig 31. It has been possible to produce z continuous crack through
a piece of steel sheet (38mm x 305mm x 2mm, without slot pairs), such
a continuous crack has been observed in the specimens of MD7 (EN24),
MB3, ¥B4 and MB5 (SAE4130), etc, whose crack susceptibility being very
high (CSF value about 60). A crack through the whole segment between
two pairs of slots in the Huxley specimen was found occasionally in the
specimen of MC8 which contains 0,160, S and 0,064% 0 and has an average

CSF value of 70, the highest value obtained among all steels investigated,
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4. DISCUSSIGN

The investigational work of this research included weld
cracking experimenis and statistical analyses. The experimental parts
included the Huxley cracking tests in the open air, in the closed box ,
and in the 0peﬁ alr with an oxygen-argon shielding gas, and the successive
evaluation of crack suceptibility, oxygen analysis and microscopic
studies of weld metzls and inclusions, This investigation yielded =z
great deal of information on solidification cracking in the TIG arc
welding of steels and showed the effects of composition on weld cracking,

The statistical survey in this research was very extensive,
it included the regression analysis of crack susceptibility based on
composition for the present and previous observations obtzined by the
Huxley cracking tests. In addition it also included for comparison the
regression analysis for the 131 Focke-Wulf cracking test observations
and 49 Trans-Varestraint test data for the submerged arc welding.

In this chapter the results are discussed with a particular
reference to the effects of carbon, sulphur and oxygen on crack suscep=-
tibility. The value of regression analysis and the validity of its
application are re-examined in a more stringent way on the basis of the
available data,

Finally the crack morphology seen in this investigation is
compared with the existing theories on solidification cracking and

comments are given to these theories.

4.1 Cracking and composition relationships based on linear regression

The aim of the regression of crack susceptibility based on

composition is to trace the effect of each single alloying elements on



weld crack susceptibility in an unknown steel using the available
data of composition, Comparing the regression experiments for the
MA, MB and MC series, it was realized at once that the linear effects
of carbon, sulphur and phosphorus csnnot be assumed, The change of
the sulphur coefficient from 1681 in equation 3.2 for the MA series(SAE4130)
to 431 in equation 3.3 for the MC series (Fe-Mn-S-0) indicates that the
effect of sulphur is dependent on the carbon and other alloying factors.
For this reason, CS and CP (the product of carbon and sulphur, and the
product of carbon and phosphorus) were included as variables in the
regression. study for the mixed series of MA, MB, MC and MD, the vari-
ables of CS and CP were readily detected as variables at the 5. or 10%-
.significance level, However, the correlation of the regression was not
much improved by the introduction of CS and CP variables in the regres-
sion set.

Mn, 0 were considered in the regression analyses for the
MA, MB and MD series (all being high tensile steels investigated in the
present research), but Mn and O did not appear in the regression equa-
tion for lack of significance. Mn/S and 0/S ratios could not be included
for the same reason, Regression equations for the MW and MH series (data
from Morgan-Warren and Huxley) have 0 and 0/S as significant variables
(see equation 3,11 and 3.15), and surprisingly have a very high cor-
relation coefficient (r = 0.96 and 0.92 respectively), which contradict
the findings in the MA, MB, MC and MD series. To ascertain if the oxygen
and 0/S ratio has a real effect on crack susceptibility, z closed box
welding and weld metal analysis were carried out. The resulis showed
oxygen has no real effect on crack susceptibility in the steels under
investigation, as will be discussed in the following section. The
inclusion of the variables 0 and 0/S in equation 3.11 and 3.15 should

be considered as rare cases of statistical coincidence rather than
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the true effects of oxygen and 0/S ratio.

The effects of alloying factors S8i, Mn, Cr, Ni, Mo etc could
only be detected by the series with a wide variation of such zlloying
factors. It is impractical 1o design and use samples in a planned
series with each factor at both high and low levels (full 2" factorial
design), for too many samples are involved, If 10 factors are considered
and each factor has & high and low level, then 210 or 1024 samples
would be reguired. If an intermidiate level were introduced in addition,
310 or 59040 samples would be required for a full scale factorial ex—
periment. Because such extensive factorial experiment is not likely
to be carried out, published datz relating to composition and cracking
(which have a random rather than an intended variation of composition)
are taken up for regression analyses with a view to seeing if this
can also shed some light on the understanding of cracking and compo=-
sition relationship.

According to the regression of CSF value for many seis of
data, the effect of Mn is very close to zero., Ni, Ni and Cr slightly
increase CSF value, while Mo reduces it. On the whole, their effects
are not very large compared with that of C, S and P. It is therefore
suggested that the sulphur and phosphorus contents should be controlled
rather than alloying elements in the production of crack resistant
steels,

Reviewing all the regression equation, one hesitates to use
a regression equation for the prediction of crack susceptibility, not
only because of their variety, but also the error of prediction en-
countered. If the equation based on the largest number of observations
(equation 3.18) is used for the prediction of the crack susceptibility
factor, one must bear in mind that the predicted value of CSF is only

a rough estimate, for the true value can be any velue within the inter-
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vel of + 24 of its estimete (95% confidence limits).

For the following reasons it is believed that a versatile
equation for the prediction of the CSF value in steels with a wide
range of composition cannot be obtained:

1) The relationship between CSF and each alloying content

may not be linear.

2) The effect of each alloying element may reach a saturated
velue or its effect may be only distinct zbove a certain
level,

3) The alloying elements may interact with each other, in other
words, the effect of an element depends on the presence of
other elements.

4) Types of steels may affect the cracking and composition
relationship.

However, for a particular group of steels, with a narrow
range of composition, the non-linearity of the alloying variables can
be treated as approximately linear and the interzction of them can be
neglected, thus a fairly good regression equation may be found and
applied for the prediction of crack susceptibility. Two examples of
regression equations for a particular group of steels are:

1) For SAE4130(1%Cr-Mo) steels

P(CSF, 1%Cr-Mo) = 1587S + 657P = 5 (3.12)
(with r = 0.94)

2) For 3¥Cr-Mo-V steels

P(CSF, 39%Cr-Mo-V) = 1755 + 523P + 29Si + 178i = 17Mo + 22
(with r = 0.87) (3.17)
More work on the regression of crack susceptibility based on composition
should be encouraged, especially with controclled levels of variables,

because then the effect of the variables can be more firmly and easily

assured. 4 descriptive model of the cracking and composition relation -
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ship for the prediction of solidification cracking can be constructed
on the basis of regression analyses as well as on other information
which is available in the literature. For the construction of z tentative
model of cracking and composition relationship, following facts have
been considered:
1) Most steels showing a CSF value of less than 20 is weldable
and free from cracks in real production weldingT).
2) Low carbon steels (such as that in the MC series) tolerate
more sulphur and phosphorus content without showing cracks.
3) The expression of C(S+0.5P) has the highest correlation
with CSF value (see 1able 32), and is relatively simple.
4) The effect of sulphur on cracking is about twice as much
as the effect of phosphorus.
5) Alloying elements such as Ni, Cr, Mn, Si, Mo have only a
negligible effect on cracking.
6) The level of carbon in steel is an important factor for
the sulphur and phosphorus-induced cracking.
As a consequence of these considerations and using the available regres-
sion data and cracking results, the model of cracking and composition
is proposed as follows:

1) For carbon or alloy steels with a carbon content of more than 0,40%

Crack susceptible if (S+P)> 0.010%;
Crack susceptible or resistant if (S+P) between 0,005 and
0.010%, depending on alloying contents;
Crack resistant if (S+P)< 0.00%%.

2) For carbon or alloy steels with a carbon content of between 0.20 and

0. 405
Crack susceptible if C(S+0.5P)> 0.0050;

Crack susceptible or resistant if C(S+0,5P) between 0.0033

and 0.0050 , depending on alloying contentis;
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Crack resistant if C(S+0.5P)< 0,0033,

3) For carbon and alloy steels with a carbon content of less than 0,20

Crack resistant if C(S+0,5P)< 0,0033;

Crack susceptible if S >0,160%,

Crack resistant or susceptible if S<0,160¢%, depending on

alloying factors including Mn/S ané 0/S ratios.

Referrring to the data collected as well as the present data,
it can be seen that this model is & good quide for the prediction of
weld crack susceptibility, Figs 86 and 87 show the curves of C(S+0.5P)
= 0,0033 and C(S+0.5P) = 0.0050, and the influence of (S+0.5P) and C
on the crack susceptibility of steel welds. Steels with a C(S+0.5P)
value of less than 0,0033 (under the curve of C(S+0.5F)) are crack
resistant in the most cases except for that with a carbon content of
more than 0,40; steels with a C(S+0.5P) value of more than 0,0050 are
crack susceptible except for that with a carbon content of less than

0,20%.

4.2 The effect of oxygen and 0/S ratio on crack susceptibility

It has been shown that oxygen and O/S ratio have no signifi-
cant effect on cracking by means of the results of various experiments
carried out in this research, The main points relzting to the effect
of oxygen and 0/S ratio are given as follows:

1) Regression analysis for the ten SAB4130 experimental steels
in the MA series with a systematic variation of oxygen level from 0.004
to 0.016% did not show that oxygen content is a significant variable
of crack susceptibility.

2) Regression analysis for the twelve planned Fe-Mn-S-0 alloys

in the MC series with an oxygen level from 0.007 to 0.066% and an 0/S
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ratio of between 0.03 and 3.15 showed neither oxygen nor 0/S ratio
has an effect on crack susceptibility.

5) Regression analysis of miscellaneous steels in the IMD
series with varying oxygen content and O/S ratio glso did not show
their effect on cracking.

4) The open air and closed box welding of 32 research steels
showed that the CSF values for each steel in both welding tests are
almost identical, though the weld metzl oxygen contents are quite
different.

5) As shown in Table 36, the weld metal oxygen content is not
the same as that of the parent metal, and this change of oxygen as z
result of welding is not regular. This shows that the practice of
including the.parent metal oxygen content of steels as a variable for
the regression analysis of CSF value is not permissible.

The evidence for the conclusion that oxygen does affect crack
susceptibility is only seen in the welding test with an argon-oxygen
shielding gas, and is mentioned in the previous reports by EJ Morgan-

3) 26)

Warren”’ and T Boniszewski . However, this contradiction can be
explained satisfactorily. The fact that the TIG arc welding with an
argon-oxygen shielding gas can reduce the crack susceptibility of the
weld metal cannot be attributed to the single effect of oxygen, for a
welding test with such argon-oxygen shielding gas has a different
technical background. The TIG arc welding process using argon-oXygen
gas has some particular features:

1) instable arc;

2) uneven penetration;

3) higher arc voltage;

4) substantial decarburization;

5) oxidation of weld metel,
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Table 38 shows that welding with an argon + 2% 02 shielding
gas will reduce the carbon content of the weld by as much as 0,10% as
in the case of MA2, It is therefore believed that the decarburization
of the weld metal was the mzin cause of crack susceptibility reduction.
Both MD13 (HY130) and MD14 (EN353) with a relatively low carbon content
(0.15%) did not change their carbon contents significantly as a result
of such welding test, and their CSF values also remained practically
the same. This very fact also supports the view that it is rather the
decarburization than the presence of oxygen that reduces weld metal
crack susceptibility.

Considering Morgan-Warren's two regression equation for CSF,
it is possible 1o argue that the apparent effect of oxygen content in
the regrssion equation is not a real one. The two eguations are:

P(CSF, Morgan-Warren,1) = 36C + 12Mn + 55i + 5405 + 812P +

+ 3.5C0 = 20V = 13 (2.13)

(P,CSF,Morgan-Warren,2) = 42C + 847S + 265P - 10Mo -

- 3042(0) + 19 (2.14)

The change of intercept from =13 to +19 on the one hand and
the increase of sulphur coefficient from 540 to 847 on the other hand
would cause a higher calculated CSF value in the second equation, and
the beneficizl effect of oxygen as represented by the negative oxygen
regression coefficient might just counteract the given increase of CSF
velue. Among the 42 steels included for the regression analysis in
order to obtain the second eguation, only four steels have an oxygen
content of between 0.011 and 0.015%, and the rest have an oxygen content
of only between 0,003 and 0.006%. Therefore, the argument for the view
that oxygen has a2 beneficizl effect on preventing crack formation seems
to be too weak.

The appearance of oxygen content in the second egquation should
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rather be considered as a chance effect due to the regression. There is
another possible explanation for the inclusion of oxygen as a signifi-
cant variable in the regression. Steels with a higher carbon content
would naturally reduce the oxygen content in them, thus steels with a
lower carbon content would be likely to have 2 higher oxygen content
and those with a higher carbon content would probably have a lower oxygen
content, and furthermore, it is well established that steels with a
higher carbon content are more susceptible to crack than those with a
lower carbon content. This tendency might be falsely interpreted as
due to the presence of oxygen.

According to the Fe-S-0 phase diagram of LC Hilty et al4o)
and the experimental results of JC Yarwood et al41) the 0/S ratio
will have some effect on modifying the inclusion shape in the Fe-5-0
alloy with an 0/S ratio of greater than 0,1, and the higher the 0/S
ratio the more globule oxide~rich inclusions will form, Yarwood's
results further imply that if the formation of FeS film-like inclusions
is to be fully suppressed, an 0/S ratio of at least 1.2 is required.
However, this research showed that the 0/S ratio has no effect on
crack susceptibility. In the MC series (12 Fe-Mn-S-0 alloys) the sulphur
induced cracking was not reduced by a higher 0/S ratio (see Table 12
and compare MC3, MC4 with MC7 and MC8). The 0/S ratios of 0.37 and 0.40
might be too low to be effective, or the sulphur content of 0,180% or
0.1605% in steel is far beyond the scope within which the 0/S ratio
can be effective on crack reduction. Though the high 0/S ratios of 3.15
and 2,67 in MC5 and MC6 respectively are associated with low CSF values
(both CSF = 0), it cannot be regarded due to the higher 0/S ratio; in
fact, it is only due to the effect of low sulphur content. The effect
of the 0/S ratio was not found in the SAE4130 steels (MA and MB series)

and miscellaneous steels in the MD series, An O/S ratio of greater than
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1.2 might really have an effect of crack reduction, but for a typical
crack susceptible high tensile steel with 0.030% S, an oxygen content
of at least 0.036% would be required in order to suppress the forma-
tion of filmlike inclusions, thus prohibit cracking., On the other
hand, it is quite impossible and impractical for killed steels to have
such an high oxygen content.

To conclude this section, it can be stated that increasing
the oxygen content and 0/S ratio within the specified range (0.020% for
oxygen content and 1.2 for the 0/S ratio) has no potential effect of

reducing the sulphur induced solidification crack susceptibility,

4.3 The effect of carbon on crack susceptibility

The cérbon content in steel enhances the crack inducing
effect of sulphur and phosphorus., Fig 88 and Table 40 show that the
higher the carbon content in steel, the higher is the sulphur regression
coefficient for the CSF value. It is for this reason that in some
regression equations of crack susceptibility factor the product of
sulphur and carbon or phosphorus and carbon appears to be more correlated
to the CSF value than the contents of carbon, phosphorus and sulphur
on their own.

It seems that the presence of carbon content above a certain
level would suppress the effects of oxygen and manganese. VV Podgae-
tskiiT2) reported that a high sulphur (0.10% S) and low carbon (0.08%)
steel could be rendered crack free by introducing 0.10% oxygen in the
weld, In the steel with a carbon content of higher than 0.08%, the
effect of oxygen on crack prevention might still be possible, but with
an increasing carbon content in a steel the solubility of oxygen gra-

dually decreases, and the reguired amount of oxygen might thus not be
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able to dissolve in the steel. VV Podgaetskii reported that at a2
carbon content of 0,16% it is impossible to prevent cracking in the
fillet welds even at an Mn/S ratio of 50 or more. PW Jon9523) also
reported the same. It is not clear why this should be so, the data
included in the Huxley cracking tests have too few steels with =a
carbon content of less than 0.16% to show this.

A theoretical study of the carbon effect on solidification
process on the basis of the Fe-( phase diagram might serve to explain
the trend and bridge the knowledge gap about the real effect ;ﬁ‘carbon
on solidification cracking. According to the familiar Fe-C phase dia-

gram four types of solidification processes can be distinguished:

1) Simple ferritic solidification (for 0.0 to 0.10% C): Steels

with & carbon content of less than 0.10% will have the delta ferrite

as the primary solidification phase and the subsequent ferrite to aus-
tenite transformation proceeds without the liquid iron phase being
involved, in other words, no peritectic reaction takes place for the melt
of such steels, The crack susceptibility of this type of steel is ex-
pected to be low because of the higher solubility of sulphur and phos-
phorus in the primarily solidified delta ferrite.

2) Hypoperitectic solidification (for 0,10 to 0.16% C ): The

melt of steels with a carbon content of between 0,10 and 0.16% will
undergo a peritectic reaction upon cooling, and when the peritectic
reaction is finished, there is no liguid melt left.A steel with such
solidification is expected to be more crack susceptible than that with
simple ferritic solidification, because of the sulphur and phosphorus
segregation at the austenitic grain boundaries resulted from the peri-
tectic reaction.

3) Hyperperitectic solidification (for 0.16 to 0.50% C): The

melt of steels with a carbon content of between 0,16 and 0.50% will

undergo a peritectic reaction upon cooling, moreover, after the peri-



tectic reaction there is a remaining liquid phase at the grain boundaries.
The microsegregation of sulphur and phosphorus in this type of steel

will be higher than in the low carbon steel because of the higher pro-
portion of austenite and the remaining liquid iron at the grain boun-
daries, Conseguently this type of steel is more crack susceptible than
the two types of steels mentioned above.

4) Austenitic solidification (with C over 0,50%): Steels

with such high carbon contents have direct austenitic solidification
and no peritectic reaction is involved. Such steels are expected to

be most crack susceptible among the four types of steels discussed in
this section, partly because of the severest microsegregaiion, and
partly because of thé highest liguid to solid contraction.

Selidification crack susceptibility is a technical property
associated with segregation, solidification shrinkage, solidification
range and the high temperature ductility of the material. From the
Fe-C phase diagram it can be expected that the higher the carbon contient,
the more crack susceptible is the steel., However, the linear effect
of carbon content on crack susceptibility of steels can hardly be
assumed as so many metallurgical processes are associated with the car-
bon content.

The effect of the peritectic reaction on solidification
cracking and microsegregation was confirmed by I Matsumoto et alTB).
However, the compositional range for a ferritic and austenitic soli-
dification as well as the range for the peritectic reaction for the

techniczl steels have not been well defined and described in the

existing documents.
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4.4 The effect of Mn and Mn/S ratio on crack susceptibility

Among the 22 eguations obtained in this research as results
of regression analysis, only two equations show that the effect of Mn
content on crack susceptibility, they are:

P(CSF,C) = -18C + 1001P + 4Si + 29Mn + 6Ni - TMo +

+ 4716CS - 1462VMnxS - 10 (3.10)

P(CSF,GBA) = 224C + 4185 = 19Mn + 4 (3.19)

The former equation is for the high carbon zlloy steels in
the C series. The variables of Mn and MnxS seem to act in the opposite
directions. The credibility of this equation is very doubtful, because
there is no theoreticzl basis to support this, and there is no other
equations comparable to this. In the factorial analysis for the SAE
4130 experimental steels in the MA series as shown in Table 9, the effect
sum square for the factor of manganese is only 22 compared with 5576
for the factor of sulphur. Even if Mn has an effect, it will have
only a small effect which is negligible. Table 9 also show a negligible
effect of the manganese to sulphur interaction. Based on the results in
the MA series of SAE4130 steels, it can be concluded that a variation
of mangenese content between 0.19 and 0.80%, or a variation of Mn/S
ratio between 5 and 80 in the SAE4130 steels has no effect on weld
crack susceptibility.

The latter equation (equation %.19) shows that manganese
content has a beneficial effect in the steels of the CMA series.
Referring to the data for the GMA series (Teble 25) and comparing them
with the other, the conditions for showing the effect of manganese on
reducing crack susceptibility seem to be:

1) Low silicon content (about 0,0%5%).

2) Wide range of manganese content (between 0.50 and 1.50%).
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3) Relatively low carbon content (0,11 to 0.27%).

4) No alloying elements such as Ni, Cr, Mo,

If such are the conditions for showing the manganese effect,
then it is explainable why manganese content has no detectable effect
on cracking in most of the high tensile steels, for the above mentioned
conditions are not fulfilled in most of the high tensile steels. Under
the conditions mentioned above, the steel will be very comparable to
the alloy of the Fe-Mn-S system, therefore the harmful effeet of a low
manganese content can be anticipated according to the Fe-ln-S phase dia-
gram. Under other conditions, however, the harmful effect of having
a low manganese content might be cancelled by the effect of various
alloying elements present in steels.,

The above mentioned conditions are fulfilled in the Fe=lMn-S5S-0
alloys of the MC series, however, neither the effect of manganese, nor
that of Mn/S ratio can be confirmed., A possible explanation for this
might be that the manganese content of about 0.80% is still too low for

a steel with 0,16% sulphur,

4.5 The effects of S and P on crack susceptibility

Experiments and regression analyses of crack susceptibility
have shown clearly that the presence of sulphur and phosphorus is
responsible for the solidification cracking of weld metal, However,
the harmful effects of sulphur and phosphorus in various steels are
not the same. The general tendency is that by increasing the carbon
content in steel the tolerable contents of phosphorus and sulphur for
a crack resistant steel decrease. This has been already discussed in
many of the previous sections. Some partiicular findings concerning the

effects of sulphur and phosphorus are pointed out as follows:
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1) In the SAE4130 steel, the harmful effect of sulphur on
cracking could not be reduced by either increasing the manganese
content up to 0.80% or by allowing oxygen content to go up to 0.015%
in the steel.

2) The maximum tolerable sulphur in the SAE4130 steel with a
low phosphorus content (0,005%) is about 0.020%, if the CSF value is
expected to be lower than 20.

3) The tolerable sulphur and phosphorus content for a crack
resistant 3%Cr-Mo-V steel is less than 0,010%, and this fact is asso-
ciated with the presence of a much higher carbon content in it (0.34 to
0.58%) as can be seen in Table 18,

4) The correlation between CSF and CS is 0,58, while the
correltzion between CSF and CP is 0,32 based on 203 cracking test ob-
servations., However, the expression of C(S+0.5P) has a correlation co-
efficient of 0,63 with CSF., Therefore , C(S+0.5P) could be used as an
index for the weld crack susceptibility of high tensile steels (espe-
cially for steels with a carbon content between 0,20 and 0,40%). If the
C(S+0.5P) value of a high tensile steel is less than 0,0033, it is
positively crack resistant; if this velue is greater than 0,0050, the
steel is crack susceptible in welding. .

5) For predicting weld crack susceptibility, the phase dia-
grams of Fe-S, Fe-Mn-S, Fe-S-0 and Fe-Mn-S-0 are very suggestive, but
none of them could be used with safety. Ome reason for this is that
most technical steels have a composition with a low sulphur and low
oxygen content, which are not covered sufficiently by the studies of

such phase diagrams.
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4,6 Solidification crack morphology and crack mechanism

The metallogrzphic examination of the weld solidification
microstructure and detziled investigation of weld metal crack surfaces
by using the scanning electron microscope have revealed many basic
facts about solidification cracking. From the direct observation of the
arc and crack development with a shield during TIG arc welding it can
be seen that a crack initiates behind the weld pool and gradually lags
further behind the weld pool until it stops. This implies that crack
initiation occurs at a higher temperature than crack development does,
and the speed of crack development cannot catch up the weld pool. The
slow-down of the crack development speed is partly due to the release
of thermal stresses as a result of cracking and partly due to the fact
that the further the weld is behind the weld pool, the stronger it is.
When the accumulated thermal strzin is released, the crack will come to
a stop. However, as a result of crack arrest, thermal stresses may
accumulate again; if a sufficient strain is reached, the crack may
re-initiate, In the Huxley cracking test, such crack re-initiation was
not often observed and the observed ones were fine and short after the
main centreline crack, During the welding in the Huxiey cracking test,
a crack initiates from the position where both sides are slotted. A
possible explanation for this phenomenon is that as the welding arc
comes to the position of paired side slots, the slotis act as a thermal
insulator and restrzint insulator, and the cooling rates in the neigh-
bourhood are thus lower, in other words, the crack susceptible time is
longer, or the strain to be accumulated at that position is greater.

As a continuous crack through the whole segment between twe pairs of
slots in the Huxley cracking test specimen was observed, ii cannot be

accepted that there is an "end effect" to restrict the maximum crack

length in the Huxley cracking test.
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According to the investigation of crack interior surfaces
by using the scanning electron microscope and KEVEX spectro-analyser
four distinct phases may participate in the solidification cracking
process, They are:

1) Low melting non-metallic phase: The low melting phase

contains sulphur and the amount of this low melting phase is proportional
to the content of sulphur in the steel. It has been shown that the
higher the amount of low melting liquid present, the higher the crack
susceptibility of the weld., If the low melting film has only a negli-
gible amount at the grain boundaries, cracking may not occur; if the low
melting film is just sufficient to cause the crack, the striation on the
crack surface can still be recognized; if the amount of a2 low melting
liquid is further increased, a thin film is formed between the grain
boundaries and cracking occurs along these weak grain boundaries filled
with liquid films. The ligquid film is normally so thin that it cannot
be seen on the crack surface by the SEM, However, the smooth surfaces
and the absence of striation betray the presence of such a thin liquid
film. Were there no liguid film present, the crack surface would be
more complicated, being either a solid to solid rupture or having
original faceted grain boundaries., When the low melting liquid is in

an abundant quantity, not only the liquid film is formed, but also the
liquated inclusions, granules or the localized flow of a liguid phase
can be traced on the crack surfaces (see Figs 42, 43, 44, 49 and 50).

In this research the majority of the low melting liguids contain sulphur,
and the microsegregation of sulphur on the crack surfaces can also be
detected on the crack surfaces by the KEVEX. The liquid phase containing
phosphorus was not detectected, probazbly because the majority of the
specimens available for this research were not rich in phosphorus

content.
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2) Liguid iron phase: The extended tips or neckings as shown

in Fig 45 and 46 are thought to be in the liquid state while they were
being pulled apart. The ill-defined area in Fig 38 and the middle parts
in Figs 51 and 52 seem to show crack areas with an incompletely soli-
dified metal phase. A liguid metal phase is expected to be present
locally in the area where the thermal extraction and grain growth are
most unfovourable., There is no reason to exclude the possibility of li-
quid iron participating in the crack formation. One more piece of evi-
dence to show that the liguid iron phse is present during solidifica-
tion cracking can be seen in Fig 89. The spherical ball on the crack
surface grew independently from a ligquid drop which fell onto the crack
surface, and during its formation in the air, it solidified to a nearly

perfect ball.

Back-filling of the liquid iron into the crack area is thought
to be possible, but no clear SEM micrograph of such crack surface has
been found to show this. If the original solidification crack is refilled
with the liquid iron completely and no secondary cracking takes place, no
crack .surface can be seen. If however, the crack is refilled com-
pletely or a secondary cracking occurs after refilling, it can be seen
and may be distinguished from the crack not being refilled. Some ill-
shaped crack surfaces observed on many occasions might be the secondary
cracks being partly filled previously with liquid iron (see Fig 38).

3) Solid phase (interlocked dendritic colums): When the

solid bridges begin to form in the solidifying weld, they connect the
grains growing from two sides of the fusion boundaries, therefore
thermal stresses begin to grow and are imposed on the solid bridges. If
the liquid coverage of the boundary surfaces is extensive, and the
number of solid bridges is small, the solid bridges may not sustain the

excessive stress imposed on them, and thus will break apart. The breaking
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of solid bridges may begin with their deformation and end with their
rupture, or it may just occur without an appreciable deformation(see
Figs 47 and 48)., If the solid bridges are strong enough and in a suf-
ficient number, a crack should not be able to initiate or propagate,
even if there is liquid film present. For this reason it is suggested
that crack susceptibility can be reduced by:

a) increasing the number of interlocking dendrites;

b) increasing the area of any kind of solid to solid contact;

c) increasing the hot ductility of the solid bridges;

d) reducing the liguid to solid contact area.

The first two factors seem to be controlled by the welding
process, while the last two factors are thought to be controlled by the
weld composition, The brittle rupture seen in Fig 48 might be avoided
if the solid phase were stronger at cracking temperature.

4) Gas phase: Gas porosity has been occasionally found on the
weld crack surfaces. Apparently hydrogen is not the cause of porosity
in the weld, because there is no source of hydrogen in the TIG arc
welding process if the parent sheet to be welded is dry. The nitrogen
content in the weld is about 0.004%, which is not the reason for poro-
sity. The gas porosity in the steel weld of the TIG arc welding process
is more likely due to the high ebsorption of oxygen and its reaction
with the carbon in steel. In the steel of MB4 (SAB4130), C% x (% in
the parent metal is only 0,35 x 0.007 or 0.0025, much less than the
required value of 0,004 for CO gas formation, but gas porosity was
found in the weld of this steel., To find out the reason for gas poro-
sity, the composition of MB4 steel is compared with thatl of other SAE
4130 steels and it is discovered that MB4 differs from other SAE4130
steels in the silicon content, being 0.07% agaist about 0.30% for the

others (see Tables 16 and 7). It is therefore conjectured that the

absence of silicon or other oxidizing elements in the high carbon
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steel may induce oxygen absorption during TIC arc welding and form

gas pores. The actual oxygen content in the weld of MB4 was 0.023%,
representing an absorption of 0.016% oxygen, its C% x 0% being already
in excess of the required value of 0.004 for CO gas formation.

The formation of gas pores might be beneficial for crack
prevention if the pores are very small and well distributed, because
the high-pressure in the pores may cancel out the accumulated thermal
stress and reduce the danger of cracking., However, for a sound weld,
porosity in the weld cannot be considered as being desirable. If the
pores are large and plentiful, they might accelerate crack formation
because the presence of pores reduces the solid to solid contact area.

Besides the above mentioned four phases which participate in
the solidification cracking process, verious oxide inclusions are also
involved. However, the presence of well distributed fine oxide particles

in the weld has no direct association with cracking.

4,7 Theories on solidification cracking

A number of theories on solidification cracking have been

13,74) and F Matsuda75); three of the most

summarized by JC Borland
popular ones are described here for the further discussion in connec-
tion with findings of this research,

1) Shrinkage and brittleness ftheory: This theory was mainly

developed from studies of cracking behaviour in aluminium alloy casting

and welds1o_12’14)

and it suggests that solidification cracking is due
to the exhaustion of ductility of a solid-liquid mass within a tempe-

rature interval (brittle temperature range, see Fig 1) where solid-solid

bridges have been established., Cracking is presumed to involve the
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breaking of these bridges.

55)

2) Strain theory: Proposed by WS Pellini this théory

suggests that solidification cracking is caused by loczlized strains,
set up by thermal gradients tending to tear apart metal consisis of
dendrite structures separated by essentially continuous films of liguid.
It occurs at temperatures slightly above the solidus.

3) Borland's generalized theory: A revised version of Borland's

74)

generalized theory of solidification theory in the recent literature
described that cracking can occur in regions where high stiresses can
be built up between grains or where by reasons of lack of consiraints

at free surfaces a parting of the liquid phase can occur as a result of
the development of highly localized strains., Three different situations
were said to be apparent: a) necking of ligquid films open to external
(free) surfaces and subsequent void (crack) formation (eg, crater cracks,
weld centreline cracks and sheet edge initial cracks); b) separation
(rupture) of highly stressed thin liquid films separating adjoining
grains while no solid to solid bonding occurs; c¢) Breaking of solid to
solid bonds in regions where the liquid coverage of grain surfaces is
sufficiently extensive to allow "breaking stresses" to be imposed on

the solid to solid bridges,

In this research, necking of liquid phase, smooth or distorted
parting of grains, rupture surfaces have been observed, therefore, it
is believed that Borland's generalized theory most closely described
the cracking behaviour in the TIG arc welding of a thin sheet.

JC Borland’) believed that the initiation of solidification
cracking during welding is most likely to occur in the brittle tempera-
ture range involving the breaking of solid to solid bridges, and crack
propagation is most likely to occur by the separation of a continuous

liquid film at the rear of the weld pool. However, it can be argued
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the opposite is true, in other words, crack initiation is more likely

to occur by the separation of grains along the grain boundary where a
continuous liquid phase is present, and crack propagation is more likely
to occur by the deformation and breaking of solid 1o solid bridges. A
strong argument for this is that a crack initiates at the rear of ihe
weld pool and gradually lags behind the weld pool until it stops. As
the crack initiation is so close to the rear of the weld, the presence
of a continuous liquid film rather than the presence of solid to solid
bridges is expected.

A report on solidification crack in the Varestraint test of
fully austenitic steel by F Matsuda et a176) also support the view
that crack initiation is due to the separation of grains along a liquid
film, In their work they discovered that the crack area in the high
temperature region had a dendritic surface full of fine protuberances,
and the crack arez in the low temperature region had a flat surface,.
and the crack area in the medium temperature region had a surface which
was partly dendritic and partly flat in appearance. These regions were
termed D, F and D-F regions respectively. The transition from D type
(dendritic) crack surface to the F type (flat) crack surface was dis-
covered by them to be due to the gradual decrease in liquid phase at the
original columar solidification grain boundary and due to the gradual
migration of grain boundary. In fact the grain boundary migration, so
called by them,includes the mechanisms of grain distortion and a trans-
verse breaking of established cellular dendrites.

Tn the present research, many of types D, D-F and F crack
areaswere observed in the solidification crack, however, they were not
orderly distributed. An explanation for this is that the centreline
crack observed in the Huxley cracking test specimen is a continuous

crack while the crack of the Verestrzint test is a sudden crack with an
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augumented strain., The former crack proceeds graduzlly at almost z
constant temperature, while the latter crack proceeds suddenly along

a length of different temperatures and thermal gradients, The discre-
pancy of grain growth directions, the localized thermal fluctuation and
a slight wandering of the welding arc might be the causes for the mixed
mode crack mechanism of the centreline solidification crack observed

in the welding of thin sheet. If a continuous liguid film is present
in front of the crack tip, a smooth parting along the grain boundary,
with or without an occasional necking of liquid phase, is conceivable,
If a continuous liquid film almost vanishes in froni of the crack tip,
the crack may still propagate by separating solid to solid bridges, or
may come to a temporary halt till a sufficient stress is built up to
cause further cracking. In this case, some of the solid to solid
bridges or the established grains must be broken and deformed. If a
sufficient stress is available in front of the crack tip, even the solid
mass can be torn apart, because this solid just solidified is still
very brittle. In overcoming a short length of a solid barrier, the
crack tip may again reach an area where an essentially continuous film
is present, thus the crack can keep on developing easily. In some stage
of crack progress, cracking will become more difficult as a result of
having more solid contact area and less stresses. In this case, cracking
slows down and finally come to an end.

All the existing theories seem to simplify the real situation
or tell part of the truth, or they are valid only for a particular type
of cracking, Therefore, this work will not deny any of them. However,
the Borland's generalized theory on solidification cracking is found
more acceptible for the description of cracking behaviour of centre-

line cracks observed in the welding of thin steel sheet,
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4.8 Practical implications

As the Huxley cracking test is sensitive and reguires
small demands in terms of material and specimen preparation, the welder
can use this test to assess the crack susceptibility of steel sheet
before real welding production., The steel designer may apply this in
order to test and to compare the crack susceptibility of a series of
steels to find the suitable grades of steels, The welding process
engineer may also use the Huxley cracking test under various technical
condifions to enable the selection of an optimum welding speed, current
and other welding parameters.

There might be more scope for the modification of testing
conditions and specimen design in order to have more sensitive tesiing
results or to meet other purposes. However, potential research workers
in this field are recommended to test the steels under the same condi-
tions as described by HV Huxley, to take advantage of comparing the
test results with the abundant cracking test data already available
in the relevant literature,

For steels with a known composition, there might be no need
to carry out such cracking tests, because their crack susceptibility
may already have been documented in the literature or it may also be
easily predicted. For the prediction of weld crack susceptibility
based on composition, though there is not an versatile equation for
all kinds of steels, the model of the cracking and composition rela-
tionship as described in seﬁtion 4.1 might be 2 simple and reliable
guide, The value of C(S+0.5P) is a good indicator for crack suscep-
tibility especially when the carbon content is between 0,20 and 0,40%.
For steels with a carbon content between 0,20 and 0,40%, if their

value of C(S+0.5P) is greater than 0,0050, it is almost certain that
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they are crack susceptible. Such steel should not be selected for the
production welding, or if they are selected, their crack resistance
must be measured by the Huxley cracking test or other tests. Assuming
0,0050 is the maximum tolerable value of C(S+0.5F), then for a steel
with a carbon content of 0.40%, the tolerable amount of (S+0,5P) is only
0.013%. For a steel with a carbon content of 0,20, on the other hand,
the tolerable amount of (S+0,5P) is double, or 0,02%5%.

For steels with a carbon content between 0,20 and 0,40%, and
with a vaelue of C(S+0.5P) between 0.0033 and 0,0050, their crack suscep-
tibility may be influenced by alloying elements to a2 certain degree.
Whether they are crack resistant is not certain according to this model,
though in the majority of the cases they are crack resistant (CSF less
than 20).in the Huxley craéking test. If their crack susceptibility is
in doubt, the Huxley cracking test is strongly recommended.

For steels with a carbon content between 0,20 and 0.40%,
and with a value of C(S+0.5P) less than 0.0033, it can be certain that
they are not crack susceptible. The cracking test for such steels may
be omitted, because a steel with a C(S+0.5P) of less than 0,0033 is
guaranteed to be crack resistant.

For steels with a carbon content of over 0.40%. their crack

resistance can only be expected if (S+P) is well below 0,005%. As re-
gards steels with a carbon content of less than 0,20%, they are not
crack susceptible even with a sulphur content of as high as 0.030%.
The certainty of crack resistance can be expected if C(S+0.5P) is less
than 0,003%3, However, a steel with a C(S+0,5P) value of greater than
0.00%3 is crack resistant in many cases, conditioned by the presence
of a higher manganese content.

It is the task of steel producers to produce crack resistant

steels for welding application. As regards the low C(S+0.5P) condition
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required, it might be very difficult for them to do so with the con-
ventional steelmaking processes, especially when the carbon content in
steel is higher than 0,35, as for the %Cr-lMo-V steels. The steelmaking
in a controlled atmosphere (such as in an argon atmosphere) may yield
better and more crack resistant steels, The addition of cerium or
other rare earth metals in steel has been reported to be very effective
for the modification of sulphide inclusions., Though the effect of
cerium addition to the steel is not covered in this research, it is
believed that by the presence of cerium in steel, the tolerable sulphur
content for a crack free steel will be much higher.

Since the presence of oxygen in steel, especially high tensile
steel, would not imprbve the weld crack resistance, the oxygen content
in steels should be kept at a low level for a better impact strength.
Though an addition of 2% oxygen in the argon shielding gas slightly
reduces weld crack susceptibility, it should not be applied because of
the arc instability and the decarburization associated with this process.,
Hence contrary to expectations of previous investigators there is no
scope for reducing cracking by using oxygen addition to the arc atmos-
phere.

The modification of weld metal solidification might be a
good way of improving weld quality and reducing weld crack susceptibility,
but in the TIG arc welding of thin sheet there is not so much room for
this modification, since a suitable arc voltage and current are fixed
by the welding speed and sheet thickness. Alternative welding processes
may be employed for the welding of very crack susceptible steels. The
pulsed TIG arc welding with a periodic change of the fusion and soli=-
dification phases, offers more variety for the manipulation of weld
pool solidification, as a result of such manipulation,scolidification

cracks might be prevented. In the case of multiple electrode TIG
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welding, one electrode serves the purpose of fusion, the other electrodes
are positioned before and after the main fusion electrode for prehesting

or postheating of the weld, W Vanschen??)

reported a two cathodes TIG
welding of thin sheet is ideal for mass production with a2 production
rate much higher than with one elecirode TIG welding. In the above
mentioned process the welding speed is much higher, and conseguently
the weld pool becomes longer, and a forced columnar to equiaxed tran-
sition in the weld central region can be expected. In the case of
plasma arc welding, even & thinner sheet can be welded and the risk
of solidification cracking is lower due to the reduced heat input and
the smaller weld bead size. The alternative welding processes just
mentioned are not dealt with in this research, but their attractive
features have been recognized, It is hoped that the relationships of
solidification cracking and the welding processes mentioned will receive
more attention.

Reducing the carbon content in steel is one way of tackling
the problem of sulphur and phosphorus induced cracking, however, this
is restricted by the strength requirement of steel, If carbon content
in the steel can be substituted partly by other alloying elements and
the required mechanical and heat-treating properties can be maintained,
the replacement of carbon with other alloying elemenis is recommended
from the point of view of crack prevention. This might be a subject
for future study.

Regression analysis is a powerful tool for the study of
various relationships, and with the availability of a compuler access
this can be done easily. However, the results of regression analysis
with a2 limited number of observations might not be representative, It
is suggested that a regression equation can only be accepted if it is

based on a large number of observations or verified by theories,
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5« CONCLUSIONS

As a result of this investigation the following conclusions
can be drawn:

1) It is confirmed that the most important elements in high
tensile steels which affect solidification cracking are carbon, sulphur
and phosphorus.

2) The presence of carbon alone in steel without a significant
content of sulphur and phosphorus is not a sufficient cause for soli-
dification cracking. The main effect of carbon in steel is to intensify
the harmful effects of phosphorus and sulphur,

3) In the case of high tensile steels, weld crack resistance
is not improved by a higher manganese content or a higher Mn/S ratio,
In the case of low carbon steels, in which the alloy composition
approaches Fe-Mn-S system, a higher manganese conient or a higher Mn/S
ratio mey improve weld crack resistance.

4) Increase of oxygen content of up to 0,016% in high tensile
steels has no effect on solidification cracking, and there is no evi-
dence for a beneficial effect of a higher 0/S ratio in high tensile
steels.

5) Welding of high tensile steels with a 2% oxygen-argon
shielding gas may reduce weld crack susceptibility, however, it is
not a viable technique because of the arc instability and its effect
attributed to decarburization.

6) The presence of silicon, nickel and chromium in high ten-
sile steels may slightly increase weld cracking susceptibility, while
the presence of molybdenum may reduce it, On the whole their effects

are not very large compared with that of sulphur and phosphorus,

7) No single regression equation has been found to be
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versatile enough for the prediction of crack susceptibility in the

range of low alloy steels. A model of cracking and composition relation-
ship based on the criteria of carbon content and the C(S+0,5P) value

can be proposed as a guide for crack prediction. The proposed model is
found to fit the 203 observations fairly well,

8) The presence and amount of the low melting liguid phase
is accountable for solidification cracking. This low melting liquid
phase is confirmed to contain sulphur.

9) Based on investigation of fresh solidification crack
surfaces, four phases may participate in the solidification cracking
process, these being: low melting liquid films, localized liquid metal,
solid bridges and gas pores,

10) The general features of solidification crack surface are:
smooth dendritic grain boundaries, distorted and broken dendrites, and
traces of ligquated and globular inclusions,

11) Borland's generalized theory on solidification cracking
is more acceptable for the description of the cracking behaviour for

the centreline crack observed in the welding of thin steel sheet,
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6. RECOMMENDATIONS FOR FURTHER RESEARCH WORK

With the increase of material strength and ductility
required, and with the decrease of sheet thickness for tihe
fabrication of high duty components, the problem of weld cracking
becomes more serious and the demand for a crack free welding
performance becomes more urgent., For this reason it is considered
that the areas required further research are as follows:

1) The possibility of cerium addition to high tensile
steels to avoid sulphur-induced crack susceptibility.

2) The possibility of replacing carbon partly with other
alloying elements in favour of increasing the tolerable amounts of
sulphur and phosphorus under such conditions thai the required
material properties are not impaired.

3) The study of weld crack susceptibility in other
alternative welding processes used for the fabrication of sheeti
materials, such as pulsed TIG welding, multiple electrode TIG
welding, plasma and micro-plasma arc welding.

4) More Huxley cracking tests for planned series of
steels with controlled compositions in order to extend the
knowledge of cracking and composition relationships.

5) Collecting Huxley cracking test data and comparing
them with the records of actual production welding to establish

and confirm their close relationships.
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9. APPENDIX

tatistical terminclogyv

Confidence limits: When an estimate of some quantity has been made it
is desirzble to know not only the estimated value but also how precise
this estimate is. A convenient way of expressing the precision is to
quote confidence limits. These represent the upper and lower limits
within which it can be stated with a given degree of confidence that
the true value lies, The degree of confidence may be very high at, say,
9% certainty when there is a pfobability of only 1 value in 100 being
outside the limits or at 90% when there is a probability of 10 values

in 100 being outside the limits.,

Correlation coefficient r: This is a means of showing the significance

of an apparently linear relationship. It has the characteristics such
that if the relationship between the data can be represented exactly
by a straight line r = + 1, whereas if no relationship at all r = Q.
The value of r lies between -1 and +1, and the higher the absolute

value of r the better is the correlation.

Level of significance: This is the probability of getting a result

which is as extreme, or more extreme, than the one specified, If a
5% level of significance is chosen in designing a test of hypothesis,
then there are about 5 chances in 100 that the hypothesis would be

rejected when it should be accepted.

Null hypothesis: The hypothesis which is to be tested is called the

null hypothesis, and is denoted by Eo . Any other hypothesis is called



e o

the alternative hypothesis, and is denoted by H1. The null hypothesis
normally takes the form that a parameter does not differ from a parti-
culer value., A numericzl method for testing such hypothesis is called

a significance test (see t statistic).

Regression: The problem of finding the most suitable form of equation
to predict one variable from the values of one, or more, other variables
is called the problem of regression. A linear regression equation is of
the form:

Y=, +aX, +aX, + ot + a X

where y is the dependent variable, and Xy Xyttt X are independent

variables, and as &g a2,---, a are the regression coefficients. With

1
a suitable computer programme, the regression equation can be readily

obtained.

Residual: A residual is defined as the algebraic difference between the
predicted and observed value. There is one residual for each of the
original observed values, and the regression coefficients are estimated
by minimizing the sum of squares of these residuals, Residuals are
therefore a form of error which cannot be explained in terms of the

independent variables used in the regression equation.

Significance test: See null hypothesis and t statistic.

Sum of sguared errors: A measure of the overall disagreement between

the predicted and observed values. See also residual,

t statistic: A calculated value which is used to test the null hypo-

thesis that a parameter does not differ from a particular value. For
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example, it can test the null hypothesis that the slope of the regres-
sion line is 0. As a rule of thumb it can be said that if the calcu-
lated t statistic is greater than 2 in absolute value, the null hypothesis

can be rejected at the H level of significance,

Variance and standard deviation: They are measures of spread. The sample

variance 52 of n observations, Xys Xpyotty Xy is given by
ey D -2 -2
(x1 -X)° 4+ (x2 -X)" 4eee 4+ (xn - X)
(n = 1)

The standard deviation s of the sample is obtained by taking the square

2
=1 =

root of the variance, If the values of x are all identical, there are
no differences and the estimate of the variance is zero; if they differ
slightly from each other, the variance is small; if they differ widely,

the variance is large.

Yates method: A systematic method of estimating the effects and of

performing the analysis of variance for the 2% factorial experiment
as proposed by F Yates. The details of this method is explained in
many books of the applied statistics such as "Statisties for Technology"

by C Chatfie1a®d),
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Table 1. Estimated Data for Invariant Equilibria in Fe-Mn-S~0

Quarternary System according to ET Turkdogan et al 42).

Metallic Liquid,12

0/S for 1, less than

0/S for 11.

Invariant Invariant Invariant
Temperatures Phases Phase Composition
Gamma Iron about 10 ppm Mn
Solid Mn Sulphide &g = 0.4
0 . . n
900" ¢C Solid Fe Sulphide g = 1
Fe(Mn) - Oxide Byng = 0.5
Ligquid Oxysulphide about 26% FeO, 54% FeS,
15 MnS and 5% MnO g
Gas 3, X 383 10~18 atm
2
P ¥ 1.4 x 1074 atm
2 .
Solid Fe/Mn about 905 Mn
"MnS" a - 1
THHO Mo = 1
about Liquid oxysulphide,l1 about 0,1% FeO, 0.3% FeS,
1225°¢ | 65.2% MnS and 34.4% Mn0
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Table 2. Reproducibility of Crack Susceptibility Factor in Huxley Cracking
Test. )
PR £ 1 d
Steel ;na1v1dua1 Crack Lengths = 1] = osF SE of 9?&AConf1uence
in mm, xijt ij i CSF Limits + CSF
21 21 24 24 19:15 22 24 |120:9
EN353 |27 20 23 24 24 26 27 27 |24.8 |23.4) 61 11 4.4
24 22 25 25 24 27 27 22 |24.5 :
24 20 18 16 20 24 18 16 [19.5
EN19 18 25 22 16 23 22 18 24 |21.0 |20.2 Be 7 2.8
20 18 17 24 20 19 21 21 |20,0
10 10 10 10 13 13 14 12 |11.5
HY80 18 1210 15 10 8 7 11 I11.4 |11.4] 30 8 e
7 611 15 16 15 10 11 |11.4
@O0 g 00 DB 0l O
HY130 0 0 0 0 0 0 0
0 0 0 0
BS4360 0 3 2 | 0.6
=508 2 0.8 | 0.4 1 3 T1e2
0 9 O 0 0
Corten | 3 0 0 0 0.9
A 400005 1.6 1.2 5 3 Te2
4 1 Tie¥)
Hypress| 8 11 14 13 18 11 4 10 |11.1
23 s M e R S 4.9 | 7.8 21 12 4.8
AN BN 9 331 75
25 27 30 27 25 27 27 25 }26.6
ENS 26 27 27 22 26 26 24 27 |25.6 |25.8 68 5 2.0
21 24 25 27 29 24 25 25 |25.0
ij: mean crack length for a specimen of 8 test segments in mm,

X; : mean crack length

for three specimens in mm,
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Table 3, The Effect of Surface Conditions on the Crack Susceptibility

in the Huxley Cracking Test.

Cast Number | Specimen Number | Surface Conditions CSF
SV299 MAT-4 Brightly milled 17
MA1=-E Abrasive ground 16
MA1=C Pickled 16
MA1=D Shot blasted it
SV309 MAZ-A Brightly milled 9
MA2=-B Abrasive ground 12
MA2~-C Pickled 8
MA2-D Heavily scaled 25
SV307 MAB-4 Brightly milled 62
MA3-B Abrasive ground 60
MA3-C Pickied : 63
MA3=-D Heavily scaled 65
SV306 MA4-A Brightly milled 56
MA4-B Abrasive ground 57
MA4-C Pickled 54
MA4=D Heavily scaled 59
AF384 MAS-A Brightly milled 1
MAS-B Abrasive ground 0
MA5-C Pickled 0
MAS-D Shot blasted 2
SV168 MAG=L Brightly milled 0
MA6-B Abrasgive ground 0
MA6=C Pickled 0
MA6=D Shot blasted 0
SV173 MAT-A Brightly milled 63
MAT7-B Abrasive ground 62
MAT=-C Pickled 66
MA7=-D Shot blasted 67
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Table 4. Required Current to Produce a 6é6mm Weld Bezd with Full

Penetration._
_ Thickness, mm Current, A
1.6 70
1.8 80
2,0 87
2.2 97
2.4 105
245 110
3.0 130

Table 5. Effect of Sheet Thickness on the Huxley Cracking Test Results,

Steel Number | Sheet Thickness, mm | CSF Value
Ma1 (SV299) 2.51 16
1,96 17
MA2 (SV309) 2451 12
2,04 9
1.68 12
MA3 (SV307) 2.51 60
2,23 63
2,00 €2
Ma4 (SV306) 2.08 56
1.93 57
1,87 55
MAS (AF384) 2.52 0
2.13 0
1497 1
MA6 (SV168) 2.24 0
2,01 0
Ma7 (SV173) 1.98 63
2 1.80 €2
1.68 62
Ma8 (SViI71) 2,00 60
1.85 62
1.69 61
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Table 6., Planned Series of Composition Levels for SAEA150 Steels

Cast No| Mn % S % o5

1 Low Low Low
0.20 0,007 0.005

2 High Low Low
0,70 0,007 0.005

3 Low High Low
0,20 0,040 0,005

4 High High Low
0.70 0,040 0,005

5 Low Low High
0.20 0,007 0.020
6 High Low 0,020
0,70 0,007 |} 0,020

7 Low High High
0,20 0,040 0,020

8 High High High
0.70 0,040 0,020

Pable 7. Composition  and CSF Velue of 10 SAE4130 Steels in MA Series

Series| Cast
No No

C S Si | Mn | Cr | Mo 0 |Mn/S|0/s |CSF

MA1 | SW299 | 0.31]0,011[0,22]0.30 |0,95(0.23 [0,010| 27 | 0,91 | 17

Ma2 | SV309 | 0,32]0,009(0,31]0.72[0.910.22 |0,004| 80 | 0.45 | 12

MA3 | SV307 | 0.31]0.042|0.29]0.25|0.90|0.22 0,006 & |0.,14 | 62

MA4 | SV306 | 0.31]0,041|0,32|0,800.93)0.23 0.,007| 20 | C.17 | 57

MA5 | AF384 | 0,28|0,007(0.22|0.19|0.91]0.20 0.008| 27 | 1.14 1

MA6 | svi68 | 0.29(0,008|0,15[0.61]0,935(0.20 0.016| 76 | 2,00 0

MA7 | SV173 | 0.28|0.032|0,12]0.17|0.935]0.20 0.011 5 | 0.34 | 62

MA8 | SV171| 0.280,032}0,18 0.59(0.,92|0.20|0.013| 18 | 0.41 60

MA9 | sW72 | 0.28(0,028]0,24 0.67/0.95|0,20[0.010| 24 0.36 | 43

Ma10 | sv178 | 0.28/0.039|0,16[0.680.93|0.21]0.010} 17 0.26 | 53

% A11 steels contain 0,00% phosphorus and 0,01% nickel.
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Table8 . Design of 2° Factorizl Experiment for SAE41320 Steels,
Series Observation e i > TR,
o Code OSF Value Levels of Factors I¥n, S and 0
MA1 1 17 Low Mn, Low S and Low O
MA2 a 12 High Mn, Low S and Iow 0
ML3 b 62 Low Mn, High S and Low 0
MA&4 ab 57 High Mn, High S and Low 0
MAS [ i lov Mn, Low S and High 0 -
MA6 ac 0 High Mn, Low S ané High ¢
MAT be 62 Low Mn, High S and High 0
MAS abe 60 High Mn, BHigh S and Eigh 0
Table 9, Analysis of 23 Factorial Experiment for S2E4130 Steels.,
. : Effect Effect
=r o
Code . Observation | I IT Total Effect Sum Souare
1 17 29 |48 271 67.7 -
2 12 119 | 123 -13 = 0D 22
b 62 1 |=10 231 52.8 5576
ab 57 122 | =3 -1 -0,2 0.1
e 1 =51 90 =25 -6,2= 77
ac 0 -5 1121 o 1.8 )
be 62 -1 0 31 T8 122
abc 60 =2 | -1 -1 -0,2 0
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Table 10, Comparison of the Observed and Estimzsted CSP for the ten

experimental SAE4130 steels with a designed variation of Mn, S and 0.

(W]

HasAee =] 5 can St |observed CSF |Estimeted CSF | Difference

No No

MA1 SV299 | 0.011 17 13 4
MA2 SV309 | 0,009 12 10 2
MA3 SV307 | 0.042 62 65 -3
MA4 SV306 | 0.041 57 63 =7
MAS AF384 | 0,007 1 6 -5
MAE sv16g | 0,008 0 8 -8
MAT SV173 | 0.032 62 48 14
MAS SV171 | 0,032 60 48 12
MAS SV172 | 0,028 43 42 1
Ma10 | SV176 | 0,039 53 60 -7

Regression Bqustion: P(CSF,MA) = 1681S - 6

r = 0,95
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Table 11. Planned Series of Composition Levels for Fe-Mn-S-0 Alloys.

Composition, Wt %
Cast No
Mn S 0
1 Low Low Low
.01 0,02 0,005
> High Low Low
0,80 0,02 0,005
3 Low High Low
0,01 0.20 0,005
4 High High Low
0.80 0.20 0.005
5 Low Low High
0,01 0,02 0,20
6 High Low High
0,80 0.02 0.20
7 Low High High
0.01 0.20 0,20
8 High High High
0.80 0,20 0,20
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Table 12. Composition and CSF value of 12 low carbon Fe-}Mn-S-0 alloys.
Seﬁies C;it c 5 P | si|m| o |Mm/s |o/s |csF
MC1 K3027 | 0.03|0,020| 0,007| 0.01|0.02[0,011] 0.1 | 0,55 | 6
MC2 | XK3045 | 0.07/0.,017|0.009| 0.17|0.88|0,005( 51.8 | 0.29 | O
MC3 K3044 | 0.06|0.160|0.008| 0,03(0,02| 0,005 0.1 | 0,03 |64
MC4 K3030 | 0.03|0.160[ 0.006( 0.03|0.80]0.017| 5.0 | 0.11 |66
MC5 s3128 | 0.05|0.020| 0.008( 0,02| 0,10/ 0,063| 0.5 | 3.15 | ©
MC6 S3130 | 0.03|0.024| 0,007| 0.00| 0.44| 0,064| 18.3 | 2.67 | O
MC7 S3129 | 0.04|0,180] 0,005 0.00| 0.04| 0,066/ 0.2 | 0.37 |59
Mc8 s3131 | 0.02|0.160| 0.005| 0,00| 0.58| 0,064 3.6 | 0.40 |70
MC9 k3043 | 0.03|0.021| 0.006| 0.00|0.02| 0.033| 0.9 | 1.57 | ©
MC10 | ¥3029 | 0.03|0.023| 0,007| 0.02|0.77| 0.011| 33.5 | 0.48 | 3
Mci1 | k3046 | 0.04]0.080| 0.006| 0.02| 0,78/ 0,007| 9.7 | 0.09 | 9
mci2 | k3028 | 0.03|0.170| 0,006 0,00 0.03( 0.016] 0.2 | 0.09 |63
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Table 1% . Design of 23 Factorial Experiments for Fe-Mn-S-0 Alloys
Se;i.es Code Oggéﬁii{gn Levels of Factors Mn, S and 0O
MC1 1 6 Low Mn Low S Low 0
Mc2 a 0 High Mn Low S Low O
MC3 b 64 Low Mn High S Iow 0O
MC4 ab 66 High Mn High S Low 0O
MC5 c 0 Low Mn Low S High 0
Mcé ac 0 High Mn Iow S High 0
B be 59 Low Mn High S High 0
Mc8 abe 70 High Mn High S High 0

Table 14 . Analysis of 23 Factorial Experiments for Fe-Mn-S-0 Alloys.

Code |observation | I II gﬁi:;t Effect gﬁ;e;;uare
1 6 6 | 136 | 265 66.3 -
2 0 130 | 129 7 1.8 : 3
b 64 . 0 -4 | 253 63,2 8001
ab 66 129 1 19 4.8 45
c 0 -6 | 124 -7 =148 6
ac 0 2 129 15 Do 28
be 59 0 8 5 1.2 3
abc 70 11 11 3 0.8 1
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Table 15, Specification of Steels being tested in this Research

Steel

Series No in

Name this Report Compond tion

ASTM 4357 | MD11 0.15%C, 5%Cr, 050
i?g% MD1, MD2,MD3,)D4 | 0.15%C, 1%Cr, O. 5o
) D15 0,249, 0.554S1, 1.60%4m, 0.10% Hb
Corten A D10 0.12%C, 0.25-0.75%4Si, 0,60, 1%Cr
Creusabro | oo 0.16-0,225C, 0,40%51 max, 1.1-1.48Mm i

32 0.15-0.35@M0, 1.71=1.5%Cr, 0.15=0,35%Cu
ENS MD18 0.25-0,350C, 0.05-0,35Si, 0.1=0.6:m
e Craze o s 0.6
e
a353 14 oSt 075082508, ,06-0, 150
a0 13 000005, 0w 130,630
BY130 12 S Ta o, et TR, .07
Hypress 23 MD16 0.10%C, 1.0%Mn, 0,30%Cu, 0.025%ab
SAE1006 D9 0.08%C max, 0.25-0.405Mn
SLEA130 MA1-MA10 0.28-0.33$§c, 0.20-0,35354, 0.40-0,6053n

MB1-MB6 0.80=1.,105/Cx, 0.15=0, 250

RS120" see above g el
Fe-Mn-5~0 MC1=-MC12 see Table 12

% RS120: British Aerojet Specification similar to SAE4130.
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Table 16, Composition and CSF Value of MB Series SAE4130 Steels
S.“I?ies specificationl] ¢| s| P | si|Mm | wi|or| M| o fsF
MB1 SAE4130 0,24}0,024}0,028{ 0,23]0.7410.18]1.03}0,21] 0,008 50
MB2 SAE4130 0.29]0,025]0,029| 0,24]0,73/0.1811.01}0.21| 0,008 56
MB3 SAE4130 0,32}0,03%1/0,036] 0,32]0,68{0,01]0.96}0,21]| 0,006 58
MB4 SAE4130 0.35/0,011}0.051} 0,07}0.90{0,02]0.93|0.26]|0.007] 49
MB5 | SA®4130 0,38/0.033}0.010{ 0.21]0.7010.01]1.00]0.22{0.019 60
MB6 SAEA4130 0,4010,012]0,009{ 0,%410,70{0,02]0.,98]0,21} 0,005 31

Table 17 . Composition and CSF value of MD Series Technical Steels
Se;i‘es specification] ¢ | s| P |8 |m | x| cx| M| o |csH
MD1 ASTM A387EB 0,1410.,03010,02310,23|0,57]0.13]0.90]0,47]0.015{ 13
MD2 |ASTM A%87B 0.15]0,032}0,023] 0,23%]0,60/0,13}0,95{0.45/0,014 9
MD3 ASTM A3ETE 0.1710.035]0.030] 0.320,51/0.01]0,85}0.3610,009| 43
MDA |ASTM AZ87EB 0.18}0.010}0.010{ 0.25]0.48]0,01]0.88]0.36]0,012| O
MD5 |EN24 0.3810,043]0,013{0.290.73]1.48}1.25]0.22]0,005| 62
MPS EN24 0.39]0,03810.012}0.2910,7111.45]1.23]0.23|0,005] 60
MD7 _|EN24 0.45}0,040]0.009/0.5810.72|1.36{1.1810.30|0.007| 55
MD8 |EN24 0.50}0,014{0,011}0.60]0.70{1.37|1.16]0.24]0,006| 41

| _MDS SQEIQOG 0.06}0,02110,014{0,00{0,29]0.,01}0,02}0,00}0,052
MD10 |Corten A 0.1110.02410,011}0.05{0.,91]0,12]0,06]0.02]0,004] 3
MD11 |ASTM A3%57 0.11}0.021]0.,019}0.2%}0.59|0.06 |4.8810.55|0,010] 11
MD12 |HY130 0.12]0.0070,008]0,%010.,78]!5.1310.59}0.4710.007] O
MD13 |HYS80 0.15]0.014]0.019}0.19 {0, 31}2.64]1.30}0.37{0.010] 30
MD14 |EN353 0.1510.040}0,021]0,22{0.80}1.40}1.25]0.10]0,010] 61
MD15 | BS4360-508 0.1710.0200.028}0.28{1.25/0.03/0.05}0,00]0,004] 1
MD1€ |HBypress 23 0.1810.0190,058}0.2211.4810,0%]0.,05{0,00]0,010} 21
MD17_| Creusabro 32 |0.20}0.020}0.014}0.271.19/0.20]1.40[0.20]0.004] 29 |
MD18 | ENS 0.30}0.,030}0,008}0.,080.74}0.0410.02]0,00]0,015 68
MD19 | EN19 0.34]0.015]0,042] 0,23 ]0.67]0.31{1.11]0.21]0.013| 53
Note:.: MD7 contains 0,17%41,

0.,12%41, and MD10 contains
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Table 18, Steel Composition and CSF values of HA sgriesfo)
Series| St
e gvgzl c| s | P [st|m|w|[cr|M| v |ocsF
HA1 | 3%Cr-Mo-V|0.44]0,003|0,001]|1.48|0,60| 0,22|2,00|0,59]0.05| 23
HA3 | 3%Cr-Mo-V|0.45|0.004|0,004|0.43|0.78|0.20|3.,28|0,96|C,18 | 28
HAS | 3%Cr-Mo-V|0.37|0.005|0.008|0,30}0.57|0,00{2.95|0,98]0.20| 29
HA6 o4Cr-Mo-V|0,.42|0.008|0,028|0,34]0.76|0.02|2.95|0.98(0.,33 | 33
HAT7 | 3%Cr-Mo-V|0.37/0.009|0.001}0.32|0.66|0.03|3.09|1.03|0.22 | 14
HA8 | 3%Cr-Mo-v]0.3%9]0.004|0,006}0,34|0.64|0.01{3,04/0.90]|0.,28 | 20
HA9 | 2%Cr-Mo-¥]0.42]/0.015/0.011{0.35/0,70|0,03|3,07|1,06]0.,20 | 23
HA10 | 3%Cr-}Mo-V|0,36/0.012]0.020/0,340,78]0.01}3,2211.04}0.28 | 27
HA11 | 3%Cr-Mo-v]0.40{0.010/0.007]0.350.63/0.09|3.1610.94]0.25| 19
HA12 |3%Cr-Mo-V|0.3%9]/0,010/0.020}0.40}0,81/0.01{3,10]1.,02]0.,30]| 33
HA13 | 3%Cr-Mo-V]0.43|0.008]0,00810.32|0.,66/0.15|3.1811.0410.23 | 22
EA15 | 3%Cr-Mo-v|0.39]0,013}0.001|0.38]0.67|0.02|3.0310.99]|0.36 | 17
HA16 | 3%Cr-Mo-V]0,45]0,012{0.007{0.28]0,66}0.00|3.10]0.92(0.21] 14
HA17 | 3%4cr-Mo-v|0.46/0.018]|0,009|0.26]0.65]|0.00{2,90]0,9710.21 | 21
HA18 | 3%Cr-1o-v]0.48/0.024]0.008{0.25]0.65]0.00]3,10]0.9710.21| 31

| _HA19 | 3%4Cr-Mo-V}0.39]0.008]|0.008]0.25]0.70]0.20}3.1810.95 0.19 4
HA20 | 1%Cr-Mo- |0.38/0.006/0.005/0.29]0,48|0.00/0.96{1.78]0.00 5
HA21 | 1%Cr-Mo |0.37]/0.006]|0.005|0.28}0,50{0,00/{0.98|0.90]0,00 16

| _HA22 | 1%Cr-Mo |0,38/0.015]0.003 0.%60.540.00/0,98{0.59]0.00| 28
HA23 | 1%Cr-Mo |0.40[0.018|0.006]0.29]0.50]|0.00{C.98[1.40|0.00} 19
HA24 | 1%Cr-Mo  |0.3910.024{0.005]0,.280,55]0.00]0.9910.47]0.00] 19
HA225 | 19%cr-Mo  10.35/0.026{0.005/0.24]0.51{0.00]0.9911.34}0.00] 25
BA2T | 1%cr-Mo |0.36]0.033]|0.006{0,28{0,50] 0.00{0.96|1.75[0.00 [ 34
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Table 19, Composition and CSF Value of HB Series Stee1521).
it g;;zl cl sl 2 |si|m]|um|c| | v |cse
HB1 1¢4cr-Mo | 0.30{0,009} 0,016} 0.29]0,49|0,18|0.96] 0.19{ 0.00 | 19
EB2 1%Cr-Mo | 0.28|0,006]0.,013|0.23}0.51{0,10}4,02]0,17|0.00 | 18
HB3 *ai-cr | 0.38/0,010] 0,018/ 0.15}0,63|1.80|0.82| 0.23| 0,00 | 40
HB4 %xNi-Cr |0,46]0.009|0,011]0,11]0.41]{2.10]|0.83] 0,46/ 0.26 | 32
HB5 |%%Cr-Mo~V}0.38|0,005/0,014|0,24|0.72|0.14]3.08]0.97{0.20 | 23
HB6 |3%Cr-Mo-V|0.42}0.009|0,010{0,20}0.57|0.12}3.31|1.06]0,18 | 21
HB7 |3%Cr-Mo-V|0.36]0.008}0,009|0.35|0.63]|0,16]3,05| 2,00} 0.39 8
HBS |5péCr-Mo-V|0.44]0,007{0.011}0.30|0,63]|0,15|5.10|2.12{0.435 | 13
HB9 |2%Cr-Mo-v|0.46|0.004|0.017|1.59|0.68|0,00}2,06|0.58|0.07 | 28
HB10 |2%Cr-Mo-V|0,42]0.009|0.,016]|1,160.68]0.09|1.99|0.54|0.06 | 24
HB11 MVS 0.15|0.005}0,007}0.29|0.52|0.15}0.42} 1.13]0.29 1
HB12 | A.121 0.40]0,008|0,014|1.580.54]0.00]0,04]0,77}0.25 | 25
HB13 | 2%aNi 0.7310.009|0.010{0.26 |0.42}2.21]0.07}0.03|0.00 | 36
HB14 |5%Cr-Mo-V|0.430.008|0,010[0,92|0.34|0.11]5.31]1.16|0.44 | 11
EB15 |Ni-Cr-Mo |0.44]0.009|0.023]|0.280.63}1.82}1.31]0.93/0.20 | 39
Table 20. Composition and CSF Value of HC Series S'beels?).
peE e ;;;21 cl s | 2 |si|m|m|cc|m]| v |csr
HC1 [19%Cr-Mo |0.30]0.009}0.016]0.29 0.49]0.18]0.96]0.19]0.,00 | 20
HC2 [1%Ccr-Mo |0.30/0.011]0.015]0.24 0.44]0.130.90{0.24]0.00 | 23
HC3? |1%cr-Mo |0.32]0.015/0.030]0.19 |0.410.02 |0.85]0.24]0.00 | 42
HC4 [1%Cr-Mo [0.29 |0.016]0.023]0,14 |0.51]0.16 0.95/0.20(0,00 | 54
HCS5 |13%Cr-Mo  |0.31[0.013]0.031}0.19 |0.41]0.09 |0.82]0,24]0.00 | 63
HC6  [3%Cr-Mo-V|0.38 [0.005]0.014[0.24 [0.72 0,14 |3.080.97 {0.20 | 23
BC7 |59%Cr-1o-v|0.37 |0.011[0.016|1.11 [0.41]0.21 |4.84|1.41]0.56 | 19
HC8 |[X@Fi-cr ]0.37]0.012|0.016]0.14 |0.62|1.82[0.82]0.23]0,00 | 40
HC9 |2ai-cr ]0.38 |0.004|0.001}0.21 |0.59 |1.96 [0.77]0.27 |C.00 0
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Table 21. The Composition and CSF Value of HD Series Steelng).

Jjame| C S P .81 Mn |CSF

HD1 |0.10[{0,046|0.033|0,2310.87| 9

HD2 10.16]0.044] 0.033|0.26|1.69| ©

HD3 [0.14{0.,044}0.,054|0,19]0.89 | 1

HD4 |0.14]0.017|0.034]{0.27|0.90| O

HD5 |0.20{0,019]0.03810,20]0.48 | 24

HDé |0.30/0.019]| 0.031|0.24|1.16 | 38

HED7 |0.15}0.040} 0.02510.20]1.34| O

HD8 |0.22|0,047|0.032]0.23|1.80| 50

HD9 |0.24|0.043|0.031]0,22{1.40| 53

HD10{0.20/0,016| 0,029]0.20|0.96 | 6

ED11]0.30]0,046] 0.037{0.22]1.60 | 71

HD12|0,21|0.046|0,033|0,23|1.35| 53

HD13{0.21]0.020| 0.034]0.28|0.43 | 50

HD14]0.,13]0.062]| 0.030|0.25]1.11 1

ED15/0.08|0.017| 0.032]0.19]0.42 | 42

HD16(0.,10]0,042]|0,028]0,19|0.87 5

HD17(0.15]0.027| 0.033|0.19|0.43| 1

HD180.11]|0.040{0,024]0.18|0.31 | 17

HD19]0.19]0.022|0.028|0,17|0.88| O

HD20|0.15}0,040{0,027|0.18|0.44 | 11

HD21]0.20}0,022| 0,027(0.19|0.87 | 1

ED22{0.11]0.023| 0,027]0.12|0.98 | 16
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Table 22 , The Composition and CSF Values of

C Series Steels‘??)

Seﬁies S;;;i gl s P |si|m |nwi|cer|M | v |other psF
c1 |1%cr-Mo |0.30]0,009|0.016|0.29|0,49(0.18|0.960.19]0.00] - 19
c2 |1%Cr-Mo |0.30}0.011}0.,015]|0.24|0.44|0.13{0.90]0,24{0.00] =~ |21
c3 |1%Ccr-Mo |0.32]0,015|0.030/0.19|0.41]0.09|0.850.25|0,00| - 37
C4 | 1%Cr-Mo |0.32]0.016]0,023]0.14]0,51]0.16(0.95]0,20|0.,00| - 37
c5 |1%Cr-Mo |0,32/0.013}0.031/0,19|0.41]0.09|0.82}0.25]0.00] =~ | 41
cé |1%Cr-Mo |0.31|0.0140.023}0.29|0.49{0.09|0.880.22]|0.00| =~ 34
C7 |1%Cr-Mo |0.29]0.0060.013|0,23}0.51]0,1C|1.02 |0.17]|0.00| =~ 18
c8 |1%cr-Mo |0.30]0.0010,002}0,20{0C.52}0.17]0.99 [0.20|0.00| - 0
c9 |1%Cr-Mo |0.37]0.001}0,002}0,20{0.52]0.17[0.98 |0.21|0.00| - 0
c10 |1%Ccr-Mo |0.44|0.001{0,002{0,20{0,52[0.17]0.99 |0.21|0.00| =~ 0
c11 |1%cr-Mo |0.29/0.019]0.0310,22|0.46 |0,08 |0.95 [0.23|0.00| =~ 39
c12 |1%Cr-Mo |0.30/0,007|0.013{0.26]0,56]0.11]0.99 |0.21}0.00| - |24
€13 |1%Cr-Mo- |0.30]|0,003]0,010]0,29]0,53]0.12{1.02 |0.16]0.00| = 8
C14 |1%Cr-Mo |0.31|0.006|0.014]0.38]|0.700.001.19 |0.26 0,00 - |26
C15 |3%Cr-Mo-V|0.38|0,005]0.014]0.24|0.720.14|3.08 J0.97 [0.20| =~ |23
C16 |3%Cr-Mo-V|0.35|0.005]0.018|0.31]|0.,60|0.14 |2.88 |0.94 [0.22| - 16
c17 |3%Cr-Mo-V|0.39/0.014 ]0.007 {0.03]0.27 |0.10 2,93 |0.86 |0.22| - |20
C18 |3%Cr-Mo-V]|0,32|0,045 }0.015]0.04|0.86 |0.28 |2.99 [0.84 |0.21| = 33
€19 |3%Cr-Mo-v|0.37|0.029 |0.012]0.24|0.47 |0.13 |2.93 |0.85]0,21| - |28
€20 |3%Cr-Mo-V|0.38|0.020]0.016]0.11]0.68 0,08 |2.89 |0.86 [0.20| =~ 21
c21 | 3Cr-Mo-V| 0.42|0.009 |0.0100.20]|0,57 {0.12|3.31 [1.06 |0.19| - 21
c22 |5%Cr-Mo=V|0.37]0.011]0,016[1,11]|0.41]0.21 [4.84 |[1.41]0.56| =~ 19
c23 |5%Cr-Mo~-V|0.40]0.009 |0,012|0.88]0.52|0.34|5.13 [1.29 |1.15]| - 8
€24 |5%Cr-lo=-V|0.44|0.008 |0.010[0,92|0.340.11|5.31 [1.16 [0.44| - 11
C25 |[20Ni .10.38]0.010 |0,018|0,15|0.63|1.82 |0.82 [0.23 |0,00| - |40
c26 |2oavi 0.46]0,009 [0.011|0.11]0+41 2,10 |0.83 [0.46 |0.26 |0, 55Cu| 32
C27 |29Ni 0.53|0.009 |0.011 |0.19|0.48 |2.15 |0.90 [0.87 |0.25 [0.43Cu} 25




Table 22. Continued

P 7

Se§ies ?;;21 2} s P |si|m/|wi|cr| Mo| v |other {csF
c28 |2oNi 0.35[0.012]0,017]0.24|0.72|1.70{0.97| 0.29] 0.00{0,12Cu| 44
c29 |2%aNi 0.73]0.00910.010}0.00| 0,42} 2,21} 0,00| 0,00} 0,00| =~ 36
C30 |2saNi 0.44]0.0090.023}0,28/0.,63|1.82|1.31] 0.93| 0.20] - 39
C31 |2oaNi 0.42]0,009{0,020}0.28| 0.51|1.83| 1.28/0.96| 0.20| = 42
c32 |2%Si-24Cu|0.24]0,008|0,015{1.53|0.40|0.00|0.04]1.44|0.33]|1.49Cu| 17
€33 | 2si-2%Cu|0.37]0.007}0.015|1.86]0.49|0.00{0,00] 0,85/ 0.25|2.12Cu| 19
C34 | 24Si-2%Cu}0.34|0.008|0.005[1.910.93|0.01}0,03]| 0.75| 0433]1.75Cu| 29
€35 |2si-2%Cul0,29{0.009 10,009 }|2.12}0.48|0.01{0,04|0,84]0.35}1,76Cu| 20
036 |29Si-29Cul0,35]0.011 /0,009 |2.12|0,48]0.01|0.02{ 0,80} 0,27 |1.75Cu | 27
c37 |2%si-2%cul0.32|0.008[0.005{2.10{0.42|0.01|0.02|0.80|0,36|1.74Cu| 8
038 |2si-25Cu|0.23]0.012]0.008 [1.89]1.36|0.01{0.,05|1.58| 0.66|1.73Cu| 19
€39 |2¢si-24Cul0.40]0.008 0,014 {1.58|0.54/0.01|0,04|0.77|0.25]1.94Cu| 25
€40 | 2%Si-2%Cul0.340.0190.006 |1.87|1.04|0.03|0.04[0.77|0.35({1.80Cu| 29
c41 |2%Si-2%cu|0.380.018 |0.007 |1.62|1.00|0.04]|0.,03|0.73| 0.30 ;?ggz 30
c42 |25Si-2%Cu|0.330.014|0.004 |1.74]1.49]0.03{0.03|1.74{0.76|1.80Cu| 23
c43 | 2tsi-29%cu}0.40 |0.005 |0.006 |[1.86|1.30{0.00|0,00|0,93|0.56|1.59Cu | 25
C44 |2%Cr 0.39 |0.007 |0.003 |1.43[{0.92|0.24|2.05{0,47|0.06| = 11
C45 |2%Ccr 0.46 |0.004 0,017 |1.59{0.68|0.00{2.06]|0.58{0.07| =~ 28
C46 | 260r 0.42 0,009 |0.016 |1.16]0.68]0.09|1.99]0.54|0.06| - 24
c47 |12%Cr 0.10 0,008 {0,013 |0.27]0.84{1.09|11.6|0.57{0.22| =~ 19
c48 |12%Cr 0.09 |0.002 {0,011 |0.54|0.94|0.00|10,2}0.80|0.23|5.94Co | 32
c49 |124cr 0,100,011 |0,011 |0.31]0.79 [2.32|11.7|1.38| 0.44] =~ 23
c50 |12%Cxr 0.14 10.009 |0.012 0.33{0.83 |0.61]10.9|0.82|0,26| = 9
€51 |Cr-lo 0.15}0.004 [0.007 [0.29]0.520.15|0.42]1.13|0.29| = 1
c52 |s56cr-Mo-v|0.45 |0.007 [0.011 |0.30]0.63[0.15|5.10}2.12]|0.43| - 13
€53 |3%Cr-Mo-v|0,37 |0.008 [0.009 [0.35]0.63]0,16]3.05{2.00{0,39| = 8
c54 |Cr-Mo-W-v|0.810.004|0.014 |0.12{1.25|0.17|4.06[5.06]|1.96]6.68W | O
c55 |3vcr-Mo. |0.63 (0,013 ]0.004 |0.08(0.55(0.01}2.76|0.88/0.28 |2.01Co | 28




- 1830

Table 23, Composition and CSF Datza for MW Series Steels3’?0)

Se;ies Steel Type|] C | S p| si| m| ni| cr|] M| v | o |esp
MW1 | RS120 0.35]0.012} 0,02310.30{0.53|0,10}0.93{0.24]0.00 {0,005 | 35
MW2 | RS130 0.32]0.007} 0.007|0.27{0.49{0.08 |1.00}0.19 |0.00 |0.006 | 14
MW3 | RS140 0.4610.011}0,018/0.27|0.68]0.17 |3.30]1.02]0.25 |0.006 | 23
MwW4 | ASTM A387B|0.08[0.010| 0.008|0,30}0.50]0.01}0.91}0.37]0.000.011]| ©
MW5 | ASTM A387B|0.08|0.036| 0.031]|0.36{0.51|0.01|0.88{0.36|0.00 |0.008 | 38
MW6 | ASTM 4387B|0.13]0.035| 0,025/0.27]0.59[0.13|0.92|0.46 {0.00 [0.015| 5
MW7 | ASTM 4387B|0,08(0.029|0,035|0.28|0.540.24|1.09]0.49 [0.00 |0.005 | 37
MW8 | EN24 0.35]0.010] 0.010/0.53|0.63 {1.37 [1.07]0. 24 {0.00 |0.006 | 26
MW9 | EN24 0.30[0.036| 0.008]0.58|0.64|1.38 |1.08/0.30 |0.00 [0.004 | 55
MW10 | EN24 0.3610.041]0.014|0.32]0.70]1.54 [1.23]0.24 |0.00 |0.004 | 49
MW11 | EN24 0,350,026/ 0,013}0.29]0.62 |1.36 |1.09]0.26 [0.00 }0.003 | 53
MW12 | SAE4130 0.18]0.010{ 0,008}0.34{0.70]0.02 |0.99]0.21 [0.00 {0.009 | ©
MW13 | SAE4130 0.180,034|0.037]0.37]0.69 |0.01 [0.99]0,22 |0.00 [0.011 | 20
MW14 | SAE4130 0.19]0.010{0,049{0.060.85 0,01 {0.92]0.27 |0.00 [0.007 | 23
MW15 | SAE4130 0.21]0.033|0,010}0.34]0.70|0.01 {1,02]|0,23 |0.00 [0.011 | 30
MW16 | SAE4130 0.22]0.026]0.,028)0.24]0.67|0.16 |0.93{0.20 |0.00 j0.004 | 37
MW17 | SAE4130 0.2810,025/0.030)0.170.67 [0.13 [0.92{0.19 |0.00 [0.005 | 42




Table 24, Composition and CSF Iata
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for MH Series S‘teels?o)

Series
No

Steel Type

C

Q
(=]

i

Si

Mn

MH1

1%:Cr-Mo

0.31

0.014

0.030

0.21

0.40

0.004

MH2

/ .
EoCr =lo

0.32

0,019

0.022

0.16

0.48

0.005

MH3

1%Cr=Mo

0.31

0.016

0,0%2

0,22

0.41

0.005

41

MB4

%Cr=Mo

0.31

0.014

0.028

0.31

0.48

0,09

0.00}0,005

34

MES

3%Cr=Mo=-V

Oc 35

0.010

0.016

0.30

0.70

0.12

0,230,004

23

MHE

5%Cr-Mo=-V

0.40

0,019

0.019

1.15

0.44

0.20

0.60]0,006

19

MHT

39Cr =Moo~V

0.37

0.013

0.014

C.42

0.63

0.14

0.45]0.006

MH8

1%Cr-HMo

0.26

0.018

0.024

0.22

0.45

0.06

0.00]0.005

39

MH9

2%Si=Mo=V

0.40

0.008

0.003

1.41

0.25

0.55]0.003

25

MH10

2Si=Cr-Mo

0.44

0.006

0,002

0.72

0.24

0.06 |0,002

23

3% Cr-Mo-V

0047

0,009

0.006

0.70

0,220,003

29

ME12

39Cr=-Mo-V

0.47

0.009

0.006

0.82

0.22 10,004

28

MHE13

304Cr=Mo=V

0.59

0.012

0,007

0.80

0.23 0.003

42

MHE14

39 Cr-lo~V

0.28

0.007

0.011

0.34

0.61

0.21}0,002

29

MH15

3%Cr=Mo=-V

0.41

0.010

0.033

0.29

0.65

0.25}0.003

33

MH16

3%Cr=Mo=V

0.37

0,009

0.003

0.29

0.63

0.22 10,003

14

ME1T

3%Cr=lo=-V

0.38

0.010

0.008

0.30

0.67

0.23 |0.003

20

MH18

39,0r=-Mo=V

0.39

0.010

0.014

0.26

0.61

0.2% }0.005

23

MH19

3%Cr=Mo~V

0.35

0.010

0.023

0.31

0.65

1.18

0.23% 0,004

27

MH20

39,CT-Mo=V

0.37

0.010

0.010

0351

0.68

0.95

0,22 10,005

19

MH21

34Cr=Mo=V

0.38

0,009

0.024

0.27

0.63

1.04]

0.23

0,003

33

MH22

3%Cr=Mo=V

0.38

0.010

0.011

0.29

0.61

1.02

0.23 0,004

21

MH23

3%Cr=-}Mo=V

0.37

0.010

0,020

0.33

0.67

0.98

0.24 |0,006

23

MH24

39%Cr=Mo-V

0.37

0,010

0,003

0.30

0.65

1.00

0.24 {0,006

17

MH25

1%Cr=-Mo

0.3%1

0.012

0.014

0.30

0.50

0.20

0,00 |0, 006

19
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Table 25, Composition and Trans-Varestraint Test Data for GBA Series Steels.

taken from JG Garland and N Baileyéo)

Series
No

GBA1 | 0.11]0.007|0.006| 0.04| 0.50| 0.004| 20

Q
(3]
Hd

Si| Mn| Al |UCS

cea2 | 0.25]0.007|0.006| 0.04]0.50] 0.004| 35

GBA3 | 0.11]0.046]0.005| 0.04]|0.49| 0.005| 34

GBA4 | 0.25|0.052|0,005{0.06]0.51| 0,007 36

GBLS | 0.11}0.007)0.046f0,04]0.51| 0,007} 22

craé | 0.27]|0.008|0.044] 0.05|0.50] 0.004| 34

GBA7 | 0.12]0.050]0.046| 0,05] 0,50} 0.007 29

GBA8 | 0.25]0,047|0.046{ 0,05} 0.50] 0.004] 35

GBAY | 0.12]|0.006] 0,005} 0.06] 1,50| 0.008| 10

cBa10| 0.27]0.009]0.005| 0.06]1.51| 0.007| 30

GBA11| 0.13|0.044|0.005| 0.06]1.48 0.,006| 28

GBA12| 0.26]0.043|0.004] 0.04| 1.49 0.,006| 30

GBA13| 0.12]0.010]0.051| 0.05| 1.52| 0.007| 28

GBA14| 0.27]0.009|0.047| 0.04| 1.44] 0.005| 33

GBA15| 0.12]0.047]0.046] 0,05} 1.47| 0.005 29

aBe16| 0.27/0.053]0.048] 0.06| 1.52| 0.008| 34

c¢Ba17| 0.21]0.032}0,028} 0,06 1.00] 0.010f 31
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Table 26 . Composition and Trans-Varestraint Test Data for GEB Series Steelsoé)

Series
No
GBB1 | 0.11]0.006|0.005|0,03|0.46]0.004| 18
GBB2 | 0.27]0.009|0.004|0.06]1.51]0.007| 33
GBB3 | 0.12]|0.006]0.004|0,65|0.52|0.044| 1
GEB4 | 0.27]|0.008|0,004|0.62]1.54/0.039| 30
GBB5 | 0.11]0.007|0.046|0,06{1.53|0.041] 20
GBB6 | 0.24|0.0080.,046|0,04]|0.53|0.039| 33
G¢BB7 | 0.11]0.008]0.048|0,65|1.50{0,006| 12
GBB8 | 0.26]0.008|0.047|0.64]0.51]0.007 | 30
GEB9 | 0.13]0.044|0.005|0.,06|1.48]0.007| 27
GBB10| 0.25|0.052|0.004|0,06|0.51|0.007| 35
GBB11| 0.12/0.0450.004|0.64|1.48|0.040| 2
GBB12| 0.26|0.048]0.005|0.,63]0.50/0.041| 38
GBB13| 0.11]0.047|0.046}0,04{0.51]0.045]| 19
GBB14| 0.27|0.051|0,046|0,06|1.50/0.039 | 38
GBB15| 0.12]0.048]0.045|0.64]0.52]|0.006 | 26
GBB16| 0,27/0.051]0.046|0,64|1.42|0.009| 36
GeB17| 0.11/0.009 |0.004|0.05}0.51]0.040| 12
G¢BR18| 0.27]|0.008 |0.004|0.06|1.48]0.046 | 30
GBB19| 0.11/0.007 {0.004|0.64|0.51]|0.006 | 16
GBB20| 0.26]0.0120.004|0.66]1.550.006| 35
GBB21| 0.11]0.008 |0.046|0.05|1.46|0.007 | 14
GBB22| 0.25/0.007 |0.044|0.04]0.54]0.005| 37
GBB23| 0.11]0.008|0,046]|0.64|1.50]0,033| 12
cBB24| 0.27]0.008|0.046]0.64]|0.52|0.042| 36
GBB25| 0.12]0.049 |0,005|0.06{1.51]0.041| 21
GEB26| 0.27]|0.045]0.005/0.04|0.51{0.040} 35
GBB27| 0.11]/0.049 |0.004}0.67]1.50]0.006| 14
cBB28| 0.26]0.049]0.005|0.64|0.52|0.006| 39
GBB29| 0.11|0.051}0.044] 0.03}0,49|0,006 | 21
¢BB30| 0.26]0.053(0.047|0.05]1.40]0.006| 39
cBB31| 0.13]0.052]0.047] 0.64|0.53|0.039| 26
GBB32| 0.26]0.050(0.047]0.68]1.46|0.039] 37

C S P Si| Mn | Al Uucs




Table 27. The Statistics of Composition and Crack factor(CF) for 131

FW Series Steels,

-1

3 =

Variable Name| Mean Minimum { Maximum g;iﬁiﬁign
CF 12 0 88 20
0,022 0,005 0.065 0.010
0.018 0,006 0.102 0.011
Si 0.25 0,00 0.54 0.10
Mn 0.59 0.00 1.40 0.24
Ni 0.00 0,00 0.00 0.00
Cr 0.88 0.00 1,22 0.37
Mo 0.26 0.00 0.46 0.11
Al 0.009 0.005 0,230 0,022
¢x 8 0,0061 0.,0012 0,0195 0.0032
oz P 0.0049 0.0010 0,0275 0.003%0

Table 28, The Statistics of Composition

Series(47 Steels).

and CSF Values for MA+4+MB4MC+MD

Equation

Variable Neme| Mean Minimum | Maximum gzzggiizn
CSF 33 0 70 26
c 0.21 0.02 0.50 0.13
0.040 | 0.007 0.180 0.046
0.014 | 0.005 0.058 0.013
si 0,19 0.00 0.60 0.14
Mn 0.59 0.02 1.48 0.33
Ni 0.36 0.00 5.13 0.90
cr 0.76 0.02 4.88 0.77
Mo 0.17 0.00 0.55 0.15
0 0.015 | 0.004 0.066 0.017
rerigner st | semsion s sussuie
S 278 44 6,30
¢ x .8 3602 439 8.20
Cx?P 2077 533 3,90
Regression

P(CSF,MA+MB+MC4MD) = 278S + 3602C.S + 2077C.P = 5




Table 29, Statistical Data for 3%Cr-lMo-V Steels(44 Specimens)

Variable Name Mean Minimum| Maximum izigiiign
CSF 24 8 42 7
0.40 0.28 0.59 0,06
S 0,011 0.004 0,045 0.007
0.012 0.001 0.,03% 0.007
Si 0.33 0.03 1.02 0.10
Mn 0.67 0.27 0.86 0.10
Ni 0,08 0.00 0.28 0.008
Cr 3416 2.88 3435 0415
Mo 1.03 0.84 2.10 0.23
L on | S | ewlieie
S 175 95 1483
523 89 5.90
Si 29 4 T.78
Ni 17 9 2,00
No =17 3 6.48

Table 30, Statistical Data for all Huxley Cracking Test Results(217 Steels).

Varizble Name| Mean Minimum| Maximum g:i?iiign
CSF 26 0 71 18
0.31 0.02 0.81 0.14
0.020 0.001 0.180 0,026
0.015 0.001 0.058 0.011
Si 0.41 0.00 2.12 0.46
Mn 0.65 0,02 1.80 0.28
Ni 0.29 0,00 5.13 0,65
Cr 1.62 0,00 11.70 1.88
Mo 0.57 0.00 506 0.59
xS 0.,0046 0.,0018 0,0180 0.0032
g x P 0.0044 0.0001 0.0179 0.0031




- 139 -

Table 31 . Statistics for the 272 Steels in the Mixed Series.
Variable Name Mezn Minimum | Maximum ]S;Zi?z:igﬁ
CF or CSF 52 0 88 50
C 0.31 0.02 0.81 0.11
S 0,019 0,001 0.180 0,023
P 0.015 0.001 0.102 0.011
Si 0.38 0.00 2,12 0.43
Mn 0.60 0,00 1449 0.26
Cr 15-2 0,00 11.70 1.69
‘Mo 0.52 0,00 5606 0.53

203 Observations in Huxley Cracking Test.

Table 32, Correlation between CSF and Crack Predictors based on

Compositional Factor

S Crask Predivtor Reference Correlation with CSF
Carbon 0.12
CE(Ostrovskaya,1) Equation 2.3 0.12
CE(Ostrovskaya,2) Equation 2,4 0.05
CE(Ostrovskaye, 3) Eguation 2.5 0.08
HCS(Wilkinson) Equation 2,10 0.33
P(CSF,Cottrell) Equation 2,11 0.51
P(CcSF, MW,1) Equation 2.13 0.54
P(CSF, MW,2) Bquation 2,14 0.52
CxS 0.58
CxP 0.32
c(sS+0.5P) 0.63
Sulphur 0.42
Phosphorus 0.18
Silicon -0,07
Manganese -0,02
Chromium 0.12
Molybdenum -0,22
Oxygen 0.04




Table 33. Comparison of CSF Values in Open

S 140"

(argon purged) Welding.

Air and Closed Box

Series Steel Observed CSF by Observed CSF by
No Type Open Air Welding Closed Box Welding
MA1 SAE4130 17 16
MA2 SAE4130 12 8
MA3  SAE4130 62 59
MA4  SAE4130 57 54
MAS SAE4130
MA6  SAE4130 0 0
MA7 SAE4130 62 60
MA8 SAE4130 60 63
MA9  SAE4130 43 37
MA10 SAE4130 53 50

Table 34. Comparison of CSF Values in Open Air and Closed Box(pre-
evacuated and filled with argon) Welding.

Series  Steel Observed CSF by Observed CSF by
No Type Open Air Welding Closed Box Welding
MC1 Fe=lm=-5-0 8
MC2 Fe-Mn-S-0 0 0
MC3  Fe-Mn-S-0 64 57
MC4  Fe-Mn-S5-0 66 62
MC5 Fe-Mn-5-0 0 0
MC6  Fe-ln-S-0 0 0
MC7 Fe-l!n-5-0 59 63
MC8  Fe-Mn-S-0 70 65
MC9  Fe-Mn=-S-0 0
MC10 Fe-Mn-5-0 D
MC11 Fe-Mn=S-0 9
MC12 Fe-Mn-S=0 45 39
MD1  ASTM A38TB 13 15
MD2  ASTM A387B 9 8
MD3  ASTM A387B 43 39
MD4 ASTM A387B 0 0
MD13 HY80 - -. 30 29
MD14 EN353 61 55
MD16 Hypress 23 21 17
MD17 Creusabro 32 20 11
MD18 EN5 68 65
MD19 EN19 53 60
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Table 35, Huxley Cracking Test Results with Pure rgon,and 2 Oxygen-
Argon Shielding Gas. )

CSF Value CSF Value
Test with Pure Argon | Test with Z¢ 0, + Argon
pEee e Arc Current 954 Arc Current asi
Arc Voltage 11V Arc Voltage 12V
MA1 17 e
MA2 12 0
MA3 62 55
MA4 57 46
MAS 1 0
MA6 0 0
MAT 62 68
MAB 60 53
MAS 43 39
MA10 53 37
MD13 (HY80) 30 29
MD14 (EN353) 61 60




S VR

Table 36, Results of Oxygen Analysis for the Weld and Parent lMetals.

Steel| Type of Parent Metal gi;;egelal ”eéiygzza}
3 i Qxygens (Open Air Welding) |(Closed Box Welding)
MA1 | SAE4130 0.010 0,012 0.009
MA2 | SAE4130. . 0,004 0.009 0,004
MA3 | SAE4130 0.006 0,008 0,005
MA4 | SAE4130 0.007 0.011 0.007
MAS | SAE4130 0.008 0,010 0.006
MA6 | SAE4130 0,016 0.018 0,013
MA7 | SAE4130 0.011 0.015 0.010
MAS | SAE4130 0,013 0.017 0.014
MA9 | SAE4130 0,010 0,011 0,009
MA10 | SAE4130 0,010 0,012 0.007
MB1 | SAE4130 0.006 0.014 0,006
MB2 | SAE4130 0.006 0.013 0,007
ME3 | SAE4130 0.006 0.008 L 0.007
MB4 | SAE4130 0.007 0.023 0.011
MBS | S&E4130 0,010 0.014 0,007
MB6 SAE4130 0.005 0.012 0,005
MC1 | Fe-}n-S-0 0.011 0,022 0,006
MC2 | Fe-Mn-S-0 0,005 0,011 0.005
MC3 | Fe-Mn-S-0 0,005 0.015 ¥ 0.005
MC4 | Fe-Mn-S-0 0.017 0.026 0.015
MC5 Fe=}n=-S-0 0,063 0.064 0.062
Mc6 | Fe-Mn-S=0 0.064 0.064 0.057
MC7 | Pe-Mn-S-0 0.066 0.064 0,061
MC8 | Fe-Mn-S-0 0.064 0.064 0.062
MD1 | ASTM A387B 0.015 0.025 0,010
MD2 | ASTM A387B 0.014 0,022 0.009
MD3 | ASTM A387B 0,009 0.010 0.006
MD4 | ASTM A387B 0,012 0.013 ; 0.010
MD5 | EN24 0.005 0,008 0,007
MD6 | EN24 0.005 0.008 0,005
MD7 | EN24 0,007 0,011 0,008
MD8 | EN24 0.006 0,012 0.005
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Table 37. Results of Cxygen Analysis for Parent and Weld Metal Welded
with Pure Argon and with 2% Oxygen-Argon IlMixture.

Series Parent Metal Weld Metal Weld Metal

No Oxygen % Oxygen % Oxygen %
(Open Air Pure Argon)| (2% Oxygen=-Argon Gas)

MA1 0.010 0.012 0.025

MA2 0.004 0.009 0.023

MA3 0,006 0.008 0.041

MA4 0.007 0.011 0.029

MAS 0.008 0.010 0.057

MA6 0,016 0.018 0.035

MAT 0.011 0.015 0.037

MA8 0.013 0,017 0.072

MA9 0.010 0.011 0,026

MA10 0.010 0.012 0.019

MD13 0.010 0.023 0,036

¥D14 0.010 0.021 0,051

Table 38 ., Results of carbon analysis for the parent and weld metals,

Weld Metal Carbon% Weld Metal Carbon %
R Pg;:gznﬂ;tal Welding with Pure | Welding with 2%

= Argon Shielding Gas | Oxygen-Argon Mixture
MA1 0.29 0,28"" 0.24
MA2 0.33 0.29 0.23
MA3 0.29 030 0.26
MA4 0.30 0,26 0.24
MAS 0.27 0.28 0.25
MA6 0.32 0.30 0.27
MAT 0.29 0.27 0.25
MA8 0.28 0.26 0.21
MA9 0.28 0.26 0.24
MA10 0.26 0.25 0.17
MD13 0.15 0.16 0.14
MD14 0.14 0.15 0,12
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Table 39, The Inclusion Counts for the MA Series Steels(SAE4130).

SEI’"G?S Mngt st | o6 | (st + 6)| /s | csF giﬁs;‘;’;
Init Arez
MA1 0.30 0,011 | 0.010 0.021 275 17 80
MA2 0.72 0,009 | 0,004 0.013 80,0 12 90
MA3 0.23 0,042 | 0,006 0,048 Bed 62 150
MA4 0.80 0.041 | 0.007 0.048 19.5 57 180
MAS 0.19 0.007 | 0.008 0.015 2741 1 110
Ma6 0.61 0,008 | 0,016 0.024 76.3 0 120
MAT 0.17 0.032 | 0.011 0.043 5¢3 62 200
MAS 0.59 0.032 | 0.013 0.045 18.4 60 160
MAS 0.67 0.028 | 0,010 0,038 23,9 43 130
MA10 0.68 0,039 | 0.010 0.049 17.4 53 160

Table 40, The Influence of Carbon Content on Sulphur Coefficient for CSF.

Stesl Series Number of | Mean of | Mean of | Coefficient
Samples C% S% of Sulphur

MA 10 0.30 0,025 1681

MB 6 0.33 0.023 1060

MC 12 0.04 0.086 431

MD 19 0.22 0,025 1035

MA+MB+MD 55 0.26 0.025 1320

MC+ED 44 0.13 0.052 453

MA~+MB+MC+MD 47 0.21 0.040 756

C 55 0.36 0.010 1503

MW+MH 42 0.32 0.016 833
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the steels in the-MA and MB seriss (all SAE4130).
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Fig 24. The comparison of observed and calculated CSF ‘values
for the steels in the MA and MB series (all SAE4130),
Equation P(CSF,MA+MB) = 1587S + 657P = 5.
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Fig 25. Flat section of the weld of MA3 (SAE4130, 0.042% S,
0.,00%% P, CSF = 62) showing the dendrites near a centreline
crack boundary. Specimen etched in a solution of saturated
picric acid with a wetting agent. X70.

Fig 26. Flat section of the weld of MA3 (SAE4130, 0.042% S,
0.00%% P, CSF = 62) showing the dendrites near a centreline
crack boundary. X70.
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Fig 27. Flat section of the weld of MD19 (EN19, 0.015% S,
0.042% P, CSF = 53) showing the detachment and rupture of
dendrites near the crack boundary. X70.

Fig 28. Flat section of the weld of MA8 (SAE4130, 0.032% S,
0.006% P, 0.59% Mn, CSF = 60) showing some dendrites growing
in parallel with the welding direction being distorted and
ruptured. X70,
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Fig 29. A typical weld surface with solidification crack.
MA8 (SAE4130, 0.032% S, 0.006% P, CSF = 60). X50

Fig 30, A close-up view of the solidification of weld
surface with the growth markings. MA8 (SAE4130, 0.032% S,
0.006% P, CSF = 60). X500



Fig 31. A atereomicrograph of a weld surface of MA3
(SAE4130, 0.042% S, 0,006% P, CSF = 62) with centre-
line cracks, slightly etched. X 20

Fig 32. The interior of a gas pore with a leading channel
in the specimen of MB4 (SAE4130, 0,011% S, weld metal

oxygen content 0,023%, C x 0 = 0,008), X 50
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Fig 33, Extended fracture surface of solidification crack

caused by mechanical rupturing at room temperature for MA4

(SAE4130, 0.041% S, 0.60% Mn, CSF = 57), the honeycomb-like

structure is believed to be the fractured FeS-MnS-Fe eutectic.
X 2000

Pig 34. Extended fracture surface of solidification crack

caused by mechanical rupturing at room temperature for a less

crack susceptible steel weld. MAS (SAE4130, 0,007% S, CSF = 1).
X 2000
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Fig 35. Oxidized solidification crack surface with bent
dendritic colums, MD18 (EN5, 0.030% S, CSF = 68). X 200

Fig 36. Oxidized solidification crack surface, the true
solidification structure being obscured by the presence of
oxide skins. MD18 (EN5, 0,030% S, CSF = 68). X 600
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Fig 37. Oxidized crack surface with a general dendritic

pattern, Ma 7 (SAE4130, O.

X 500

.

CSF = 62)

032% s,

Fig 38, Fresh solidification crack surface showing a

typical columnar structure, MD15 (BS4360-50B, 0.17% C,

X 200

CSF = 1).

Sy

0.028%
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Fig 39. Gas pore interior with round dendritic tips or
equiaxed grains, MA7 (SAE4130, 0.032% S, CSF = 62). X 1000

Fig 40. Stereomicrograph of distorted or ill-defined
dendrites on the crack surface, MA2 (SAE4130, 0.009% S,
CSF = 12), also seen in other less crack susceptible
steels. X 500
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Fig 41. Distorted and ill-defined dendrites on the crack
surface of the weld of MA9 (SAE4130, 0.028% S, CSF = 43).

X 500

Fig 42. Stereomicrograph of solidification crack surface with
globules, MC12 (0.170% S, 0,016% 0, CSF = 63). X 1000
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Fig 43. Stereomicrograph of solidification crack surface
with globules and sunk cavities, MA4 (SAE4130, 0,042% S,
CSF = 57).

Fig 44. Rodlike non-metallic phase protruding out of the

matrix of the solidification crack surface, weld of MA10

(SAE4130, 0.03%% S, CSF = 53).
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Fig 45. Crack surface showing extended tips of necked down
bridges between grains, seen in the weld of MA7 (SAE4130,
0.032% S, 0.17% Mn, CSF = 62). X 3000

Fig 46. Crack surface with a series of necked down bridges,
seen in the weld of MC12 (Fe-Mn-S-0 alloy, 0.17% S, 0.016% 0,
0.03% Mn, CSF = 63). X 2000
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Fig 47. Crack surface showing dendrites with broken ends,
Mc11 (0,080% S, CSF = 9). X 500

Tig 48. Crack surface showing brittle rupture of
dendritic colums, MC4 (0.16% S, CSF = 66). X 50
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Fig 49. Crack surface of a steel weld showing liquid films
or non-metallic inclusions, MA4 (0.041% S, SAE4130, CSF = 57).
X 1000

Fig 50. Crack surface showing liquated films or non-
metallic inclusions, MC8 (Fe-Mn-S-0, 0.16% S, 0.064% 0,
CSF = 70). X 250
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Fig 51, Crack surface showing some area being in a mushy
state during solidification cracking, MB6 (SAE4130, 0.40% C,

0.012% S, CSF = 31). X 1000
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Fig 52. Crack surface showing some area being in a mushy
state during solidification cracking, MB6 (SAE4130, 0.40% C,
0.012% S, CSF = 31). X 1000



= 176 -

Fig 53. Crack surface with ridges seen in the specimen of a
less crack susceptible steel, MA2 (SAE4130, 0,009% S,
CSF = 12). X 1000

Fig 54. Crack surface with ridges seen in the specimen of a
less crack susceptible steel., The ridges contain more sulphur

than the matrix does. Weld of MA2 (SAE4130, 0,009%% S, CSF = 12),
X 800
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Fig 55a. Crack surface with a very clean appearance, in
which the striation can be seen, in the weld of MA5

(SAE4130, 0,006% S, CSF = 1), X 500

Fig 55b, Freely solidified ball on the crack surface of
MA7 weld (SAE4130, 0.28% C, 0,032% S, CSF = 62), The

ball diameter is about 20 um, X 5000
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Pig 56, KEVEX chart of inclusion
containing silicon, possibly 3102
ar Sioz-Feo, often observed,

Pig 57. KEVEX chart of inclusion
containing Si and Mn, possibly SiQ.e
MaQ or SiOE-MnO-FeO, often observet.
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| Fe '
Ca ’A) S CaKB

Fig 58, KEVEX chart of Al.0.+Si0

2.3

Fig 59. KEVEX chart of Al 03'Si02°

Ca0 type inclusions, founa

type inclusions, showing as”a clus- near
ter, often found in the mpper weld. the surface of the weld,
5 6
Al
Al TiKg\
{ Fe S Ti =
y A 'K 2

Fig 60, KEVEX chart of 31203 inclu- Fig 61, KEVEX chart of Al qu'l‘io2
sion- .appearing as a lump, “found in

MB4 (0.110% 41).

,type inclusion, observed iIn“MB4
(0.11% 4Al).
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Pig 62, KEVEX chart of calcium- Pig 63, KEVEX chart of inclusion
containing inclusion found in ME2, containing titanium found in MB4
relatively seldom in occurrence. and MB5.
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Al
Fe
Si
Al :
Ca Fe
J Cr S
Fig 64. KEVEX chart, possibly Pig 65, KEVEX chart similar to Fig
representing FeO'Al203 system 59, also found near the top surface
inclusion (MB4). ef the weld.
11 12
Fe
Ca Ti
Ti il
Fe
S
Al s Mn
Fig 66, KEVEX chart of inclusion Fig 67. KEVEX chart of inclusion
containing Ca and Ti, found in the containing Al and Ti with:absorp-

MB series, tion of sulphur, found in MB4.
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Fig 68, EKEVEX chart of oxysulphide Pig 69, KEVEX chart for the weld

or sulphide inclusion., Observed in crack surface of crack susceptible
MA3, Ma4, MAT7 and MAS. steels (MA3, Mad).
15 16
Fe WFE
S Mn
Mn

Fig 70, KEVEX chart for the liquated Fig 71. KEVEX chart for the weld
sulphide film found in the weld crack crack surface of the MC series
surface of MA4(CSF=57) or MC4(CSF=66). steels (MC8, C.163S, CSF=70).
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Fe
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Fig 72. KEVEX chart for the inclu. Fig 73.. KEVEX chart for the inclu-
sion shown _in Fig 42 and Fig 43, sion found in the weld of MD14(EN
MAB (0.032%S, 0.5%@m, CSFE=60) 353, 0,040%S, 1.254Cr, CSF=60).
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Fig 74. KEVEX chzart of sulphide Fig 75. KEVEX chart for a complex
inclusion containing Ti, found in oxide and sulphide inclusion con-

the weld of MB2(0.025%S, CSP=56). taining Si and Ca, observed in MB2,

21 ' 22

Fig 76. KEVEX chart for the inclu- Pig 77. KEVEX chart for the inclu-
sion containing Si and S, .abserved sion containing AltSi’ Ca and 8§,

in the weld of MA3(0.29%Si, 0.042%S). .in the weld of MB3{CSF=58).

23] 24
FeK&
Cag, : -
Si _ a
S Fe Si s
Al Al F'E_Kﬂ
aKg \

Fig 78. KEVEX chart for the inclu=- Fig 79. KEVEX chart for the inclu~-
sion containing Al1,8i, Ca and S , sion containing 41,5i,Ca2,Fe and S,
observed in the weld of MB3. observed in the weld of MB2(CSF=56).
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Fig 80, KEVEX chart for the inclu- Fig 81. KEVEX chart for the inclu=-
sion contazining 41,8i,S,Cas,Ti,Cr , sion containing A1,Si,Ca,S and Fe,
Mn etc in the weld of MB1(CSF=50). in the weld of MA7(0.032:S,CSF=62),
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Fig 82, EEVEX chart for the crack- Fig 83 KEVEX chart for the worm-

surface of MD16(0.057%P, CSF=21). like phosphide inclusion observed
Not found in  any other steels. in the weld of MD16(CSF=21, 0,057%P).
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Fe T
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F

Fig 84, KEVEX chart for the crack Fig 85. KEVEX chart for the crack
surface of a less crack susceptible surface of a2 more crack susceptible
weld. weld. S being detectzble on the matrix,
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Fig 86, The influence of (S+0.5P) and C on the weld crack susceptibility
according to 186 Huxley cracking test data. The steels with composition
under the curve of C(S+0,5P) = 0,0033 are mostly crack resistant.
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Fig 87. The influence of (S + 0.5P) and C on the crack suscep-
tibility of steel weld metal. according to the Huxley cracking
test:data of the present research. Steels with (S+O,5P)(6§6%E—f~

were found not crack susceptible.
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Fig 88, The effect of carbon in steel on the sulphur coefficient

in the regression equations for the crack susceptible factor (CSF).



