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ABSTRACT

Twenty five dual shielded flux cored arc welds 
containing systematic variation of boron and titanium were 
made on 25 mm (1 in.) thick A633 G r . C steel plate using 
experimental flux cored welding wires which were prepared by 
Hobart Brothers Company of Tr o y , Ohio.

Standard point counting quantitative metallographic 
techniques and guidelines for the clssification of ferritic 
steel weld metal using light microscopy suggested by the IIW 
in 1985 were used to evaluate the volume percent of the 
weld metal microstructural constituents. With the results 
of quantitative analysis and metallography, the 
microstructure was characterized.

The results indicated that the final microstructure was 
controlled by the presence of boron and titanium, which 
determined the volume percent of acicular ferrite by the 
effect of boron— titaniium interactions on nucléation events 

at prior austenite grain boundaries. Specifically, the
largest volume percent of acicular ferrite (up to 95 vol.— 

pet.) was obtained in a weld containing 42 ppm of weld metal 
boron content and 420 ppm of weld metal titanium. Without 
titanium additions, the effect of boron on the weld metal 
microstructure (volume fraction of acicular ferrite) was

ii i
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very small. Titanium also showed a small effect without a
sufficient boron addition.

Even though there was a decrease in the volume percent 
of side plate ferrite with excess weld metal boron and 
titanium, the rate of decreasing side plate ferrite was 
smaller than that of increasing upper bainite. For this
reason, low temperature toughness of the weld containing 
excess boron and titanium is expected to be lowered.

Models for the increased volume percent of acicular 
ferrite were proposed based on the previous works and the 
results of this study as follows:
1. In order to get the optimum size distribution of TiO 

and larger prior austenite grain size, the control of 
both titanium and oxygen is required.

2. Since boron reduces the formation of grain boundary 
ferrite with titanium protection, boron addition is 
required to obtain further increase of volume percent 
of acicular ferrite. However, there is an optimum 
titanium and boron content to avoid the excess 
formation of upper bainite.

3. Excess boron addition up to 70 ppm without titanium 

addition increases very slightly the volume percent of 
acicular ferrite probably by forming the nucléation 

site of BgOg intragranularly for the acicular ferrite

i v
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rather than by forming the nucléation site of 
at grain boudaries for the grain boundary ferrite .
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1.0. INTORDUCTION

There is a large and growing demand for welded 

structures used at low temperature, such as pipelines, 
offshore structures, LPG storage tanks and ships, which 
requires steel and joints to be highly reliable.

The major impetus for development in high-strength 
low—alloy (HSLA) steels for these purposes has been provided 
by the need for:

(i ) higher strength
(ii) improved toughness at low temperature

(iii) increased weldabi1ity 
In order to meet these requirements at the same time, the 
steel carbon contents have been progressively lowered to 
below 0.10 wt.—pet. carbon. The desired properties are 
largely achieved through a refinement of the ferrite grain 
size, produced by the additions of microalloying elements 
such as aluminium, vanadium, niobium, and titanium in 
combination with various forms of controlled rolling (1).

Recently, accelerated cooling after controlled rolling 
attained higher strength without deterioration in toughness 

and improved weldabi1ity because of the decrease in carbon 
content or alloying elements (2).

The recent progress in steel plate manufacturing
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technology has called for new development in welding 
consumables to produce weld deposits with mechanical 
properties essentially equivalent to the base metal.

Many investigations over the past decade have 
concentrated on the achievement of maximum toughness for a 
given strength level by control of the weld metal 
microstructure. Based on these studies, there seems to be 
general agreement that microstructures consisting primarily 
of acicular ferrite provide optimum weld metal mechanical 
properties, both from a strength and toughness point of 
view. This is the result of a small grain size (typically 
1— 3 microns) and high angle boundaries (typically > 19°)
(3). The formation of large proportion of upper bainite,
side plate ferrite or grain boundary ferrite are considered 
detrimental to toughness, since these structures provide 
preferential crack propagation paths due to their parallel 
or small angle boundaries (3).

Attempts to control the weld metal acicular ferrite 
content have led to the introduction of welding consumables 
containing complex deoxidizers (Si, M n , A l ,T i ) and balanced 

additions of alloying elements (Nb, V, Cu, Ni, C r , Mo, B ) .
The final weld metal microstructure will depend on 

complex interactions between several important variables 
such as:
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(i) the total alloy content

(ii) the concentration, chemical compositon, and size 
distribution of non—metallic inclusions

(iii) the solidification microstructure
(iv) the prior austenite grain size
(v) the weld thermal cycle
It is difficult to get satisfactory low temperature 

notch toughness of the weld metal containing alloying 
elements (mainly Ni) without leading to tensile strength 
higher than actually needed.

Several investigators discovered that the addition of 
a combination in titanium and boron into weld metal 
effectively produces an acicular ferrite microstructure and 
that the notch toughness is improved with required tensile 
strength. Therefore, research works to clarify the 
mechanisms of notch toughness improvement from the point 
view of microstructure are numerous (4— 20).

The purpose of this study is to characterize in greater 
detail the effects of boron and titanium on the 
microstructure of dual shielded flux cored arc weld metals 

when the flux cored wires are welded on a niobium 
microalloyed steel. It is hoped that this investigation 
will further clarify the role of boron and titanium on 
austenite to ferrite phase transformation in weld metal.
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2.0. LITERATURE REVIEW

The final microstructure in microalloyed weld metals 

depends upon complex interactions between several important 
variables. However, in the final analysis, only the 
structural factors and compositional factors interact with 
procedural factors such as cooling rate to produce the final 
mi cr©structure.

It is appropriate to start this review with a detailed 
classification of the various microstructural constituents 
commonly found in low—carbon low—alloy steel weld metals.
A review of the solid state transformations in the steel 
weld metal will be presented next followed by a review of 
the factors affecting microstructures of the steel weld 
metal. The effect of microstructure on weld metal 
mechanical properties will then be reviewed.

2.1. MICROSTRUCTURES OF LOW-CARBON LOW-ALLOY STEEL WELD
METAL

2.1.1. Classification

Normally, the microstructure formed within each single 
austenite grain after transformation will be a complex
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mixture of two or more of the following constituents, 
arranged in approximately decreasing order of transformation 
temperature :

(i ) grain boundary ferrite
(ii) polygonal ferrite

(iii) side plate ferrite
(iv) acicular ferrite
(v) upper bainite

(vi) martensite
The microstructural constituents listed above are indicated 
in figure 1 which shows the typical microstructures found in 
low—carbon low—alloy steel weld metals.

Quantification of weld metal microstructures is most 
commonly done by means of optical microscopy. Several 
systems have been introduced throughout the years for the 
classification of the various constituents; with each system 
reflecting different investigator's views and directions. 
This controversy in terminology has been a source of 
confusion, and the work by Sub— Commission IXJ of the 
International Institute of Welding (IIW) for developing 
guidelines for quantification of weld metal microstructures 
is, therefore, an important step towards a standardized 
system of nomenclature (21— 26).

The IIW recommendations are based on the scheme
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1 __ I
20 ̂ .m

1 grainboundary ferrite ; 2 polygonal ferrite;
3 side plate ferrite; 4 acicular ferrite;
5 upper bainite

Figure 1. As deposited weld microstructures showing various 
microstructural constituents
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originally proposed by Abson and Dolby (21). The
distinction between acicular ferrite and the various side
plate structures is based on features such as aspect ratio,
relative lath size, and number of parallel laths. Figure 2
shows schematic diagram of the principal microstructural 
constituents (26). This leads to the introduction of the 
AC— constituent (ferrite with aligned second phase), which 
comprises both classical Widmanstatten grain boundary 
ferrite and upper bainite.

In contrast to the IIW approach to classifying 

microstructural elements based on their appearance in the 
optical microscope, the Japanese (27) classify the various 
consi ti tuents solely in terms of their principal 
transformation structure. The comparison between these two 
systems is shown in table 1, in which the Japanese system 
omits the ferrite with non-aligned second phase, FS(NA). 

Since the different transformation products cannot often 
be readily identified on the basis of their transformation 

chracteristics, the IIW system (26) is more convenient to 
use in practice. From a scientific point of view, however, 

the Japanese system (27) is more correct, since it does not 
violate common terminology based on thermodynamics and 
kinetics of transformation reactions. Consequently, both 
classification systems appear to have their weaknesses.
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Figure 2

PF(G) FS

AF PF

FS(A) AF

AF FC

PF primary ferrite;
PF(G) grain boundary ferrite;
AF acicular ferrite;
FS ferrite with second phase;
FS(A) ferrite with aligned second phase;
FC ferrite carbide aggregate
Schematic diagrams of weld metal microstructural 
constituents, after Ref. 26
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Table 1. Comparison between the IIW system and Japanese 
system in classification and terminology of 
microstructures, after Refs. 26,27

JWS system

FERRITE
— grain boundary ferrite
— intragranular polygonal 

ferr i te
— ferrite side plate

PEARLITE
— pearli te

ACICULAR FERRITE
— acicular ferrite

BAINITE
— upper bainite
— lower bainite

MARTENSITE
— lath martensite
— M—A constituent

IIW system

PRIMARY FERRITE
— grain boundary ferrite
— intragranular polygonal 

ferrite

FERRITE CARBIDE AGGREGATE
— pearli te

ACICULAR FERRITE
— acicular ferrite

FERRITE WITH SECOND PHASE
— ferrite with aligned 

second phase
— ferrite with non-aligned 

second phase
MARTENSITE

— lath martensite
— twin martensite
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The features of the principal microstructural 

constituents (not including microphases) are described 
below.

(1) Primary ferrite (PF)
Primary ferrite may occur in two forms, grain boundary 

ferrite, P F (G ) and intragranular polygonal ferrite, P F (I ), 
which may be counted as separate constituents if the 
operator is confident that the distinction is clear. When 
the cooling rate is extremely slow, grain boundary ferrite 
nucleates at the prior austenite grain boundaries. Figure 

2 (a) defines the boundary between P F (G ) and FS.
Intragranular polygonal ferrite is a ferrite grain which is 
usually polygonal and found within prior austenite grain. 
This ferrite is larger than about three times the average 
width of surrounding acicular ferrite or ferrite with second 
phase laths. Figure 2 (b) shows the intragranular
polygonal ferrite. Figure 3 shows schematic continuous
cooling transformation diagram of a ferrite steel weld metal 

showing the different transformation start temperature of 
mi croconst i tuents .

(2) Acicular ferrite (AF)
Acicular ferrite constituent which needs a greater
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Figure 3. Example of steel weld metal CCT diagram
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degree of undercooling than primary ferrite and side plate 
ferrite is characterized by small non-aligned ferrite grains 
found within prior austenite grains. A region of acicular 

ferrite often has the morphology of a Midmanstatten 
structure, but also nucleates as isolated laths of high 

aspect ratio, which is shown in figure 2 (c).
The fine interlocking structure with high grain 

boundary angle provides high resistance to crack 
propagation. Acicular ferrite nucleates heterogeneously 
and intragranularly on non—metallic inclusions (3,28,29) and 
grows until impingements.

(3) Ferrite with second phase (FS)
Ferrite with second phase may occur in two forms, 

ferrite with aligned second phase and ferrite with non- 
aligned second phase. Ferrite with aligned second phase,
F S (A ), is characterized by two or more parallel laths of 
ferrite. If there are only two laths, these should be 
classified by ferrite with aligned second phase in case 
their aspect ratio is greater than 4:1. In the other case, 
they should be treated as acicular ferrite or primary 

ferrite as shown in figure 2 (c). If the operator is 
confident that this constituent can be identified as side 
plate ferrite or upper bainite, then it should be
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abbreviated as FS(SP) or FS(UB). Ferrite with non-aligned 
second phase is characterized by the ferrite completely 
surrounding either microphases or laths of acicular ferrite.

Cochrane (30) points out ths following features for 
distinguishing upper bainite from ferrite side plate :

(i ) nucléation site:
upper bainite always nucleates at grain boundaries. 
If there is similar structure originating from 
grain boundary ferrite, it may be regarded as 
growing from ferrite side plates.

(ii) form of carbide:
according to the classical classification, upper 
bainite includes cement i te plate between laths.
On the other h a n d , the ferrite side plate has a 
carbon rich area between laths which is transformed 
from pear1i te to martensite.

(iii) dislocation density:
upper bainite is generated at a lower temperature 
than ferrite side plate, and consequently has a 
high dislocation density.

(4) Ferrite carbide aggregate (FC )
Ferrite carbide aggregate is characterized by the fine 

ferrite/carbide structures including ferrite with interphase
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carbides and pearlit e . If the aggregate can be clearly 

identified as pear1i te , it should be termed F C (P ). If the 
colony is smaller than adjacent laths within prior austenite 
grains, it must be treated as a microphase as shown in 
figure 2 (d ) .

(5) Martensite (M)
Colonies of martensite which are larger than ferrite 

laths within adjacent austenite grains will be classified as 

martensite. Smaller colonies should be treated as 
microphases.

2.1.2. Transformation Kinetics

In practice, solid state transformations require a 

certain degree of undercooling, which is essential to 
accommodate the surface and strain energies of the new 
phase. The free energy change of transformation can be 
generally be written as (31,32,33)

A g = AG y + Ag g + AG g 4- AGd (1)

where AG^ (chemical free energy of the nucleus) and AG^
(free energy change due to the destruction of an existing 

surface) are negative since they assist the transformation,
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while AGg (increase in surface energy between the two 
phases) and AGg (increase in strain energy resulting from 
lattice distortion) are positive because they represent a 
barrier to nucléation.

In general, solid state transformations in metals occur 
heterogeneously by nucléation at high energy sites such as 
grain corners, grain boundaries, inclusions, dislocations, 
and vacancy clusters. In addition, in steel weld deposits, 
fine distributions of non—metallic inclusions provide 
favorable sites for heterogeneous nucléation. The 

important influence of second—phase particles on the 
austenite to ferrite transformation has recently been 
examined theoretically by Ricks et al. (34), using classical 
nucléation theory. By assuming inert, incoherent, and 
non—deformable inclusions and constant values for the volume 
free energy change and the surface free energy of both the 
austenite/austenite and austenite/ferrite boundaries, the 
normalized energy barrier to nucléation has been calculated 

and plotted against the particle radius as shown in figure 
4. It can be seen from the figure that the nucléation of 
ferrite at inclusions is always energetically more favorable 
than homogeneous nucléation, but less favorable than 
nucléation at austenite grain boundaries, irrespective of 

the nucléation size. The most potent nucléation sites are
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Figure 4. Effect of particle radius on energy farrier to 
ferrite nucléation at inclusions, AG 
(heterogeneous), normallized with çespect to 
homogeneous nucléation barrier, AG 
(homogeneous). Corresponding energy barrier to 
nucléation of ferrite at austenite grain 
boundaries is indicated by horizontal broken 
line, after R e f . 34
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particles of a radius greater than about 0.2—0.5 microns 
which is within the typical size range of most weld metal 
inclusions. It should be noted, however, that Ricks et al. 
(34) omitted a consideration of the effects of strain 
produced as a result of differences in thermal contraction 
between the austenite and the particles as well as the 
possibility for the ferrite to adopt reasonable orientation 
relationships with both the austenite and the particles.

2.1.3. Transformation Behaviour

On cooling below the A r g temperature, ferrite will 
nucleate initially at austenite grain corners and 
boundaries, since these sites generally provide the lowest 

energy barrier to nucléation. The ferrite subsequently 
grows with parabolic kinetics into the austenite behind a 
planar incoherent front (35), leading to the formation of 

grain boundary allotrimorphs (also known as blocky ferrite 
or ferrite veining). With increasing degree of 
undercooling, however, the redistribution of carbon becomes 
insufficient to maintain a planar growth mode ; i.e. further 
growth of the ferrite can only take place by lateral 
movement of ledges along a low energy interface (36). This 
implies a Kurdjumov— Sachs orientation relationship (36,37)
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between the austenite and the ferrite; i.e. (Ill) parallel 
with (110) and [Oil] parallel to [111] , which is a 

characteristic feature of the Widmanstatten ferrite 
structure. The ferrite side plates, once nucleated, grow 
very rapidly under the prevailing conditions as a result of 
an efficient redistribution of carbon to the sides of the 
advancing interface (34). As a result, parallel arrays of 
ferrite laths of high aspect ratio (typically 1 0 :1 ) are 
often found in the areas adjacent to the prior austenite 

grain boundaries (figure 1).
Simultaneous with or immediately after the formation 

of ferrite side plates at the austenite grain boundaries, 
acicular ferrite may start to nucleate intragranularly at 
inclusions. The role of non—metallic inclusions in the
nucléation of acicular ferrite was first demonstrated by 

Abson et al. (11) and Cochrane and Kirkwood (38), and has 
been confirmed later by a large number of other 
investigators (39— 43). It seems to be well established 
that this constituent is a very fine-grained Widmanstatten 
type of ferrite, nucleated in the transformation temperature 
range between side plate ferrite and upper bainite (38,42— 
44). A ledge mechanism is thus believed to be operative 
during the formation of acicular ferrite in a manner 
analogous to that documented for the lateral growth of
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Widmanstatten ferrite side plates at the austenite grain 
boundaries (42). Since the acicular ferrite laths 
normally grow until impingement occurs on neighbouring 
grains, the final grain size will largely be determined by 
the average spacing between the inclusions. Each 
individual lath is typically 1— 3 microns wide with an aspect 
ratio in the range of 1:2 or more, and exhibits a 
characteristic fine dislocation substructure (42). In
addition to nucléation of acicular ferrite on inclusions, 
acicular ferrite can develop from pre-existing side plate 
ferrite, a nucléation process referred to as sympathetic 
nucléation (42).

In reheated C— Mn and C—Mn—Mo steel weld metal, Choi and 
Hill (45) give the transformation temperature ranges for the 

major constituents as lying within the following ranges :
(i ) grain boundary nucleated primary ferrite forms 

between 1000 and 650°C, at the prior austenite 
grain boundaries

(ii) ferrite side plates form between 750 and 650°C, 
also at the prior austenite grain boundaries

(iii) acicular ferrite forms below approximately 650°C, 
within the prior austenite grains

(iv) a lath structure which is most probably upper
bainite and which has a high dislocation density,
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forms below 500°C.
In the absence of potent nucléation sites for ferrite 

(for instance, in the case of a very low weld metal oxygen 

content) acicular ferrite formation may be more or less 
completely suppressed. Under these conditions, ferrite 
side plates and upper bainite will dominate the 
microstructures (3,11).

As a result of the ferrite formation during cooling, 
carbon is continuously enriched in the remaining austenite. 
Depending on the cooling rate and the weld chemical 
composition, this carbon— rich austenite may transform to a 
large variety of microstructural constituents, including 
pearli t e , upper and lower bainite, or martensite.
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2.2. FACTORS AFFECTING MICROSTRUCTURES OF LOW-CARBON 
LOW-ALLOY STEEL WELD METAL

2.2.1. Structural Factors

One could define the structural factors of the 
austenite to ferrite transformation as those factors which 
depend primarily on the structure of the transforming 
austenite (i.e. its grain size and inclusion distribution). 
Since the austenite grain size depends upon the distribution 
of second phases within it, the relationship between the 
inclusion size distribution and the austenite grain size 
will be established first. Furthermore, the non—metallic

inclusions in austenite may exert a controlling influence on 
the final microstructure through their effects on the 

nucléation of ferrite. Therefore, this section will
discuss the origin of weld metal inclusions and the various 
mechanisms by which they are thought to affect the austenite 
to ferrite transformation in low— carbon low—alloy steel weld 

metals.

(1) Austenite grain size effects
After solidification, austenite grain growth can occur 

during cooling from the peritectic temperature to about 
1200°C because the mobility of grain boundaries is high
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(46). The extent of grain growth depends on several 
factors, the most important of which are the cooling rate 
above about 1200°C and the volume fraction and size 
distribution of inclusions in the austenite. The cooling 
rate above 1200°C will depend on welding process, plate 
section thickness, heat input and flux type. The time
available for grain growth will increase with increasing 

heat input and decreasing section thickness. Therefore, 
these variables must be considered when one is trying to 

optimize weld metal microstructures.
The volume fraction and size distribution of inclusions 

found in submerged arc welds depends upon flux basicity 
(30,38) and weld pool retention time (46). The volume 
fraction of inclusions will increase as flux basicity 
decreases due to increases in available oxygen in the weld 
pool. Longer weld pool retention times lead to fewer and
larger inclusions because of increased time available for 
growth and/or agglomeration of the inclusions (46).

The relationship between the limiting grain size and 
the inclusion distribution was given by Zener (47) as

D l = 4d/3f (2)

where is the limiting grain size, f is the volume
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fraction of particles, and d is the mean particle size.
The Zener equation is general and indicates that a smaller 
austenite grain size will result as the mean particle size 
decreases or as the volume fraction increases, or both.

Fleck (19) showed that the prior austenite grain size 
decrease with increasing weld metal oxygen concentration 
reflecting an increase in the number of grain boundary 
pinning sites. Fleck (19) also showed that the result of 
decreasing the prior austenite grain size was an increase in 
the amount of grain boundary ferrite in the final 
microstructure.

(2) Inclusion size effects
Ricks, Barri t e , and Howell (34) showed that grain 

boundaries are always more favorable sites for nucléation 
than inclusions in figure 4. However, if grain boundary 
nucléation is hindered in some way, then inclusions can be 
ferrite nucléation sites once they obtain a certain minimum 

size, approximately 0.2— 0.5 microns.
Mori et al. (3) showed that the most frequent size is 

in the range of 0.3—0.7 microns and also showed that the 
average size of the non—metallic inclusions increase as the 
oxygen content of the weld containing titanium and boron 
increase and that the maximum toughness can be improved by
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controlling oxygen content from 100 to 150 ppm reflecting 
that the inclusions of small size (about 0.3 microns) are 
more potent sites for acicular ferrite nucléation.

(3) Inclusion size distribution effects

Abson, Dolby and Hart (11) studied the effects of 
oxygen concentration on the weld metal microstructures and 
showed that a reduction in oxygen concentration from 200 ppm
to 110 ppm in several submerged arc welds caused the
microstructure to change from one that was predominantly 
acicular ferrite to one that was mostly bainite. They
concluded that the change in flux type was more important 
than the change in oxygen level and the inclusion size 
distribution and inclusion type were the most important 
variants in their welds.

Liu (48) studied submerged arc welds containing 250— 350
ppm oxygen and showed that the weld where inclusions are
distributed mostly in the range of 0.2—0.4 microns (Figure 
5) has the large volume fraction of acicular ferrite.

Mori et al. (3) also showed the distributions of the 
three welds containing different levels of the oxygen in 

figure 6 . This figure shows the effect of weld metal
oxygen content on the size distribution of non—metallic 
inclusions as counted on scanning electron microphotographs.
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Figure 5. Simple and cumulative size distribution of the 
inclusions extracted from titanium containing 
weld m e tal, replotted by the data from Ref. 48
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Figure 6 . Size distribution of the inclusions, after Ref. 3



T—3415 27

It can be seen that the intensity of small size inclusions 
is high in the case of the low oxygen content (which showed 
the highest notch toughness) and most frequent size is in 
the range of 0.25—0.40 microns.

(4) Lattice disregistry effects
During heterogenous nucléation, the existence of a 

coherent or semicoherent interface between the nuclei and 
the substrate will reduce the energy barrier for nucléation 
(31,32). Furthermore, the smaller the disregistry that 
exists between the nucleus and the substrate, the more 
effective is the substrate for nucléation.

Mori et al. (13) proposed that oxide particles having a 
surface coating of TiO or those particles which were wholly 
TiO would be the most potent sites for the nucléation of 
acicular ferrite. The disregistry between TiO and ferrite 
is 3.0 percent and this value is the smallest in table 2 
(13). The compounds which have high values of disregistry 
such as BN and Al^O^ will not be the nucléation site for the 
acicular ferrite. In contrast to these compounds, TIN has 
the disregistry of 3.8 percent and it is thought to be the 
second most potent nucléation site for the acicular ferrite.

Mori et al. (3) found that the most dominant 

constituent was Fe^c followed by TiO (titanium monoxide)
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Table 2. Crystallographic data for the effective nucleating 
agents, after R e f . 13

Compound Crystal
structure

Lattice parameter (A ) Relation of planes 
between nucleating 
agents and a-Fe

Planar
disregistry

(%)Oo bo Co

TiN
Cubic
(NaCl) 4.235 — — ( I 0 0 ) n / /  ( 100 )a 

[O lO ln / /  [01 1] a 3.8

Ti20 Hexagonal 2.959 — 4.845
(0001 )n / /  ( 11 l ) a  

[O O I]n / /  [1 10]a 29.3

TiO
Cubic
(NaCl) 4.177 — — ( 100)n / /  ( 100)a 

[0 1 0 ]n / /  [01 l i a 3.0

T i02 Tetragonal
(Sn02)

4.594 — 2.958 (001 ) n/ /  ( 1 I 0 ) a  
[ 0 1 0 ] n / /  [1 IO ]a

8.8

B 2°3 Hexagonal 4.336 — 8.340
(0 0 0 1 )n / /  ( l l l ) a  

[O O I]ny / [ 1 10 ] a
5.8

BN Hexagonal 2.550 — 4.20
(0001 )ny/ ( l l l ) a  

[001] n / /  [ 110] a
37.8

a i2o3
Hexagonal 

( Cr2 Ô ^
4.759 — 12.991 (0001 )nyy ( 11 1) a 

[ I2 l]nyy [1 10 ]a
16.0

n : nucléation site 

a : a -Fe
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and then FeO—TiÛ2 and A I 2O3 , in order of decreasing
abundancy from the X— ray diffraction data of
electrolytically extracted residuals in titanium and boron 
bearing weld metals. Chemical analysis of submerged arc 
weld deposit indicated a 60 to 80 percent of titanium in
titanium—containing weld metals exists as oxide and the
amount of TiN is relatively small.

(5) Differential thermal expansion effects 
The effects of differential thermal expansion between 

inclusions and austenite on the nucléation of ferrite are 
rarely mentioned in the literature; however it is 
theoretically possible for this to have an effect on the 
nucléation event. The stresses caused by differential 
thermal expansion can be described by the following equation

a - °inc)AT <3)

where cr is the compressive or tensile stress in the 
austenite, <£ is a function of the material constant and 

inclusion geometry, a , and OL __ are the thermal expansionITtd u ItiC

coefficients of the austenite and the inclusion 

respectively, and AT is the temperature change. Stresses 
greater than that required for the generation of
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dislocations in the matrix can be shown to exist, and it has 

been suggested that the large stresses and strains which 
result from differences in thermal contraction may aid the 
nucléation of ferrite by:

(i) reducing AG^ in equation (1) through the
destruction of dislocations in the austenite

(ii) providing enhanced conditions for ferrite growth 

with the aid of large numbers of glissile 
dislocations near the ferr i te/inclus ion interface 
(49).

The linear thermal expansions of some inclusions 
commonly found in ferritic steel weld metals are shown in 
figure 7 (50,51) along with the linear thermal expansion for 
low carbon steel in the temperature range of 20—600°C.

It is expected that the potency of a given inclusion 
type as a nucléation site will increase as the difference in 
linear thermal expansion increases (46,48).



LI
NE

AR
 

TH
ER

M
AL

 
EX

PA
NS

IO
N 

(%
)

T— 3415 31

0.8

0.6

0 .4

0.2

Fe TiO T i02 TiN BN AIN Al20 3

Linear Thermal^ ^600*^ ~ -̂20°C 
Expansion (%) * (_2o«c

Figure 7. Thermal expansion (from 20 to 600°C) of different 
types of non—metallic inclusions, after Ref. 50,51
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2.2.2. Compositional Factors

Alloying elements present in the weld metal are either 

introduced deliberately through the filler wire and flux or 
picked up from the base plate as a result of dilution.

In order to clarify the role of complex alloying in 
weld metal transformation kinetics, empirical carbon 
equivalent expressions are used to assess welds containing 
different amounts of alloying elements. A large number of
carbon equivalent expressions have been derived from various 
weldabi1ity criteria such as the HAZ hardness (52), the end 
of transformation temperature (53), or the HAZ toughness 
(54). However, carbon equivalents developed on the basis 
of different cold cracking tests, using either crack 
initiation or rupture strength as a weldabi1ity criterion, 

seem to have found a wide application.
The carbon equivalent most frequently used in Europe 

and the USA is the IIW equivalent :

Ew = C + Mn/6 + (Cr + Mo + V) + (Ni + Cu)/15 (4)

In Japan the I to—Bessyo equivalent (55) is more widely used, 
and is given by:
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P_m = C 4- (Mn + Cr + Cu)/20 + Si/30 + V/10 + Mo/15 
Cm + Ni/60 + 5B (5)

Although the carbon equivalents were originally
developed with the view to the evaluation of the base metal

cold cracking susceptibility, these empirical equations can
also be useful to clarify the complex relationship between
the weld metal contents of hardenabi1ity elements and the
resulting transformation behaviour of the deposit (56).

The relationship between the weld metal acicular ferrite
content and the P carbon equivalent (submerged arccm
microalloyed steel welds) is shown in figure 8 in which the
acicular ferrite level is observed to increase with P forcm
the given combinations of base plate, welding consumables, 
and operational conditions (19). However, Liu (48) showed 
no such trend, and he suggested that hardenabi1ity alone is 
not sufficient to characterize the weld metal microstructure 

completely.

(1 ) Effects of carbon, manganese, and silicon 
As a result of the powerful effect of carbon on the 

steel hardenabi1ity, the weld metal deposit carbon content 
is usually kept low and within a narrow range (typically 
0.05— 0.10 wt.—pet. C) in consideration of a high resistance
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CARBON EQUIVALENT ( PCm)

Figure 8 . Relation between weld metal acicular ferrite 
content and Pcm carbon equivalent (micro- 
alloyed submerged arc steel welds), after Ref. 19
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hydrogen—assisted cold cracking and brittle fracture 
initiation in the weld region. After carbon, manganese is 
probably the most important alloying element commonly used 
to increase strength and hardenabi1ity of steel. Since 

manganese lowers the transformation temperature of austenite 
to ferrite (57), balanced additions of manganese are 

normally also found to improve the toughness because of 
the increased proportions of acicular ferrite in the weld 
deposit in combination with a general refinement of the 
microstructure (58). In case of C—Mn shielded metal arc
multilayer steel welds, the best impact properties are 
attained at a manganese content of about 1.5 w t .—p e t . as 
shown in figure 9. The recorded peak in toughness at
about 1.5 percent manganese in figure 9 arises from a 
balance between the formation of a more favorable 

microstructure on the one hand and a higher yield strength 
on the other with increasing manganese concentraions in the 
weld metal (58). The optimum manganese level with respect 
to toughness is, however, influenced by the alloying and the 
deoxidation practice applied (59—61), and will therefore 

depend on the welding system under consideration.
In contrast to manganese, silicon is considered 

detrimental to toughness even in small concentrations as a 
result of the formation of martensite and/or austenite
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Figure 9. Effect of manganese on Charpy V—notch toughness
of multipass shielded metal arc C—Mn steel welds, 
after R e f . 58
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microphases in combination with a general increase in the 
weld strength level (62—64). The tolerance to silicon (up 
to about 0.5 wt.— pet. Si) can normally be enhanced by 
balanced additions of manganese to the weld metal (64).

(2) Effect of copper, nickel, molybdenum, and chromium 
Improved weld metal toughness may be obtained by 

additions of copper, nickel, molybdenum, or chromium 
(65,66). The copper and nickel are considered to have 
effects on the steel transformation behaviour similar to 
that of manganese (all three elements are austenite 
stabilizers), while molybdenum and chromium kinetically 

suppress the austenite transformation and therefore only 
slightly lower the transformation temperature (57). The 
role of molybdenum and chromium in the steel weld metal 
transformation kinetics is not fully understood, but it has 
been claimed that precipitation of molybdenum or chromium 
carbides can restrict the formation of proeutectoid ferrite 
at the prior austenite grain boundaries either by pinning or 
dragging effects (33).

(3) Effects of vanadium and niobium
The influence of vanadium and niobium on the weld metal 

microstructure and toughness has recently been reviewed by
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Dolby (67). He showed that the effects of vanadium and 

niobium on the transformation behaviour are very complex and 
rather unpredictable. Generally, however, vanadium (in 

the absence of Nb) is considered to reduce the development 
of ferrite side plates at the prior austenite grain 
boundaries, while niobium restricts the formation of grain 
boundary ferrite (6 8 ). In the former case it has been 
suggested that the growth of the side plates is restricted 
because of the pinning effect of interphase precipitation of
V C 3 during the austenite to ferrite transformation (67,68).4 d
In the presence of high levels of vanadium and niobium, 
however, precipitation of vanadium and niobium carbonitrides 
in the ferrite will cause a deterioration in toughness, 
particularly if the austenite transformation occurs at a 
relatively high temperature. Thus in order to minimize 
the precipitation hardening potential of vanadium and 
niobium, it may be favorable to supress the austenite to 
ferrite transformation by suitable alloying with molybdenum 
or manganese (69). This, in turn, can also lead to a 

general refinement of the microstructure and increased 
proportions of acicular ferrite in the weld deposit.

(4) Effects of weld metal boron and titanium
The formation of grain boundary ferrite can nearly be



T-3415 39

eliminated by balanced alloying with boron and titanium 
(10,14,16,17,20). Although the mechanisms of boron 

hardenabi1ity is not yet clearly understood, free boron is 
known to migrate to austenite grain boundaries. The 
results presented by Ohmori and Yamanaka (70) bring fresh 
evidence of grain boundary enrichment, through high 
sensitivity ion microprobe analysis (Figure 10).

Of the proposed boron hardenability mechanisms in boron 
steels, four have survived to the present:

(i ) reduction in austenite grain boundary energy 
(i i) reduction in diffusivity

(iii) reduction in number of ferrite nucléation sites
(iv) nucléation of ferrite on borocarbides 
One of the earliest suggestions for a hardenability 

mechanisms was that boron diffuses to austenite grain 
boundaries and lowers their energy, thereby making them less 
favorable sites for ferrite nucléation.

There is an evidence that boron decreases the self— 
diffusivity of iron in austenite grain boundaries (71,72). 
Since the nucléation rate is proportional to the iron atom 
jump frequency, this could explain why boron retards ferrite 
nucleat io n .

The first mechanism, that of grain boundary energy 
reduction, assumes that the austenite grain boundary can be
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prior austenite grain boundary

(a) microstructure, (b) llg-t ion image, and 
(c) the intensity profile of 11^4- ions

Figure 10. The grain boundary segregation of boron 
in the steel which is austenized at 930° 
after Ref. 70
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treated like a continuum with nucléation possible at any 
site on the boundary. However, if the cystallographic 
nature of the grain boundary is considered, one finds that 
even in high angle boundaries, where one would expect 
nucleation to be most rapid, there are regions of relatively 
high and low atom density (72). If regions of low atom 
density are favored sites for nucléation of ferrite, it is 
possible that boron poisons them either through filling up 
the free volume by segregating there, or through 
precipitating on them as borocarbides (74— 76). If boron 
contaminates half the sites, the ferrite "CM curve on TTT 
diagram would be shifted by a factor of two.

Others have observed that H , C )^ precipitation is a
precursor to ferrite formation (77,78). They suggested 
that borocarbides block ferrite nucleat ion only when they 
are small but they encourage ferrite nucléation on their own 

interfaces when they are sufficiently large (79).
The role of titanium in this case is mainly to protect 

boron from nitrogen (and oxygen) by forming titanium nitride 
(TIN) in the liquid state prior to solidification.

The optimum content of titanium in this respect will 

clearly be a function of the weld metal concentration of 
nitrogen and nitride formers (V, N b , A 1 , and Ti). For
normallized vanadium and niobium bearing steel plates, the
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best impact properties are obtained when sufficient elements 

are present to tie-up all of the free nitrogen in 
precipitates. The specific alloy conditions for optimal 

toughness properties have been summarized in the "unbalance” 
factor B w h ich, when equal to zero, defines the 
stoichiometric relations of aluminium, titanium, vanadium, 
niobium and nitrogen according to the equation (80,81):

B = (14/27 Al) + (14/48 Ti) + (14/51 V)
+ (14/93 /Nb) - N (6 )

However, in comparison of steel plates, an excess of 
aluminium and titanium above the stoichiometric values is 
normally required in order to neutralize all free nitrogen 
in weld metals because of heavy oxidation losses of these 
elements in the form of non—metallic inclusions. This
point is illustrated in figure 1 1 , which shows that the
lowest Charpy V—notch transition temperatures of 
microalloyed gas metal arc steel weld deposits are obtained 
when the unbalance factor is approximately equal to 100 p p m .

Mori et a l . (3) suggested the mechanisms of notch

toughness improvement in the titanium—boron containing weld 
metal by considering the following metallurgical reactions 

presented in table 3.
(i) during the terminal transient solidification and

following high temperature range, highly segregated
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Figure 11. Effect of unbalance factor B on weld metal 
Charpy V transition temperature for micro- 
alloyed G MA steel welds, after Ref. 81
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boron reacts with nitrogen preferentially form BN, 
with titanium protecting boron from oxygen (without 
the addition of titanium, boron reacts mainly with 
oxygen)

(ii) during cooling in the austenite range, titanium
further protects boron from nitrogen and form TiN, 
and free— boron segregates to the austenite grain 
boundaries. The fixation of nitrogen with boron

and titanium mentioned above contributes to a 
reduction in the amount of free—nitrogen 

(iii) on the further cooling to austenite to ferrite
transformation range, active boron, present at the 
austenite grain boundaries, reduces the grain 
boundary energy and thus retards nucleat ion of 
proeutectoid ferrite

(iv) oxide inclusion which contains titanium promotes 
nucléation of acicular ferrite within austenite 
grains.

The effect of titanium on acicular ferrite formation is 
shown by the data of Bonnet and Charpentier (82) replotted 
in figure 12 which presents a correlation of volume percent 

acicular ferrite with Pcm carbon equivalent for two groups 
of weldments: one with the weld metal titanium content less
than 0.0045 w t .— pet. and one with the weld metal titanium
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Figure 12. The volume percentage of acicular ferrite of
submerged arc welds performed on C—Mn— Si steel 
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content between 0.0045 and 0.014 w t .—p e t . The graph shows
that small addition of titanium (>0.0045 w t .—p e t . Ti) to the 
weld metal are essential to produce large proportions of 
acicular ferrite.

It should be noted that titanium in very high 
concentration (typically > 0.05— 0.10 w t .—p e t . Ti) can lead 
to a deterioration in toughness (83,84). This is believed
to be caused by precipitation of finely dispersed, coherent 
TiN particles in the ferrite (84), which will overshadow the 

beneficial effect of titanium on the gross microstructure.

(5) Effects of aluminium

In contrast to the beneficial effects of aluminium 
containing inclusions on the nucléation of acicular ferrite, 
several investigators have observed a detrimental effect of 
aluminium in submerged arc welds made with basic fluxes. 
Yoshino and Stout (85) concluded that the microstructural 
coarsening in their basic flux welds was due to increased 
amounts of soluble aluminiumin the matrix. Terashima and 
Hart (39) showed that increasing the aluminium content in 
similar welds decreased the amount of precipitated titanium, 
and they reasoned that the decrease in the volume fraction 
of acicular ferrite was due to a decrease in the number of 
Ti—bearing oxide inclusions in their welds. Grong and
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Matlock have suggested that the detrimental effect of
aluminium may be related to the weld metal oxygen content

2through a single empirical parameter, m = [%Al]/[%0] • By 
reanalyzing the data of Terashima and Hart (39), they were
able to plot figure 13 which shows an optimum in Charpy V—

2notch toughness when [%Al]/[%0] is 28 and the optimum in
toughness at m = 28 coincides with a maximum in the number
density of aluminum bearing inclusions (lower curve), while

the upper curve shows that the decreased toughness above m =
28 may be related to clustering of the alumina type
inclusions. Devi 11iers et a l . (8 6 ) found that the optimum
toughness in aluminium bearing welds was dependent upon the
oxygen content. Specifically, they found that the
tolerance to aluminum increased with increasing weld metal
oxygen concentration. For this reason Devilliers et a l .
suggested that the easiest way to ameliorate the detrimental
effects of high weld aluminium contents would be to increase

the oxygen potential of the flux (i.e. raise the levels of
MnO and SiC^)• Grong and Matlock (46) replotted the data
of Devillers et a l . so that it could be compared to the

2optimal [%Al]/[%0] ratio as shown in figure 14 (46). The 
figure indicates that the best toughness in the welds repre 
sented was obtained when m is 28. From the work of Grong 

and Matlock (46) and Devilliers et al (8 6 ) it may be
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concluded that there exists a critical weld metal oxygen 
content for a given aluminum level which will provide 
precipitation of an optimal number of aluminum—containing 
oxide inclusions in the weld pool, thereby giving conditions 
for extensive intragranular nucléation of acicular ferrite.

The direct effect of aluminum—containing inclusions 
(which are predominantly aluminum—manganese silicates) on 
the nucléation behaviour of acicular ferrite has tentatively 
been ascribed to the large difference between the thermal 
expansions of the austenite and the inclusions (86). This 
difference in thermal expansion will result in the 
development of significant strain in the austenite on 
cooling (33). The linear thermal expansion of typical 
inclusions in the weld are compared in figure 7. The 
strain imposed at the austenite/particle boundary is 
directly proportional to the difference between the thermal 

expansions of austenite and particle. For the case of 
silicates with either aluminum or manganese, this strain 
exceeds that required for nucleat ion of new dislocations at 
the interface (49). Based on transformation kinetics it 
can be argued that dislocations formed in this matter will 
decrease the energy barrier to nucléation of ferrite (32) 
because of a reduction in the total strain energy of the 
nucleus.
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Noticing the interactions of aluminium, titanium, 
boron, oxygen and nitrogen, Suzuki et a l . (87) investigated
with a view to elucidating the metallurgical mechanism by 
which aluminium exerts a deleterious effect on the toughness 
of low carbon steel weld metal when added to steel in large 
amounts. They found that when total aluminium content in

weld metal is 0.010 wt.—pet., a uniform fine acicular 
ferrite structure is obtained, while when total aluminium 
content in weld metal is 0.042 wt.—pet., bainite is main 

structure. They showed that when total aluminium content
is below 0.035 wt.—pet., vTs is nearly constant, but when 
this level is exceeded, vTs is remarkably increased. The 
structural change in weld metal with aluminium content is in 
close concidence with the change in its toughness. These 
observations indicate that excess aluminium exerts an 

adverse effect on weld metal toughness.

(6 ) Effects of sulphur and phosphorus
Evans (8 8 ) studied the effects of sulphur and 

phosphorus in the range 0.005 to 0.045 w t .—pet. on the 
microstructure and properties of manual arc C—Mn steel 
welds. He concluded that sulphur increases the volume 
fraction of ferrite with second phase in the as— deposited 

me t a l , while phosphorus has no apparent effect on the
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microstructure as shown figure 15 (88 ). Evans also 
suggested that sulphur exerts its influence through non- 
metal 1 ic inclusions and phosphorus through ferrite 
strengthening.

2.2.3. Procedural Factors

The procedural variables which can be considered are 
heat input, preheat and interpass temperature, welding 

position, and arc length which affect the weld thermal 
history.

(1) Termperature cycle
A characteristic feature of the pseudo— steady— state 

concept is that the temperature does not appear to vary with 
time when observed from a point located in the heat source, 
i.e. the temperature field around the moving source can be 
described as a temperature "mountain” moving in the 
direction of welding (89). For points along the weld 
centerline, the peak temperature at different positions away 
from the arc (which for a constant welding speed becomes a 
time axis) can be described in a two-dimensional plot as 
indicated in figure 16 (46). It is seen from the figure, 
which specifically shows a schematic plot of the peak
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root of arc ; characteristic temperature ranges 
where specific chemical and physical reactions 
occur during cooling of weld metal down to room 
temperature are also included, after R e f . 46
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temperature along the weld centerline from the base plate 

ahead of the arc to well into the solidified weld metal 
trailing the a r c , that the weld metal peak temperature 

increases very rapidly with time during the initial period, 
reaching a maximum of about 2000°C for positions immediately 
beneath the root of the arc (89). Also included in figure 
16 are the chracteristic temperature ranges where specific 
chemical and physical reactions occur during cooling of the 
weld metal. The weld cooling program and thus the 
etention time at a given temperature level depends upon the 
applied operational conditions.

(2) Cooling time from 800 to 500°C
For the welding of steel the cooling time from 800 to 

500°C is widely accepted as an adequate index for the 

thermal conditions under which the austenite to ferrite 
transformation takes place. In the case of three- 

dimensional heat flow (welding of thick plates), A t g ^  will 
be approximately proportional to the net heat input (90):

At8/5 « 57/E (7)

where 77 is the arc efficiency and E is the gross heat input 

(KJ/mm).
The arc efficiency depends on the welding process, and



T-3415 57

typical values are given in figure 17. As it appears from 
the figure, the arc efficiency varies strongly with the 
welding process, which in turn will give rise to large 
differences in the cooling time from 800 to 5 0 0 ° C  between 
the various methods.

The microstructure formed after the austenite to 
ferrite transformation is directly related to the cooling 
time from 800 to 5 0 0 ° C . Depending on the weld metal 
chemical composition, the microstructure changes typically 
from primary martensite and/or bainite at low A t g ^  (below 
about 5s), to acicular ferrite or acicular ferrite with 
ferrite side plates and/or grain boundary ferrite at medium 

cooling rates to predominantly polygonal ferrite and/or 
pear1i te at high A t (greater than 100s) (91—93). The 

shift from acicular ferrite to polygonal ferrite with 
increasing cooling time from 800 to 5 0 0 ° C  has been found to 
occur approximately parallel to a decrease in the degree of 
supercooling for start and end of transformation (74,76).
The effects of Atgyg on the weld metal acicular ferrite 
content in thermal simulated manual metal arc C—Mn steel 

welds at three different manganese levels are shown in 
figure 18(a). The corresponding increases in the 

transformation start and end temperatures are outlined in 
figure 18(b).
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Figure 19 is a schematic diagram showing the effect of 
two different heat inputs on the weld metal microstructure.

2.3. EFFECTS OF MICROSTRUCTURE ON WELD METAL 
MECHANICAL PROPERTIES

The prime objective in weld metal design is to achieve 
a weld metal microstructure that provides adequate toughness 
for the specified service at an acceptible level of strength 
In practice, however, it may be difficult if not impossible 
to achieve. In this regard, several important
microstructural characteristics have been identified which 
can provide both increased toughness and improved strength 
in weld metals. Several of these characteristics will be
discussed below.

It is recognized that increasing the amount of acicular 
ferrite, or more generally refining the overall 
microstructure, will simultaneously result in gains in both 

strength and toughness. The improvements are the result 
of increasing the total number of high angle grain 
boundaries in the microstructure. The specific gain in 
strength is the result of increased interaction between 

glissile dislocations and grain boundaries and may be 
predicted by the Hal1—Fetch relationship. The increase in

toughness is due to the small grain size (typically 1-3



TE
M

PE
R

A
TU

R
E

T— 3415 61

Grainboundary ferrite

Side plate ferrite

Aclcuiar
ferrite Pearlite

Bainite

Martenslte End of transformation

Log TIME
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weldment showing the effect of two different 
cooling rates on weld metal microstructural 
transformation
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microns) and the large number of high angle boundaries 
(typically > 19°) (3) which require that a propagating crack
be renucleated (change direction) often and thus that large 

amounts of energy be expended in the fracture process.
Ohkita et al. (3) investigated fracture surface and 

crystallographic orientation of weld metals in order to 
clarify the mechanism of notch toughness improvement.

They showed that titaniumi— containing weld metal shows very 
fine fracture units corresponding to the size of individual 

acicular of proeutectoid ferrites and titanium— free weld 
metal shows large fracture facets. The cracks in 
titanium—containing weld metal changed their propagating 
direction at each of the ferrite boundaries.

Fleck (19) showed that the energy absorbed in a Izod 
test was increased when the volume of acicular ferrite in 
the microstructure of submerged arc welds was increased. 
These results are presented in figure 20 (19) where it can 
be seen that a 50 volume percent increase in acicular 
ferrite resulted in a 5.53 kg—m increase in absorbed energy 
at — 40° C .

Ferrite veining has been shown to be detrimental to the 
toughness of steel weld metal (19). Levine and Hill (6 8 ) 
indicated the the long ferrite veins which decorate that 
prior austenite grain boundaries can act as a preferential
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Figure 20. Subsize (7.6 x 7.6 x 55.0 mm) Izod impact values 
of SA welds performed on quenched and tempered 
C—Mn—Mo—Nb plate as a function of their 
respective acicular ferrite contents, 
after R e f . 19
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crack path through the microstructure. Ohkita et al. (3) 
showed that the proeutectoid ferrite at prior austenite 
grain boundaries can be related to the tensile strength and 
low temperature toughness of the weld metal as shown in 
figure 21 (3).

The presence of a brittle microphase in weld metal 
microstructures has been shown to govern the overall 

toughness in several investigations (7,94) through their 
role as initiation points for brittle fracture. Any 

change in alloying of welding parameters which reduce the 
amounts of brittle microphase (bainite and martensite) will 
improve the toughness of as welded deposits.

The interaction between titanium and boron as discussed 
previously holds much promise with regard to the elimination 
of grain boundary ferrite because the gains in toughness 
generated by this method far outweigh any detrimental 
effects due to solid solution strengthening or mildly 
increased hardenabi1ity. The influence of variations in
weld metal titanium and boron contents on CTOD at — 50°C is 
shown in figure 22 (95). It can be seen that there is an
optimum titanium and boron content to get the maximum 

toughness. The optimum range of weld metal titanium was 
found to be 0.03— 0.05 wt.—pet. (95) and the optimum boron 
contents were about 0.007 w t .—p e t . (95).
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3. MATERIALS AND EXPERIMENTAL PROCEDURE

3.1. EXPERIMENTAL MATRIX

Based on a review of the available literature, the 
design values of the weld metal titanium and boron 
concentration were chosen to fall in the inclusive ranges 
from 0 to 400 ppm for titanium and 0 to 40 ppm for boron as 
shown in figure 23, a schematic illustration of the 
compositional matrix used in this study.

3.2. PREPARATION OF EXPERIMENTAL FLUX CORED WIRES

Twenty five experimental flux cored wires (CO^ shielded 
type) designed to produce systematic variations in the 
concentration of weld metal titanium and boron were 
prepared by Hobart. The size of flux cored wire was 1.6 mm 

(1/16 in.) in diameter and the flux in the tubular 
electrodes was about 17 percent by weight.

The prototype flux cored wire (No. FC— 3) which was not 
supposed to contain titanium and boron was FABCO—80 by 

Hobart Brothers Company of Troy, Ohio. Titanium was added 
to the flux in the form of ferro— titanium powder and boron 

was added also in the form of ferro—boron in order to get



TI
TA

NI
UM

 
CO

NT
EN

T 
IN 

W
EL

D 
ME

TA
L 

(p
pm

)

T— 3415 68

400 -

3 0 0 -

200 -

10 2 0  3 0  4 0

BORON CONTENT IN WELD METAL (ppm)

Figure 23. A schematic illustration of the designed 
composition matrix used in this study
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the designed twenty five weld metal chemical compositions.

3.3. PREPARATION OF EXPERIMENTAL WELDS

3.3.1. Materials

A total of twenty five experimental welds were prepared 
on 25 mm (1 in.) thick ASTM A633 G r . C steel plates using the 
twenty five experimental flux cored wires with 100 pet. CO^ 
shielding. The chemical composition and mechanical
properties of the plate are shown in table 4.

3.3.2. Weld Joint Preparation

A single V— Groove was machined on plates of 610 mm x 
90 mm x 25 mm (24 in. x 3.5 in. 1 in.). The specimen and 
groove geometry is shown in figure 24.

3.3.3. Welding Parameters

Four pass welds were made to fill the groove at 200— 260 
Amperes, 25— 28 Volts and 205— 410 mm/min. in order to get 
good penetration and satisfactory final bead geometry.

High current (about 260 Amperes) and high travel speed
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Table 4. Chemical composition and mechanical properties 
of the steel plate used in this study

Plate
A633C Gr. C steel

Chemical Composition (wt.—pet.) 
C : 0.14
Mn : 1.26
P : 0.018
S : 0.002
Si : 0.22
Nb : 0.022

Mechanical Properties
Y.S. :
UTS :
CVN at — 50°C :

237.5 kg/mm?
52.2 kg/mm
36.4 kg—m (longitudinal)
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90 mm

12.5 mm

Figure 24. A schematic diagram showing the geometry of 
specimen and groove design
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(about 410 mm/min.) was chosen to get enough penetration at 
the first root pass welding. The welding condition for 
the second pass was chosen to fill the groove to a level 
about two mm below the plate surface. Low current was 
chosen for the third pass in order not to retain the narrow 
groove for the final pass and consequently to avoid lack of 
penetration. Welding conditions chosen in these respects 
were kept throughout the twenty five specimens in order to 
avoid any kind of procedural effects.

Welding conditions and heat inputs are shown in figure 
25, which was applied to twenty five specimens used in this 
study.

3.4. ANALYSIS OF EXPERIMENTAL WELDS

3.4.1. Chemical Composition

The chemical analyses of the twenty five welds were 
performed with a Baird Atomic Spectrovac Model 1000 Emission 
Spectrometer. The weld metal oxygen, nitrogen, carbon and 
sulphur were determined using Leco Interstitial Analyzers. 
The accuracy of the analysis for each element are reported 
in Appendix I.
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WELDING PROCEDURE SPECIFICATION

Material Specification 
Welding- Process 
Manual or Machine 
Position of Welding 
Filler Metal Specification 
Filler Metal Classification 
Shielding Gas 
Single or Multi Pass 
Single of Multi Arc 
Welding Current 
Work to Tip Distance 
Polarity
Welding Progress 
Interpass Temperature

ASTM A633 GR. C Steel 
Flux Cored Arc Welding 
Machine 
Flat
AWS 5.20 
E71T-1 
C02 (100%)
Mufti (4 passes)
Single
200— 260 Amperes 
20 mm
DCEP (Electrode +)
90°
< 200 C

Welding Procedure

Pass
No.

Wire
Size
(mm)

Welding
Amperes

(A)
Current
Volts
(V)

Travel 
Speed 
(mm/m.)

Heat 
Input 

(KJ/mm)
Joint Detail

1 1.6 260 28 410 1.07

f ^ i .
2 1.6 260 28 205 2.13
3 1.6 200 25 205 1.46
4 1.6 260 28 205 2.13

Figure 25. Welding procedure specification for the twenty 
five experimental weld deposits used in this 
study
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3.4.4. Optical Microscopy

Each specimen was sectioned at the point of 50 mm away 
from the start end perpendicular to the longitudinal axis of 
the welds and examined in the light microscope (Leco Neophot 
2 1).

The specimens for microscopic examination were prepared 
by polishing the specimen through 1 micron alumina abrasive 
followed by etching for 15— 20 seconds in a solution of two 
percent nitric acid in methanol (2% Nital).

Light micrographs were taken at 100X, 500X and 1000X at 
the final pass weld (fourth pass weld) and at a point 
located at the middle of the weld. The location was shown 
in figure 26. The sharp knife was used to engrave the 
boundaries after etching.

3.4.3. Quantitative Metallography

Standard point counting technique was used to 
determine the volume fraction of primary ferrite, acicular 
ferrite, side plate ferrite and upper bainite at a 
magnification of 500X. The microstructure constituents 
were classified based on the guidelines which were suggested 
by Dolby and Pargeter (26). One thousand point counts
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F igrue 26. A schematic diagram which shows the location on 
the final welds where quantitative metallography 
was performed and where micrographs were taken
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were performed over the weld area shown schematically in 
figure 26. Summary of the quantitative analysis of the 
microstructural constituents can be seen in Appendix II.
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4. RESULTS AND DISCUSSION

The chemical compositions of the twenty five 
experimental flux cored arc welds made on the microalloyed 
steel plate for this study are summarized in table 5. The
chemical contents of titanium and boron are higher than 
those of designed contents. Table 5 shows that the weld 
metal titanium and boron contents vary from 76 to 728 ppm 
and from 6 to 91 ppm respectively, while the weld metal 

oxygen and nitrogen contents remain relatively constant 
between 271 and 359 ppm and between 63 and 143 ppm 
respectively. These variations in the weld metal titanium 
and boron content were sufficient to cause a wide variation 
in the weld metal microstructure.

4.1. EFFECTS OF BORON ON WELD METAL MICROSTRUCTURE

Increasing the boron content in the weld metal up to 91 
ppm at five different levels of titanium content caused the 

refinement of the weld metal microstructure by moving 
acicular ferrite content to a higher level and by moving 
primary ferrite content to a lower level as shown in figures 
27 and 28. Figure 27 shows that increasing boron content 

without sufficient titanium content causes a little increase
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Table 5. Chemical compostion of the weld metals

C B Ti 0 N
(w t .-pet.) (ppm) (ppm) (ppm) (ppm)

FC-3 0.0731 8 80 359 63
FC— 8 0.0846 6 227 271 87
FC-9 0.0986 11 425 303 75
FC-11 0.0954 11 644 272 113
FC-12 0.0999 7 764 283 137
FC-17 0.0906 25 78 318 78
FC— 18 0.0770 28 205 299 123
FC— 19 0.0959 21 328 300 111
F C— 20 0.0858 24 423 291 96
FC— 21 0.0936 28 645 306 102
FC— 10 0.0855 44 77 276 76
FC— 1 3 0.0798 39 191 318 122
FC-14 0.0916 42 421 283 101
FC— 15 0.0945 45 490 301 126
FC— 16 0.0882 44 728 296 146
FC— 22 0.0793 49 80 332 68
F C— 23 0.0758 55 200 317 64
FC— 24 0.0876 62 321 279 76
F C— 25 0.0953 56 428 290 99
FC— 26 0.0838 73 695 296 104
FC-27 0.0719 69 76 359 82
F C— 28 0.0730 70 234 303 73
FC— 29 0.0781 76 376 279 77
F C— 35 0.0808 87 477 303 98
FC— 36 0.0795 91 671 291 106
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Figure 27. Summary plot of the variation in aciular ferrite 
content as a function of the weld metal boron 
concentration at five different levels of the 
titanium concentration
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in acicular ferrite content from 75 to 81 percent. Figure 
27 also indicates that there is a optimum boron content 
depending on titanium content. The optimum boron content
moves from 30 to 60 ppm while titanium content changes from 
700 to 200 ppm. The maximum acicular ferrite content and 
the minimum primary ferrite content can be obtained when 
boron content is about 4 2 ppm and titanium content is about 
420 ppm. Figure 28 indicates that there is a significant 
reduction in primary ferrite content when boron is added 
with titanium.

The effect of boron on side plate ferrite and upper 
bainite content is shown in Figure 29 and 30. The side 
plate ferrite content decreases from 2 to 0 percent with 
boron addition while the upper bainite content increases 
from 0 to 8 percent. The difference in decrease and 
increase rate of the side plate ferrite content and the 
upper bainite content can explain the second decrease in 
primary ferrite in figure 28.

The hinderance of the nucléation and growth of grain 

boundary and side plate ferrite with boron addition is 
evident and is consistent with the model of Mori et al (13). 
The microstructural evidence that acicular ferrite forms a 

maximum in figure 27 and the mechanical prpperties evidence 
in figure 22 is consistent.
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Figure 29. Summary plot of the variation in side plate
ferrite content as a function of the weld metal 
boron concentration at five different levels of 
the titanium concentration
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Figure 30. Summary plot of the variation in upper bainite 
content as a function of the weld metal boron 
concentration at five different levels of the 
titanium concentration
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With the finding of the role of bainite on the 
degradation of weld metal properties, it is possible to 
consider metallurgical alloying concepts to alter the boron 
and titanium contents which achieve optimum amount of 
acicular ferrite and toughness. It would be expected
that a reduction in manganese content would allow for a 
broader range of maximum acicular ferrite percent.

4.2. EFFECTS OF TITANIUM ON WELD METAL MICROSTRUCTURE

Increasing titanium content in the weld metal up to 728 
ppm at five different levels of boron content also caused 

the refinement of the weld metal microstructure by moving 
acicular ferrite content to a higher level and by moving 
primary ferrite content to a lower level as shown in figures 
31 and 32. As discussed in the section on boron effects, 
increasing the titanium content without a sufficient boron 
content does not cause a significant increase in acicular 
ferrite content as shown in figure 31. Figure 31 also 

indicates that the acicular ferrite content passes through a 
maximum at about 450 ppm of titanium content when boron 
content is less than 45 ppm and the acicular ferrite content 
passes through another maximum at approximately 200 ppm of 
titanium content when boron content is larger than 50 ppm.
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Figure 31. Summary plot of the variation in acicular 
ferrite content as a function of the weld 
metal titanium concentration at five different 
levels of the boron concentration
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Figure 32. Summary plot of the variation in primary ferrite 
content as a function of the weld metal titanium 
concentration at five different levels of the 
boron concentration
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However the maximum acicular ferrite content can be obtained 

when titanium content is about 420 ppm and boron content is 
about 42 ppm. Figure 32 shows that there is a significant 
reduction in primary ferrite content when more than 200 ppm 
of titanium is added with a sufficient boron content.

The effects of titanium on the side plate ferrite 
content and the upper bainite content are similar to those 
of boron and they are shown in figures 33 and 34. The side 
plate ferrite content decreases with titanium addition while 
the upper bainite content increases more significantly.
The welds containing boron and titanium to a certain level 
show no fraction of side plate ferrite. Figure 34 shows
that there is no fraction of upper bainite when titanium and 
boron are less than 400 ppm and 10 ppm respectively.

The volume percent of the microconstituents observed at 
the final welds of twenty five experimental flux cored arc 
wires is shown in figure 35.

4.3. COMBINED EFFECTS OF BORON AND TITANIUM ON WELD
METAL MICROSTRUCTURE

Recent literature (99) has shown that excessive amounts 

of boron and titanium will be detrimental to the weld metal 
toughness ; thus, a specific amount of boron and titanium 

are required to produce the desired microstructure. When
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Figure 33. Summary plot of the variation in side plate
ferrite content as a function of the weld metal 
titanium concentration at five different levels 
of the boron concentration



PE
RC

EN
T 

UP
PE

R 
BA

IN
IT

E,
 F

S(
UB

)

T-3415 89

G -  11 
21 -  28 
3 9 - 4 5  
4 9 -  73  
69 -  91

B content
in weld metal (ppm)

1 0 -

5 -

0 400 800200 600

TITANIUM CONTENT IN WELD METAL (ppm)

Figure 34. Summary plot of the variation in upper bainite
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acicular ferrite is treated as beneficial to toughness and 
primary ferrite as detrimental to toughness, optimum boron 
and titanium content for better toughness can be expected as 

shown in figures 36 and 37, in which solid lines indicate 
the volume fraction of acicular ferrite and primary ferrite.

Figures 38, 39 and 40 show the effects of boron and 
titanium on the weld metal microstructure. Upper bainite 
can be noticed in figure 38 (c ), which is taken from the 
weld containing excess boron and titanium. Figure 39 
shows the effect of boron when the optimum titanium is added 
and figure 40 shows the effect of titanium when the optimum 
boron is added. It can be seen that the grain boundary
ferrite thickness is reduced and fragmented with boron 
addition in figure 40 (c).

4.4. PROPOSED MODEL FOR THE INCREASE OF ACICULAR FERRITE

The results from Ohkita et al. (3) clearly indicate 
that interlocking fine acicular ferrites have larger 
resistance against the crack propagation compared with large 

lath ferrite. Generally, therefore, weld metal containing
large percent of acicular ferrite shows higher notch 

toughness than weld metal containing small percent of 
acicular ferrite.
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Fig-ure 36. Combined effect of weld metal boron and titanium 
on the volume percent of acicular ferrite
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Figure 3 7. Combined effect of weld metal boron and titanium 
on the volume percent of primary ferrite
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Figure 38. Microstructures of the experimental flux cored
arc welds with heat input of 2.13 KJ/mm



T-3415 95

1

(a) 425ppm T i, llppm B;
(b) 421ppm Ti, 42ppm B;
(c) 376ppm Ti, 76ppm B

Figure 39. Microstructures of the experimental flux core
arc welds with heat input of 2.13 KJ/mm
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(a) 77ppm T i , 44ppm B ;
(b) 421ppm Ti, 42ppm B
(c) 728ppm T i , 44ppm B

Figure 40. Microstructures of the experimental flux cored
arc welds with heat input of 2.13 KJ/mm
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From the literature review and the results of this 
investigation, the model for the increase of acicular 
ferrite in the boron and titanium containing weld metal can 
be proposed as follows:

(i ) Since titanium monoxide (TiO) is the most favorable 
inclusion for the nucléation of acicular ferrite, 
weld metal should have a certain concentration of 
titanium and oxygen.

(i i ) From the point view of structural effects on the weld 
metal microstructure, larger prior austenite grain is 

preferred to smaller one. With small concentration 
of oxygenb in the weld, it is possible to get larger 
prior austenite grain, however, it is difficult to 
get the formation of TiO. Therefore, there is an 
optimum oxygen concentration for given deoxidizing 
element concentrations.

(iii) By controlling both titanium and oxygen
concentrations an optimum size distribution which has 
the most frequent size between 0.30 to 0.35 microns 
can be obtained.

(iv) With the protection of titanium, boron can segregate 

into grain boundary and can reduce the formation of 
grain boundary ferrite. Therefore, further 
increase in the volume percent of acicular ferrite
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can occur compared with the weld metal containing 
only titanium.

(v) Without titanium addition, boron effect on the
acicular volume percent is small. This small 
effect seems to occur because boron reacts mainly 
with oxygen during solidification and forms 
which has only 5.8 pet. of planar lattic disregistry 
and can serve as a nucléation site for the

acicular ferrite formation rather than segregate into 
the prior austenite grain boundary.

(v i ) Even though primary ferrite and side plate is 
suppressed wiht excess addition of boron and 
titanium, the volume percent of acicular ferrite 
decreases because the increased hardenabi1ity is 
enough to raise the formation of ferrite with aligned 
second phase (mostly upper bainite) at a higher rate,

(vii) In order to obtain maximum hardenabi1ity in wrought 
steel which is usually austenitized for an hour or 

more, the optimum concentration of boron is said to 
be between 3 to 30 p p m , and the boron addition above 

this value deteriorate the hardenabi1ity by the 
formation of borocarbide, (B ,C )^ , which can act as
the preferential nucléation site for austenite to 
ferrite transformation at prior austenite grain
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boundaries.

Since there was no such effect of excess boron on the 
increase in grain boundary ferrite of the welds 

investigated in this study, it is not expected for 
boron to precipitate as so-called "boron 
constituents" at grain boundary in the weld metal, 
but expected to form

(viii) Controlled addition of both boron and titanium is 
essential to get the higher volume percent of 
acicular ferrite and the optimum boron and titanium 
content depends on the various factors such as 
structural factors, compositional factors and welding 
procedural factors.
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5. CONCLUSIONS

The results of this study on as—deposited microalloyed
C—Mn weld metals which contained systematic variations of
boron and titanium contenta led to the following conclusions.
1. The effect of boron on the weld metal microstructure 

from the point view of increased acicular ferrite was 
very small without sufficient titanium addition. The 

effect of titanium was also very small without 
sufficient boron addition.

2. It was found that a large volume fraction of acicular 
ferrite (up to 95%) could be obtained by controlling 
both boron and titanium content between 40— 45 ppm and 
between 400— 500 ppm respectively with 2.13 KJ/mm heat 
input on 25 mm (1 in.) thick microalloyed steel plate.

3. The decrease in low temperature toughness with excess 
boron and titanium discussed in the literature review 
can be explained by the increased volume content of 
upper bainite.

4. Even though there was a decrease in the volume content 
of side plate ferrite with excess boron and titanium, 
low temperature toughness can be expected to be lowered 
because the rate of decreasing side plate ferrite is 
smaller than that of increasing upper bainite.
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Appendix I. Weld metal chemical analysis data (wt.—pet.)
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FC-3
C 0.0731
Si 0.4329
Mn 1.3646
P 0.0099
S 0.0100
B 0.0008
Ti 0.0080
Cr 0.0707
Ni 0.0526
W 0.0001
Mo 0.0052
Co 0.0032
As 0.0009

Sn 0.0093
V 0.0075
Nb 0.0056
Cu 0.0430
Ta 0.0108
Al 0.0018
Zr 0.0003
0 0.0359

N 0.0063

EC—8 EC-9
0.0846 0.0986
0.4926 0.5114
1.4410 1.4970
0.0102 0.0107

0.0102 0.0107
0.0006 0.0011
0.0227 0.0425

0.0721 0.0864
0.0546 0.0632
0.0001 0.0008
0.0052 0.0065
0.0031 0.0036
0.0008 0.0013

0.0093 0.0103
0.0070 0.0079
0.0053 0.0092
0.0441 0.0486

0.0068 0.0143
0.0013 0.0035
0.0000 0.0006
0.0271 0.0303
0.0087 0.0075

FC-11 EC-12
0.0954 0.0999

0.5985 0.5824
1.5787 1.5312
0.0108 0.0105
0.0099 0.0106

0.0011 0.0007
0.0644 0.0764
0.0785 0.0751
0.0578 0.0548
0.0006 0.0003
0.0061 0.0056

0.0036 0.0032
0.0014 0.0012
0.0098 0.0096
0.0089 0.0086

0.0067 0.0055
0.0454 0.0440

0.0113 0.0094
0.0021 0.0014
0.0006 0.0002
0.0272 0.0283

0.0113 0.0137
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FC-17

C 0.0906
Si 0.4341
Mn 1.4170
P 0.0107
S 0.0102
B 0.0025
Ti 0.0078
Cr 0.0718
Ni 0.0567
W 0.0009
Mo 0.0063
Co 0.0037
As 0.0014
Sn 0.0096

V 0.0069
Nb 0.0066
Cu 0.0456
Ta 0.0151
Al 0.0018
Zr 0.0008

0 0.0318
N 0.0078

FC-18 FC-19

0.0770 0.0959

0.4430 0.4510
1.4958 1.3914
0.0107 0.0101
0.0117 0.0089
0.0028 0.0021
0.0205 0.0328
0.0805 0.0773
0.0584 0.0552
0.0014 0.0002
0.0063 0.0058
0.0038 0.0033
0.0013 0.0009
0.0099 0.0096
0.0079 0.0073
0.0071 0.0063
0.0440 0.0435
0.0178 0.0123
0.0016 0.0016
0.0007 0.0000
0.0299 0.0300
0.0123 0.0111

FC-20 FC-21

0.0858 0.0936
0.4650 0.5440
1.3879 1.4975
0.0100 0.0104

0.0122 0.0114
0.0024 0.0028
0.0423 0.0645
0.0748 0.0721
0.0533 0.0523
0.0009 0.0004
0.0055 0.0053
0.0032 0.0036
0.0009 0.0009

0.0096 0.0094
0.0074 0.0077

0.0056 0.0050

0.0436 0.0428
0.0098 0.0103

0.0011 0.0009

0.0002 0.0003

0.0291 0.0306
0.0096 0.0102
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FC-10
C 0.0855

Si 0.4755
Mn 1.4876
P 0.0107
S 0.0108
B 0.0044

Ti 0.0077
Cr 0.0745
Ni 0.0573
W 0.0002
Mo 0.0057
Co 0.0034
As 0.0007
Sn 0.0098
V 0.0067
Nb 0.0061
Cu 0.0459
Ta 0.0151
Al 0.0023
Zr 0.0005
0 0.0276

N 0.0076

FC-13 FC-14
0.0798 0.0916

0.4045 0.5369
1.3817 1.4883
0.0101 0.0106
0.0106 0.0106
0.0039 0.0042
0.0191 0.0421
0.0764 0.0757
0.0539 0.0551
0.0005 0.0002
0.0057 0.0057

0.0033 0.0034
0.0013 0.0014

0.0093 0.0095
0.0076 0.0080
0.0061 0.0058
0.0427 0.0428

0.0125 0.0105
0.0017 0.0014
0.0004 0.0003

0.0318 0.0283
0.0122 0.0101

FC-15 FC-16
0.0945 0.0882
0.5269 0.5812
1.4740 1.5276

0.0104 0.0106
0.0103 0.0107

0.0045 0.0044
0.0490 0.0728

0.0731 0.0776
0.0537 0.0557

0.0001 0.0004

0.0060 0.0071

0.0035 0.0036
0.0012 0.0014
0.0096 0.0097

0.0078 0.0082
0.0056 0.0066
0.0431 0.0434

0.0110 0.0123

0.0013 0.0014
0.0004 0.0004

0.0301 0.0296

0.0126 0.0146
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FC-22

C 0.0793
Si 0.4761

Mn 1.4438
P 0.0100

S 0.0109
B 0.0049
Ti 0.0080

Cr 0.0708
Ni 0.0546
W 0.0006
Mo 0.0062
Co 0.0035
As 0.0009
Sn 0.0092
V 0.0066
Nb 0.0059
Cu 0.0440
Ta 0.0094

Al 0.0024
Zr 0.0002

0 0.0332
N 0.0068

FC-23 FC-24
0.0758 0.0876
0.4661 0.4676
1.5241 1.4617
0.0108 0.0104

0.0115 0.0115
0.0055 0.0062
0.0200 0.0321
0.0719 0.0722
0.0541 0.0531
0.0007 0.0009
0.0062 0.0059
0.0037 0.0036
0.0011 0.0011
0.0095 0.0094
0.0085 0.0080
0.0055 0.0054
0.0425 0.0425
0.0142 0.0112
0.0010 0.0010
0.0007 0.0005
0.0317 0.0279
0.0064 0.0076

FC-25 FC-26
0.0953 0.0838

0.4518 0.5850
1.3880 1.5427

0.0102 0.0104

0.0106 0.0110

0.0056 0.0073
0.0428 0.0695
0.0734 0.0746
0.0539 0.0527
0.0009 0.0003
0.0062 0.0060
0.0036 0.0037
0.0009 0.0005
0.0094 0.0094
0.0074 0.0081
0.0060 0.0047
0.0434 0.0415
0.0124 0.0086

0.0014 0.0007
0.0005 0.0011

0.0290 0.0296

0.0099 0.0104
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FC-27
C 0.0719
Si 0.4508
Mn 1.4545
P 0.0103
S 0.0099
B 0.0069
Ti 0.0076
Cr 0.0721
Ni 0.0542

W 0.0012
Mo 0.0064
Co 0.0039
As 0.0010
Sn 0.0092
V 0.0084

Nb 0.0061
Cu 0.0425
Ta 0.0166
Al 0.0018

Zr 0.0011
0 0.0359
N 0.0082

FC-28 FC-29

0.0730 0.0781
0.4942 0.4414
1.5097 1.3877
0.0107 0.0100
0.0134 0.0126
0.0070 0.0076
0.0234 0.0376
0.0701 0.0746
0.0543 0.0555
0.0014 0.0011
0.0064 0.0067
0.0039 0.0038
0.0013 0.0011
0.0096 0.0093
0.0082 0.0075
0.0054 0.0067
0.0426 0.0434
0.0158 0.0165
0.0012 0.0017
0.0007 0.0006
0.0303 0.0279
0.0073 0.0077

FC-35 FC-36
0.0808 0.0795
0.5188 0.6280
1.4867 1.6400
0.0097 0.0108
0.0100 0.0095
0.0087 0.0091
0.0477 0.0671
0.0725 0.0780
0.0530 0.0546
0.0003 0.0020
0.0063 0.0065
0.0037 0.0040
0.0005 0.0008
0.0089 0.0097
0.0080 0.0086

0.0058 0.0064

0.0421 0.0426
0.0102 0.0115
0.0010 0.0010
0.0009 0.0012
0.0303 0.0291

0.0098 0.0106
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Appendix II. Weld metal quantitative metallography data



T— 3415 117

Primary Side Plate Acicular Upper
Ferrite Ferrite Ferrite Baini te

PF FS(SP) AF FS(UB)
(vol.-pet.) (vol.- p e t .) (vol.-pet.) (vol.-pet.

FC-3 20.9 2.0 77.1 0
FC-8 20.9 1.8 77.3 0
FC-9 17.9 0.7 81.4 0
FC-11 16.9 0.6 81.8 0.7
FC-12 16.0 0.1 82.9 1.0
FC-17 17.3 0.9 81.8 0
FC-18 14.0 0.7 84.9 0.4
FC-19 13.7 0.5 85.4 0.6
FC-20 8.0 0 91.5 0.5
FC-21 7.4 0 91.9 0.7
FC-10 19.3 0.6 79.5 0.6
FC-13 13.6 0.7 85.4 0.3
FC-14 5.0 0 94.7 0.3
FC-15 8.2 0 91.3 0.5
FC-16 7.1 0 91.3 1.6
FC-22 20.3 0.6 79.0 0.1
FC-23 8.3 0 91.0 0.7
FC-24 9.6 0 90.0 0.4
FC-25 9.1 0 89.3 1.6
FC-26 9.6 0 86.6 3.8

FC-27 18.1 0.3 81.3 0.3
FC-28 8.4 0 90.9 0.7
FC-29 7.9 0 89.8 2.3
FC-35 6.2 0 91.7 2.1
FC-36 6.4 0 86.1 7.5


