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Inclusion effects on submerged-arc weld
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Bead-on-plate welds were produced using twenty four fused reagent grade submerged arc
welding fluxes, selected from three flux systems, SiO,—-MnO-FeO, SiO,-MnO-CaF, and
Si0,—Ca0-CaF,. The welds were processed using AlISI 1010 steel coupons, and a Lincoln
L-50 (AWS type A5.17) welding wire with a constant heat input of 3.0kJmm™. The three
flux systems were selected because of their different oxygen potentials and their ability to
produce welds with a wide oxygen range (70 to 1400 p.p.m.). Qualitative and quantitative
metallography and chemical analysis were performed on the welds. Inclusion morphology and
volume fraction are observed to be affected by flux composition. Inclusions of 1 um in size and
greater are associated with grain boundary and blocky proeutectoid ferrites, while inclusions
0.6 um and smaller are linked with the presence of acicular ferrite.

1. Introduction

The detrimental effect of high oxygen contents on the
toughness of submerged arc welds is well documented
[1-6]. Oxygen can be introduced into the weld metal
from several sources: the flux, the welding wire, the
base metal and the atmosphere. The greatest oxy-
gen contribution comes from the fluxes, since conven-
tional submerged-arc welding of steel employs oxide-
bearing fluxes. The oxygen-bearing electrode wire is
the second greatest potential source of oxygen. The
oxygen pick-up from the atmosphere is a minor con-
tributor to the total weld oxygen content and it is just
considered a contamination [7].

The concept of basicity was first introduced in the
iron and steelmaking industry to describe the refining
capability of slags. This concept has been further exten-
ded to characterize the flux behaviour in submerged-
arc welding in terms of the oxygen transfer from the
flux to the weld metal. Tuliani, et al. [8] proposed a
popular basicity index (BI):

BI =

the impact properties, however, for a few cases when
the oxygen content was below 200 p.p.m., there was
deterioration in the toughness. They attributed this to
an increase in hardenability of the weld metal due
to increased silicon and manganese contents, which
favoured the formation of lath-like or bainitic struc-
tures. Terashima and Tsuboi [12] found that oxygen
levels above or below 300p.p.m. led to a decrease
in weld toughness, while Devillers and co-workers [13]
in their work determined an optimum oxygen level
between 400 and 500 p.p.m. for the ductile to brittle
transition temperature.

The influence of oxygen on weld toughness has been
closely correlated with the presence of non-metallic
oxide inclusions in the weld metal. But the fact that
reductions in the inclusion volume fraction below a
critical value, would result in lower weld toughness,
made investigators undertake detailed microstructural
analysis with a view to correlating the changes in weld
notch toughness with changes in microstructure.

%Ca0 + %CaF, + %MgO + %K,0 + %Na,0 + 0.5(%MnO + FeO)

%Si0, + 0.5(%AL0, + %TiO, + Zr0,)

It is well recognized that the higher the basicity index,
the cleaner the weld with regard to non-metallic oxide
inclusions. It has also been reported that fluxes with
high basicity indexes reduce the weld metal oxygen
levels and improve the toughness [1, 9, 10].

Taylor and Farrar, [11], working with submerged
arc weld metals with oxygen contents in the range 300
to 1200 p.p.m. reported that oxygen levels greater than
600 p.p.m. corresponding to high concentrations of
non-metallic inclusions, had a negative effect on both
the Charpy upper shelf toughness and the ductile to
brittle transition temperature. Similar results were
obtained by Ito and Nakanishi [3], who observed that
decreasing the weld oxygen levels improved greatly
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Several microconstituents can be observed in ferritic
weld metals, but confusion has existed in the terminol-
ogy used to describe the different ferrite morphologies.
Recently, a scheme for the identification of ferritic
weld microstructures has been introduced [14]. There
seems to be a general agreement that a microstructure
primarily consisting of acicular ferrite will give the
optimum weld metal mechanical properties, both
strength and toughness, by virtue of its small grain size
and high angle grain boundaries [5]. '

. The presence of inclusions has been shown to affect
qualitatively and quantitatively the final weld metal
microstructure {5, 15-18]. Several models have been
put forth to explain the effects of inclusions in the weld
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metal on the formation of acicular ferrite. Such
models include lattice disregistry model, differential
thermal strain model, inclusion type model, grain
boundary pinning model and inclusion size distribu-
tion model.

The lattice disregistry model, as proposed by Bram-
fitt [19], takes into consideration the mismatch between
the substrate and the nucleating phase as influenc-
ing the free energy of nucleation. The smaller the
mismatch between the substrate (e.g. an inclusion)
and the nucleating phase, the greater the tendency for
nucleation of the new phase. While some have consid-
ered TiN to be the nucleating species [3], others think
that oxide inclusions are responsible for the nucleation
because of the low lattice disregistry between TiO and
ferrite [20-22]. Although, others favoured the alumi-
num rich inclusions [23]. The strain energy involved in
the phase transformation is also expected to affect the
thermodynamic driving force of nucleation. It has
been found that the thermal expansion coefficient of
the austenitic iron matrix is much higher than that of
the oxide inclusions {24, 25]. On cooling, because of
the different thermal contraction between matrix and
inclusion a strain energy is developed that will increase
the thermodynamic driving force favouring the aus-
tenite to ferrite transformation.

The other proposed models that deal with the
inclusion/acicular ferrite connection, focus on the
composition and size of the inclusion and its interac-
tion with the weld hardenability and the austenite
grain boundary. The chemistry of the inclusion may
influence the local weld chemical composition in the
neighbourhood of the inclusion affecting the localized
hardenability {5, 15, 26, 27], and thus influencing
primarily the intragranular formation of a specific
microconstituent. Inclusions located at the austenite
grain boundaries affect also the austenite to ferrite
transformation. Cochrane and Kirkwood [4] explained
that coarser inclusions associated with high weld oxy-
gen levels would pin the austenite grain boundary and
serve as nucleation sites for Widmanstatten ferrite at
the grain boundaries. Farrar et al. [17, 28] also sug-
gested that the high volume fraction of oxide-rich
inclusion in high oxygen welds tend to decrease the
austenite grain size and increase the grain boundary
areas favouring higher temperature grain boundary
nucleated ferrite.

The arguments presented above refiect the signifi-
cance of oxygen on the microstructural development
and notch toughness of submerged arc welds. Con-
tradictions still stand as to the specific mechanism by
which oxygen, through the presence of non-metallic
inclusions, influence the phase transformations in the
weld metal. However, factors such as the chemical
composition and weld thermal cycles, cannot be
ignored. Furthermore, these factors are intimately
connected with the models presented for the inclusion/
weld microstructure [29].

In the present study, several bead-on-plate welds
were made on an AISI-1010 steel plate by systemati-
cally varying the flux composition. Three flux systems
were selected with one electrode filler wire. The weld
inclusions were monitored in terms of their shape, size
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TABLE I Base metal and filler metal compositions

Material Composition (wt %)

C Mn P S Si Ti Al

Base metal 007 141 0038 0015 0.53 0076 0.055
Filler metal 009 095 0030 0050 - - -
(L-50)

distribution and composition and correlated with the
weld microstructure.

2. Experimental procedure

Several bead-on-plate welds were made on a 12.7 mm
(0.50in) thick AISI-1010 steel plate with a 3.18mm
(1/8in) diameter filler metal electrode, Lincoln L-50
(AWS type A5.17). The base metal and welding wire
compositions are reported in Table I. Three flux sys-
tems were selected for this study, SiO,—MnO-FeO,
Si0,—~MnO-CaF, and SiO,-CaO-CaF,, with sys-
tematic changes in composition made to cover the acid
to basic ranges. Table II gives the flux matrix of the 24
different fluxes investigated. All these experimental
fused fluxes were processed using reagent grade
chemical powders.

The welds were automatically processed using a
constant potential d.c. power supply controlled by a
microprocessor. Constant welding conditions were
used throughout, such that: voltage 28V, current
550 A, travel speed 305Smmmin~' (12i.p.m.), heat
input 3.0kJmm™' (77.8kJ in""), d.c. reverse polarity.
To eliminate inconsistencies, all the welds were made
140 mm (5.51in) long, with samples extracted from the
middle for metallographic evaluation and chemical
analyses. Bulk weld chemistries were obtained with
emission spectroscopy and inert gas fusion and are
shown in Table III.

TABLE II Flux matrix composition (wt%) and basicity
indeces

Sample Si0O, FeO MnO CaO CaF, BI
number

J2 40 5 55 0 0 0.75
I3 40 10 50 0 0 0.75
J4 40 15 45 0 0 0.75
J5 40 20 40 0 0 0.75
J6 40 0 60 0 0 0.75
J7 40 0 55 0 5 0.81
J8 40 0 50 0 10 0.88
J9 40 0 45 0 15 0.94
10 40 0 40 0 20 1.00
Ji1 40 0 0 40 20 1.50
112 40 0 0 35 25 1.50
J13 40 0 0 30 30 1.50
J14 40 0 0 25 35 1.50
J15 40 0 0 20 40 1.50
J16 30 0 0 50 20 2.33
17 30 0 0 45 25 2.33
J18 30 0 0 40 30 2.33
J19 30 0 0 35 35 2.33
J20 30 0 0 30 40 2.33
121 30 0 0 25 45 233
122 20 0 0 60 20 4.00
J23 20 0 0 55 25 4.00
J24 20 0 0 50 30 4.00
J25 20 0 0 45 35 4.00




N . 50 um

Figure 1 Weld inclusion morphologies found in this study for some fluxes. (a) 408i0,—~50MnO-10Fe0, (b) 408i0, -40MnO-20Fe0, (c)
40Si0, -60MnO, (d) 40Si0, —55MnO-5CaF;, (¢) 40Si0, -20Ca0-40CaF,, (f) 408i0,-30Ca0—30CaF,.

Characterization of the weld metal microstructure
was carried out with light and scanning electron
microscopes. Qualitative and quantitative metallo-
graphy were conducted in assessing the ferrite mor-
phologies. Scanning electron microscopic techniques
were employed primarily to evaluate the composition
and distribution of the inclusions in the weld metal.

3. Inclusion characterization
Weld samples were polished and examined under the

light microscope to characterize the shape, size distri-
bution and volume fraction of the inclusions.

Most of the non-metallic inclusions examined in all
of the solid welds were spherical, but others showed
triangular, irregular spheres and complex morpholo-
gies, as shown in Fig. 1. The inclusion shape was seen
to be influenced by the flux composition as observed
by other investigators [23, 30], however systematic
variations within a specific flux system did not alter
the inclusion shape. In the SiO,-MnO based flux
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TABLE III Chemical analysis of weld metal and base metal

Sample  Flux composition C(%) Mn(%) P%) S(%)  Si%) Ti%) Al%) O(pp.m)
(12 40Si0,— 5Fe0-55MnO 0.078 1.01 0010 0019  0.49 0.002 0.026 1209
(3 40Si0,~ 10Fe0-50MnO 0082 100 0010 0021 054 0.002 0.050 1188
(4 408i0,-15Fe0-45MnO 0.104 095 0.009 0023 051 0.002 0.069 1188
ds) 405i0,~20Fe0—-40MnO 0.081 085 0.009 0021 048 0.002 0.056 1361
{J6) 40Si0,-CaF,-60MnO 0.093 096 0010 002 038 0.002 0.043 1275
an 40Si0,—5CaF,—55MnO 0.096 137 0011 0020  0.52 0.002 0.035 892
(8) 408i0,~10CaF,-50MnO  0.087  L.I3 0010 0020 046 0.002 0.009 1019
J9) 408i0,~15CaF,~45MnO  0.082  0.93 0010 0020 038 0.002 0.039 941
(J10) 408i0,-20CaF,~40MnO  0.079  0.93 0011 0019 043 0.002 0.031 823
g11) 408i0,~40Ca0O—20CaF, 0.099 050 0.009 0021 042 0.002 0.018 451
(12) 408i0,—~35Ca0-25CaF, 0.101 049 0010 0021 039 0.002 0.009 456
g13) 408i0,-30Ca0—30CaF, 0.102  0.49 0010 0021 040 0.002 0.007 564
J14) 408i0,-25Ca0-35CaF, 0.098 045 0011 0021  0.44 0.002 0.008 529
J1s) 40Si0,-20Ca0—40CaF, 0.097  0.46 0011 0022 043 0.002 0.007 457
(316) 308i0,- 50Ca0—20CaF, 0.105  0.63 0010 0016 027 0.002 0.008 237
a7 30Si0,-45Ca0—25CaF, 0.106 0.6l 0010 0017 028 0.002 0.008 249
(18) 308i0,-40Ca0—30CaF, 0.104  0.59 0.009 0019 032 0.002 0.008 303
(J19) 308i0,~35Ca0—35CaF, 0.106  0.56 0010 0019 032 0.002 0.008 307
(720) 308i0,~30Ca0—40CaF, 0.101  0.52 0010 0019 035 0.002 0.008 362
o21) 30Si0,—-25Ca0-45CaF, 0.103 052 0010 0020 036 0.002 0.008 357
(122) #208i0,~60Ca0—20CaF, - - - - - - - 132
(123) #208i0,-55Ca0—25CaF, - - - - - - - 109
(324) #208i0,-50Ca0-30CaF, - - - - - - - 75
(325) *208i0,-45Ca0—35CaF, - - - - - - - 164

*Poor welds, unable to perform all chemical analyses.

system, the inclusions present in welds produced with
the eutectic flux were irregular spheres and non uni-
form triangles, but became predominantly spherical
with additions of CaF, at the expense of MnO, while
the introduction of FeO caused the inclusions to
assume complex and irregular spherical shapes.
Further increases of FeO or CaF, in the fluxes did
not affect the already existing morphologies except the
inclusion size.

The inclusions in the welds produced with the basic
fluxes, Si0, -CaO—-CaF, flux system, were a homoge-
neous mixture of globular, irregular sphere and well
defined triangular shapes. Variations in the basicity
index between 1.5 and 4.0 for this flux system did not
make a difference in the inclusion morphology. The
same can be said when considering the basicity varia-
tion in the acid fluxes. From these results the morphol-
ogy of the inclusions is seen to be more dependent on
the flux constituents than on the flux basicity.

As expected, the weld oxygen level varied according
to the stability of the oxide constituents of the fluxes.
For example, in the Si0, —MnO—-FeO fluxes, because
FeO and MnO are very unstable oxides, welds with
very high oxygen levels were expected and these results
are observed in Fig. 2. The welds produced with the
Si0, —MnO-CaF, fluxes show lower oxygen contents,
Fig. 2, because CaF,, a non-oxygen carrier, reduces
the oxygen in the flux in replacing the MnO. Ca-O
bonds are known' to be much stronger than Si-O
bonds [31], thus the degree of dissociation of calcium
oxide in the molten flux would be less than that of
silica, resulting in a lower weld metal oxygen content.
Therefore, the reduction in the silica level of the fluxes
and the increasing contents of CaO and CaF,
produced welds with low oxygen contents as shown in
Fig. 3. In terms of the basicity concept, as reported by
other investigators [1, 9, 10], the correlation between
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flux basicity and weld metal oxygen content holds for
the welds in this work, the substitution of SiO, by CaO
and CaF, made the fluxes more basic and the corres-
ponding welds had lower oxygen levels, as observed in
Tables II and II.

Inclusion volume fraction measurements were per-
formed on all the welds by taking readings at six
different locations with a magnification of 1600 x.
The measurements were conducted according to the
ASTM Standard E45. The weld inclusion content
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Figure 7 Typical ferrite morphologies encountered in this investiga-
tion. PF = proeutectoid grain boundary ferrite, AF = acicular
ferrite, WF = Widmanstatten side plate ferrite, BF = blocky fer-
rite. 2% nital etch.

varies proportionally to the level of oxygen in the weld
because of the oxide nature of the inclusions [4, 15), as
shown in Fig. 4. The inclusion size also depends on the
oxygen level of the welds, coarse inclusions are present
in the high oxygen welds and they decrease in size as
the level of oxygen is reduced, Figs 5 and 6.

4. Microstructural analysis

The principal weld microconstituents identified in this
study are shown in Fig. 7: proeutectoid grain boundary
ferrite (P F), acicular ferrite (A F), Widmanstatten side
plate ferrite (W F), and intragranular blocky ferrite
(BF). The quantitative metallography was limited to
measurements of the acicular ferrite, Fig. 8, performed
by the point count technique.

The acicular ferrite (A F) level, present in the welds,
has been plotted against the inclusion volume fraction
for all the flux systems studied, Fig. 9. These data
show that the level of acicular ferrite cannot be just
correlated with an optimum inclusion volume frac-
tion. But other factors such as weld metal hardenabil-
ity, cooling rate, etc., would play a role in the micro-
structure of the as-deposited ferritic weld metal
[29, 32, 33]. Fig. 10 shows that the welds produced
with the Si0,—MnO-CaF, fluxes have larger

Figure 8 Fine grain acicular ferrite. 2% nital etch.
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the areas favourable for nucleation of high tempera-
ture ferrite. However, support has been added to the
hypothesis that the inclusions themselves can nucleate
ferrite intergranularly or intragranularly {17, 37, 38).
In the present investigation, the reduction of the inclu-
sion size was accompanied by an increase of grain
boundary ferrite and reduction of the acicular ferrite.
Fig. 5 shows the refinement of the inclusions in welds
produced with SiO, —-MnO-CaF, fluxes and the cor-
responding decrease of the acicular ferrite level is
shown in Fig. 10. It may be possible that the cooling
rates experienced by the welds are too slow and thus
fail to activate the fine inclusions as nucleation sites
for the ferrite transformation. However the increase
of the grain boundary ferrite is an evidence of the
pinning action of these inclusions.

Quenching of a hot weld metal sample, J7Q, resul-
ted in a microstructure consisting primarily of acicular
ferrite with proeutectoid veining grain boundary fer-
rite and patches of blocky ferrite (intergranular and
intragranular). Fig. 12 shows the microstructure of
weld sample J7 that has been air cooled and water

Figure 10 Proportions of acicular ferrite for welds
produced with the $iO,-MpO-CaF, and $i0,—CaO-
CaF, flux systems. SiOQ, = 40% (constant).
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Figure 12 Weld microstructures produced with the 40Si0, - 55MnO—5CaF, flux. J7: air cooled after welding, J7Q: water quenched after
welding. 2% nital etch.
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(a)

Figure 14 Photomicrographs of weld specimen J7Q
showing: (a) inclusion distribution, and (b) correspond-
ing microstructure in the same location. 2% nital etch.

quenched (J7Q). The coarser grains observed in weld
sample J7Q, imply reduced pinning activity by the
inclusions and their participation as active nucleation
sites because of the increase in the amount acicular
ferrite. The inclusion count on the J7Q weld sample
reveals a decrease in the inclusion volume fraction as
well as a refinement of the inclusions compared to
sample J7, Fig. 13. The distribution of these inclusions
and their role on the ferrite formation was analysed
by observing a specific region of sample J7Q in the
as-polished and etched conditions, Fig. 14. It was
observed that several of these inclusions delineated the
proeutectoid grain boundary ferrite. Inclusions of size
1um and larger, appear not only to pin the grain
boundaries, but they also become nucleation sites for
the proeutectoid blocky ferrite. This blocky ferrite
is also found intragranularly as shown in Fig. 15.
Inclusion of sizes smaller than 0.6 yum, about 0.3 um,
located at the grain boundaries are primarily effective
in pinning the grain boundary. Fig. 16 shows inclu-
sions pinning the grain boundary (Fig. 16a) and as
nucleants of intergranular blocky ferrite (Fig. 16b).
Inclusions about 0.6 um and smaller located intra-
granularly can be associated with the acicular ferrite,
as shown in Fig. 17.

The chemistry of the inclusions was examined
in most of the welds. Manganese, aluminium and
titanium were the primary elements present. The
inclusions about the acicular ferrite and proeutectoid
grain boundary were inspected and it was found that
larger proportions of manganese, titanium, alumin-
ium and silicon were present in the inclusions within
the acicular ferrite, as seen in Figs 18 and 19. The
chemistry of the area adjacent to the inclusions was
the same as that of the inclusions. The difference in the
magnitude of the peaks implies a higher hardenability
in the case of inclusions associated with the acicular
ferrite.

Conclusions
The results of this investigation led to the following
conclusions:

1. The oxygen content and the inclusion volume
fraction of the welds are reduced as the SiO, content
of the fluxes is reduced and the amount of stable oxide
constituents is increased.

2. The inclusion morphology is primarily a function
of the oxide constituents of the fluxes and is not
directly affected by the basicity of the flux.

697



3. The size of the non-metallic inclusion determine
the extent of their involvement in the weld metal phase
transformation. For the cooling rates experienced by
these welds inclusions 0.6 um and smaller are present
within the fine acicular ferrite. Large inclusions (1 pm
and greater) appear to pin the grain boundary but they

Figure 15 Weld microstructures showing the location
of large inclusions: (a) intergranularly at the proeutec-
toid grain boundary ferrite, and (b) intragranularly
with blocky ferrite. 2% nital etch.

also become the nucleation sites for blocky ferrite. The
very fine inclusions (less than about 0.3 um) appear to
only pin the grain boundaries.

4. The hardenability and cooling rate are factors
that also influence the austenite to ferrite transforma-
tion in the weld metal, along with the inclusions.

Figure 16 Scanning electron micrographs for a weld specimen produced with the 40SiO, —55MnO-5CaF, flux. (a) Inclusions pinning the
grain boundary, and (b) inclusions within the proeutectoid grain boundary.
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Figure 17 Weld metal acicular ferrite with small inclu-
sions located within the ferrite plates. 2% nital etch.
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Figure 18 EDS X-ray spectra for inclusions located at: (a) the acicular ferrite, and (b) the proeutectoid grain boundary ferrite. The weld
specimen was produced with the 408i0, —40CaF,~20CaO flux.
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Figure 19 EDS X-Ray spectra for inclusions in the weld metal. (a) at the acicular ferrite, and (b) at the proeutectoid grain boundary ferrite.
The weld specimen was produced with the 40Si0,-55MnO-5CaF, flux.
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