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ABSTRACT. The use of high-strength
steels (HSS) provides several potential ad-
vantages. However, the progress in steel
technology continually demands new de-
velopments in welding processes and con-
sumables to produce weld metals with me-
chanical properties equivalent to the base
metal. To achieve this, however, a better
understanding of chemistry- and mi-
crostructure-property relationships in
HSS weld metals is needed. In this study,
the general compositional and mi-
crostructural characteristics of HSS weld
metals, including nonmetallic inclusions,
were experimentally characterized. The
weld metals were deposited using differ-
ent welding processes and commercially
available welding consumables with nom-
inal strengths ranging from 490 to 840
MPa (70 to 120 ksi).

Introduction

The use of high-strength steels (HSS)
provides several potential advantages in-
cluding lower weight, lower manufactur-
ing costs, and ease of handling and trans-
port. Therefore, major impetus for
developments in high-strength steels has
been provided by the need for higher
strength, increased toughness, and im-
proved weldability. The development of
HSS with better properties has been sup-
ported by improvements in the steelmak-
ing industry for production of clean steels,
the use of microalloying elements in com-
bination with normalizing, controlled
rolling or quenching, and tempering.
Since 1982, the control of the steel prop-
erties through thermomechanical pro-
cessing (TMCP) and accelerated cooling
(AC) and/or direct quenching (DQ) have
enabled steels to be produced with in-

creased strength and toughness, while
maintaining good weldability (Ref. 1).

HSSs with yield strengths of 450 MPa
(X70) and 550 MPa (X80) are increasingly
specified for use in different structural ap-
plications, resulting in weight and cost sav-
ings through the use of thinner sections.
The use of X80 pipeline steels has become
common in Canada (Ref. 2) and parts of
Europe (Ref. 3). Additional refinement of
chemical composition and processing pro-
cedures resulted in the development of
higher-strength X100 steel in the early and
mid-1990s (Ref. 4). Laboratory- and full-
scale testing of X100 pipe and seam welds
have recently been reported (Ref. 5).
These studies suggest that with some re-
finement of the steelmaking procedures,
target X100 properties can be achieved,
and successful results of experimental
work on X120 have been reported.

The progress in steel manufacturing
technology has continually called for new
developments in welding processes and
consumables to produce weld metal de-
posits with mechanical properties essen-
tially equivalent to the base metal. To
achieve this, however, proper control of
numerous factors that interact during
welding to produce a weld metal with a
certain chemical composition and a par-
ticular microstructure with characteristic
properties is required. Additionally, it has
been established that some high-strength
weld metals exhibit a high degree of vari-

ability in mechanical property test results.
The variability of the properties of a weld
metal could come from various sources
such as consumable lot-to-lot variation,
procedural variation, positional variation,
and base material variation. Sometimes
chemical composition variations may ex-
plain the differences, but in many cases,
they do not. It is clear that a better under-
standing of chemistry- and microstruc-
ture-property relationships in HSS weld
metals is needed.

The main objective of this study was to
experimentally characterize the general
compositional and microstructural char-
acteristics of HSS weld metals, including
nonmetallic inclusions. In an attempt to
cover a broad range of applications nor-
mally found in different industries, the
weld metals were deposited using differ-
ent welding processes and commercially
available welding consumables with nom-
inal tensile strengths ranging from 490 to
840 MPa (70 to 120 ksi). Applications for
these welding consumables would include
welding of API 5L pipeline steels such as
X70, X80, and X100, as well as plate steels
and structural shapes of similar strength
levels.

Experimental Procedures

The characterization of the weld met-
als deposited with different welding
processes and consumables included
chemical composition, microstructural
analysis, and evaluation of nonmetallic in-
clusions. Details regarding the materials
and experimental procedures are summa-
rized as follows.

Base Metals

Different materials ranging from low-
strength A-36 steel plates to high-strength
X80 pipe steels and X100 steel plates were
used as base materials for this study, as
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Fig. 1 — General view of welded joint. Fig. 2 — Backscattered electron image from a sample in the polished 
condition.

listed in Table 1. In most of the cases, the
thickness of the base material was about 20
mm (0.75 in.). The base materials were cut
into 152- × 711-mm (6- × 28-in.) sections to
accommodate the various test welds and
experimental specimens. The base materi-
als were joined by the welding processes de-
scribed below. Figure 1 shows a general
view of a welded joint prepared for weld
metal characterization in this study.

Welding Procedures and Consumables

In an attempt to cover a broad range of
applications normally found in different
industries, different welding processes
and commercially available consumables
were used in this program. Welds were
produced using flux-shielded processes
such as flux cored arc welding (FCAW)
and shielded metal arc welding (SMAW)

and gas-shielded processes such as gas
metal arc welding (GMAW). FCA weld-
ing included both self- (T-8 Type) and gas-
shielded electrodes. Cellulosic and basic
electrodes were used with the SMAW
process. The nominal strength of the weld
deposits ranged from 490 to 840 MPa (70
to 120 ksi). Table 1 provides a summary of
the consumables, welding processes, and
weld identifications (W1 to W14) used in
this study. Welding parameters are sum-
marized in Table 2.

Weld Metal Chemical Analysis

Samples for chemical analysis were
taken from the reduced area of tensile
specimens. Chemical analysis of the ex-
perimental welds was conducted using an
optical emission spectrometer. LECO
equipment was used to measure carbon,

sulfur, oxygen, and nitrogen.

Weld Metal Microstructural
Characterization

Microstructural analysis was con-
ducted using light microscopy, conven-
tional scanning electron microscopy
(SEM), and high-resolution SEM. Due to
the important role played by the inclusions
on the microstructure development and
the resulting mechanical properties of the
steel weld deposits, particular attention
was given to the inclusion characteristics,
including volume fraction, size distribu-
tion, morphology, and chemical composi-
tion. Carbon replica extraction techniques
were used for the chemical composition
and morphology analysis of the inclusions. 

Cross sections were cut from each weld
and prepared using standard metallo-

Table 1 — Summary of Base Metals, Welding Processes, Welding Consumables, and Identification of Different Weld Metals Characterized in 
This Program

Welded Joint Base Metal Welding Process Welding Condition Filler Metal Procedure/Shielding Gas

W1 Plate, SA-36 FCAW Semiautomatic E71T-1(a) CO2
W2 Plate, SA-36 FCAW Semiautomatic E71T-1 CO2
W3 Unknown GMAW Semiautomatic ER70S-7(b) CO2
W4 Unknown GMAW Semiautomatic ER70S-6(c) CO2

W5 Pipe, X80 SMAW Manual E8010-G NA
W6 Pipe, X80 SMAW Manual E9010-G NA
W7 Pipe, X80 SMAW Manual E9018-G NA
W8 Pipe, X80 FCAW-S Semiautomatic E91T8-G NA

W9 Plate, X100 GMAW Automatic ER100S-1(b) Internal/external 100 CO2
W10 Plate, X100 GMAW Automatic ER100S-1(c) Internal/external, pulsed, 85 Ar-15 CO2
W11 Plate, X100 GMAW Automatic ER100S-1(c) Internal/external, dual torch, pulsed, 85 Ar-15 CO2
W12 Plate, X100 GMAW Automatic ER100S-1(b) External, pulsed, 95 Ar-5 CO2
W13 Plate, X100 GMAW Automatic ER120S-1 Internal-external 100 CO2
W14 Plate, X100 GMAW Automatic ER120S-1 Internal/external, pulsed, 85 Ar-15 CO2

(a) Microalloyed; (b) and (c) represent different wire manufacturer.
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graphic techniques. For replica extraction,
samples were prepared by grinding
through 800-grit abrasive paper and then
polishing using 6-, 3-, and 1-μm diamond
paste. Final polishing of samples for light
microscopy and SEM samples was done
with 1- and 0.05-μm chromium oxide
slurry. In this way, alumina contamination
of the samples was avoided.

The weld metal microstructure was re-
vealed by etching in a 2% Nital solution.
Etching for replica extraction was done
with a 5% Nital reagent. A light etching was
used in order to expose the inclusions on
the surface and permit their extraction. In
order to avoid inclusion dissolution or
damage during polishing and prior to
replica extraction, ethyl alcohol was used at
all times for diamond paste dispersion and
sample cleaning. For the same reason, long
ultrasonic cleaning times were avoided.

The samples prepared for inclusion size
and size distribution measurements on the
SEM were in the as-polished (unetched)
condition. A minimum of 20 backscattered
electron images from the as-polished sam-
ples, similar to the one shown in Fig. 2, were
recorded on the SEM and analyzed to mea-
sure the inclusion size distribution. The
backscattering electron images were ob-
tained from the central region of the weld
fusion zone at random locations in the
through-thickness direction. SEM analysis
was performed on a high-resolution field
emission microscope coupled with XEDS
for chemical analysis.  The image analysis
of the SEM images was performed with
Image-Pro software.

Results and Discussions

Chemical Composition Analysis

The chemical compositions of the
weld metals deposited with electrodes of
E70X-E80X (W1 to W5), E90X (W6 to
W8), and E100X-E120X (W9 to W14

nominal tensile
strength are listed in
Tables 3, 4, and 5, re-
spectively. In gen-
eral, the deposited
HSS weld metals are
based on a C-Mn sys-
tem with additions of
deoxidizers (silicon,
manganese, alu-
minum, titanium)
and balanced addi-
tions of various al-
loying elements
(nickel, chromium,
molybdenum,
boron, niobium,
vanadium, copper).

The chemical
composition of weld
metals is controlled
by chemical reac-
tions occurring in
the weld pool at ele-
vated temperatures, and is therefore in-
fluenced by the welding consumables (i.e.,
combination of filler metal, flux, and/or
shielding gas), the base metal chemistry,
as well as the welding conditions applied.
Even small changes in the flux coating can
result in large variations in the metallurgi-
cal behavior of the flux system (Ref. 6).

As expected, the level of alloying con-
tent in the weld metal increases as the
nominal strength of the consumables in-
creases. Alloying elements strengthen the
weld metal through solid solution or pre-
cipitation strengthening. Alloying ele-
ments also affect the hardenability of the
weld metal and play a significant role in
defining the final weld metal microstruc-
ture. The effect of alloying levels on the
hardenability of the weld metal is re-
flected in the carbon-equivalent numbers
(CEIIW and Pcm). The carbon equivalent
of weld metals deposited with E70X-
E80X, E90X, and E100X–E120X grade

consumables range from 0.25 to 0.35, 0.31
to 0.54, and 0.47 to 0.73, respectively, as
listed in Tables 3–5.

The carbon content of most of the de-
posited weld metals ranged from 0.05 to
0.1%. There were major differences in
carbon content ranges among welds de-
posited with different welding processes
or groups of welding consumables.

The welding process selected to join
HSSs greatly influences the level of oxy-
gen and nitrogen in the weld metals. Table
6 shows a summary of the different levels
of oxygen and nitrogen observed in the
weld metals deposited with different weld-
ing processes and consumables.

Partial oxidation almost invariably ac-
companies the welding of steel due to re-
actions of the molten metal with the shield-
ing gas or flux (Ref. 7). The solubility of
oxygen in pure liquid iron is approximately
1600 parts per million (ppm) at the melting
point (Ref. 8). During solidification, this

Fig. 3 — Microstructural characteristics of primary weld region. A — Weld
metal W2 (CEIIW = 0.257); B — weld metal W6 (CEIIW = 0.31); and C —
weld metal W7 (CEIIW = 0.39).
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decreases to about 860 ppm at 1500°C in
delta iron. Most of the alloying elements
present in liquid steel reduce oxygen solu-
bility through deoxidation equilibrium.
Steelmaking processes typically yield ana-
lytical oxygen levels in the range of 70 to
100 ppm. Welds typically pick up oxygen to
levels of several hundred ppm, then deoxi-
dize to lower oxygen levels with the forma-
tion of oxide inclusions.

The oxygen levels of weld metals are in-
fluenced by many factors such as the
amount of deoxidizers present (silicon,
manganese, aluminum, etc.), the types of
welding materials used, the welding
process (Refs. 9, 10), and the welding con-
ditions. Weld metal deposited with flux-
shielded processes or with active gas-
shielded processes generally contains more
oxygen than welds deposited with inert gas-

shielded processes. The oxygen levels of
weld metals deposited with SMAW, FCAW
(gas shielded), and GMAW with 100%
CO2 ranged from 450 to 650 ppm. On the
other hand, welding with the GMA process
shielded with Ar-CO2 mixtures resulted in
an oxygen content range of 260 to 360 ppm
in the weld metals. The oxygen level of weld
metals deposited with self-shielded FCAW
was 110 ppm.

Flux-shielded metal arc weld metals
generally contain more nitrogen than
those made with gas-shielded welding
processes. The nitrogen content in weld
metals deposited with flux-shielded
processes ranged from 70 to 370 ppm. The
weld metal with the highest nitrogen con-
tent corresponds to that deposited with
the self-shielded flux-cored wire. Weld
metals deposited with the GMAW process

contained nitrogen levels from 30 to 140
ppm. In general, a consumable/process
could be classified as low, medium, or high
nitrogen if the amount of nitrogen in the
metal weld deposit is less than 70 ppm, be-
tween 70 to 120 ppm, or greater than 120
ppm, respectively (Refs. 11, 12).

Microstructure Characterization

In general, two major trends were ob-
served in the change of the microstructure
of the weld metal as the carbon equivalent
increased. The fraction of low-tempera-
ture products increased and the mi-
crostructure became finer as the carbon
equivalent increased.

Lean steel weld metals exhibit low
hardenability, and the hardenability in-
creases with alloy content. Weld metals
lean in alloy content would be expected to
transform at relatively high temperatures
to produce a microstructure often consist-
ing of ferrite and carbides having low
strength. An increase in the amount of al-
loying elements, particularly the carbide
formers, lower the transformation tem-
perature, and form a bainitic structure
having a smaller mean free-path in the fer-
rite. As additional quantities of alloying
elements are introduced, further lowering
of the transformation temperature occurs,
producing a finer bainitic structure and a
stronger weld metal. Finally, if the alloy
content is increased to a point where
martensite forms, the strength reaches a
level primarily dictated by the carbon con-
tent in the weld metal.

The as-deposited weld metals with a
carbon equivalent between 0.26 (W2) and
0.39 (W7) consist mainly of a ferritic mi-
crostructure with a decreasing fraction of
grain boundary ferrite and an increasing
fraction of lower temperature transforma-

Table 2 — General Welding Conditions Used to Deposit Weld Metals W1 to W14

Welded Joint Welding Consumable Preheat/Interpass Nominal Heat
Root Pass Fill Pass Temperature, °C Input, kJ/mm

W1 E71T-1(a) E71T-1(a) RT/150 1.8 to 2.0
W2 E71T-1 E71T-1 RT/150 1.8 to 2.0
W3 ER70S-7 ER70S-7 Unknown Unknown
W4 ER70S-6 ER70S-6 Unknown Unknown
W5 E8010-G E8010-G RT/120 1.3
W6 E9010-G E9010-G RT/120 1.5
W7 ER70S-6, STT(b) E9018-G RT/120 1.3
W8A(c) ER70S-6, STT(b) E91T8-G RT/110 0.9
W8B(d) ER70S-6, STT(b) E91T8-G RT/120 1.2
W8C(e) ER70S-6, STT(b) E91T8-G RT/52 1.1
W8D(f) ER70S-6, STT(b) E91T8-G RT/290 1.0
W9 ER100S-1 ER100S-1 50/150 0.76
W10 ER100S-1 ER100S-1 50/150 0.80
W11 ER100S-1 ER100S-1 50/150 0.9
W12 ER100S-1 ER100S-1 50/150 0.82
W13 ER120S-1 ER120S-1 50/150 0.77
W14 ER120S-1 ER120S-1 50/150 0.85

(a) Microalloyed; (b) surface tension transfer®; (c) welder A; (d) welder B; (e) low interpass temperature (cold);
(f) high interpass temperature (hot).

Fig. 4 — Microstructural characteristics of reheated weld region. A — Weld metal W7 (CEIIW = 0.39); B — weld metal W6 (CEIIW = 0.31).

A B
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Fig. 5 — Microstructural characteristics. A — Primary weld region; B — reheated weld region of weld metal W14 (CEIIW = 0.73).

tion products such as sideplate ferrite and
acicular ferrite. In the microstructure of
weld metal W2 a high fraction of grain
boundary ferrite was present, as shown in
Fig. 3A. Increasing the carbon equivalent
to 0.31 (W6) resulted in a microstructure
consisting predominantly of sideplate fer-
rite with aligned second phases as shown
in Fig. 3B. In the microstructure of the as-
deposited weld metal W7 (CEIIW = 0.39)
a high fraction of acicular ferrite is pre-
sent, as shown in Fig. 3C.

In general, the reheated region of these
welds transformed to equiaxed polygonal
ferrite as shown in Fig. 4. In the reheated
zones of weld metal W5 and W6, a high
fraction of second-phase precipitates that
could be pearlite and/or carbide aggre-
gates was present. This observation may
be explained based on the high level of
carbon present in these weld metals and
on the segregation of carbon out of the
ferrite grain during the retransformation
induced during cooling of the weld metal.
The carbon content of weld metal W5 and
W6 was 0.1 and 0.15%, respectively.
These observations clearly indicate that
the influence of thermal cycles resulting
from subsequent passes can cause signifi-
cant changes in weld metal microstructure
and resulting properties.

Acicular ferrite is the weld metal con-
stituent that has been reported to best
promote toughness in HSLA steels with
around 600-MPa (85-ksi) yield strength or
less because of its small grain size (typi-
cally 1 to 3 μm) and because of the random
orientation of the ferrite laths and their
ability to deflect cracks during propaga-
tion (Ref. 13). As such, a large amount of
acicular ferrite optimizes the weld metal
mechanical properties.

Hardenability of these steel weld met-
als is such that welds with a mainly bainitic

and/or martensitic microstructure usually
can be avoided, and the major problem
becomes one of preventing the formation
of grain boundary ferrite, while refining
the acicular ferrite as much as possible.

Factors that affect the amount of grain
boundary ferrite, such as specific microal-
loying additions like boron and titanium
and the prior austenite grain size are im-
portant considerations (Ref. 14). Like-
wise, factors that directly affect the acicu-
lar ferrite transformation such as
inclusion composition, inclusion size, and
crystallographic or thermal disregistry be-
tween the inclusion and the austenite ma-
trix become of crucial concern. The litera-

ture is not in agreement on the effect of
specific types of inclusions on the austen-
ite to ferrite phase transformation. How-
ever, the effectiveness of an inclusion in
nucleating ferrite may not depend on its
bulk composition, but on its surface com-
position and character (Ref. 15).

In weld metals with a carbon equivalent
of 0.47 or higher (W8 to W14), an increas-
ing fraction of lower transformation prod-
ucts, including martensite, were observed as
shown in Fig. 5A. Additionally, it was ob-
served that weld metals with higher alloying
additions do not readily retransform during
reheating induced during multipass weld-
ing. As shown in Fig. 5B, the microstructure

Table 3 — All Weld Metal Chemical Composition (wt-%) of E7X-E8X Weld Metals

Welded Joint
Element W1 W2 W3 W4 W5

E71T-1(a) E71T-1 ER70S-7 ER70S-6 E8010-G

C 0.054 0.021 0.066 0.056 0.1
Mn 1.35 1.31 1.41 1.35 0.66
P 0.009 0.008 0.012 0.011 0.009
S 0.009 0.012 0.005 0.004 0.005
Si 0.42 0.40 0.36 0.5 0.12
Cu 0.07 0.05 0.22 0.18 <0.01
Ni 0.40 0.01 0.06 0.04 0.71
Cr 0.05 0.04 0.04 0.05 0.02
Mo 0.01 0.01 0.12 0.06 <0.01
Al <0.01 <0.01 0.01 0.01 <0.01
V 0.02 0.02 0.005 <0.005 0.02
Ti 0.04 0.03 0.02 0.02 0.006
Nb 0.010 0.010 0.03 0.02 <0.005
O 0.0520 — 0.046 0.046 0.065
N 0.0073 — 0.003 0.008 0.021
B 0.0053 0.0048 <0.0005 <0.0005 <0.0005
Zr <0.005 <0.005 <0.005 <0.005 <0.005
W <0.01 <0.01 <0.02 <0.02 <0.01
CE(IIW) 0.326 0.257 0.353 0.319 0.268
Pcm 0.177 0.131 0.172 0.157 0.151

(a) Microalloyed.
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of the reheated weld metal is very similar to
the microstructure of the as-deposited weld
metal. The kinetics of grain boundary mo-
bility may be significantly retarded in highly
alloyed weld metal by substitutional alloy el-
ements. Additionally, the high hardenabil-
ity of these weld metals decreases the role
of grain boundaries as nucleation sites of
phase transformation during cooling.

Therefore, although the carbon equiv-
alents were originally developed with the

goal of evaluating the base metal cold
cracking susceptibility, these empirical
equations can also be useful for clarifying
the complex relationship between the
weld metal content of hardenability ele-
ments and the resulting transformation
behavior of the deposit. However, there is
the need to modify the carbon-equivalent
equations by including the role of weld
metal oxygen and the influence of welding
parameters such that they become more

effective in predicting weld metal proper-
ties (Ref. 16). More recent efforts in heat-
affected zone (HAZ) studies have devel-
oped weldability expressions that include
cooling rate (Ref. 13).

Nonmetallic Inclusion
Characterization

Quantitative data obtained from mea-
surements of inclusions in different weld
metals, including average inclusion size,
maximum inclusion size, inclusion density,
and volume fraction are listed in Table 7.

Volume Fraction and Inclusion Density

The volume fraction of nonmetallic in-
clusions in most deposited weld metals
ranged from 0.2 to 0.6%. In a few welds,
however, the volume fraction of the non-
metallic inclusions was as high as 0.8 to
1.1%.

Different researchers have suggested
that weld inclusion contents (vol-%) may
be estimated from an empirical relation
involving both oxygen and sulfur concen-
trations (Refs. 17, 18). Additionally, it has
been observed that the manganese/silicon
ratio of a weld is important in controlling
inclusion contents (Refs. 19, 20). The ac-
tual levels of manganese and silicon can
affect the inclusion volume fraction be-
cause of their influence on the melting
range of the inclusions and the ease with
which inclusions are removed from liquid
metal into the welding slag.

Figure 6 shows the volume fraction of
nonmetallic inclusions as a function of the
oxygen plus sulfur content in the weld

Table 4 — All Weld Metal Chemical Composition (wt-%) of E9X Weld Metals

Welded Joint
Element W6 W7 W8A W8C W8D

E9010-G E9018-G E91T8-G E91T8-G E91T8-G

C 0.154 0.06 0.071 0.084 0.074
Mn 0.73 1.55 2.07 2.30 2.18
P 0.017 0.017 0.010 0.009 0.006
S 0.013 0.006 0.007 0.008 0.007
Si 0.17 0.47 0.25 0.29 0.29
Cu 0.023 0.126 0.06 0.043 0.062
Ni 0.69 0.72 0.69 0.86 0.75
Cr 0.06 0.06 0.02 0.03 0.03
Mo 0.06 0.02 0.06 0.02 0.06
Al <0.01 0.01 0.78 1.02 0.81
V — — — — —
Ti <0.012 0.008 0.006 0.006 0.005
Nb — — — — —
O 0.050 0.046 0.011 0.011 0.011
N 0.011 0.012 0.037 0.0323 0.0323
B — — — — —
Zr 0.002 <0.001 0.072 0.11 0.075
W — — — — —
CE(IIW) 0.310 0.390 0.482 0.537 0.509
Pcm 0.220 0.156 0.203 0.228 0.215

Table 5 — All Weld Metal Chemical Composition (wt-%) of ER100S-ER120S Weld Metals

Welded Joint
Element W9 W10 W11 W12 W13 W14

ER100S-1 ER100S-1 ER100S-1 ER100S-1 ER120S-1 ER120S-1

C 0.068 0.061 0.068 0.055 0.11 0.100
Mn 1.45 1.46 1.25 1.50 1.51 1.76
P 0.008 0.007 0.008 0.009 0.014 0.013
S 0.004 0.003 0.006 0.003 0.010 0.010
Si 0.250 0.250 0.250 0.370 0.59 0.56
Cu 0.100 0.070 0.090 0.120 0.11 0.12
Ni 1.43 1.74 1.64 1.75 1.82 2.29
Cr 0.08 0.09 0.09 0.040 0.34 0.41
Mo 0.33 0.33 0.31 0.420 0.45 0.44
Al 0.01 0.01 <0.010 0.020 0.01 <0.010
V 0.01 0.009 0.010 0.010 0.01 0.010
Ti 0.01 0.01 0.008 0.020 0.02 0.020
Nb 0.01 <0.005 0.007 0.010 0.008 0.006
O 0.056 0.031 0.036 0.026 0.045 0.028
N 0.007 0.008 0.014 0.004 0.006 0.009
B <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Zr — — — — — —
W — — — — — —
CE(IIW) 0.496 0.485 0.471 0.524 0.651 0.726
Pcm 0.204 0.202 0.197 0.208 0.289 0.302

Table 6 — Oxygen and Nitrogen Levels in
Weld Metals Deposited with Different
Welding Processes and Consumables

Process Consumables Oxygen Nitrogen
(ppm) (ppm)

FCAW E70X, rutile, 520 70
100% CO2

FCAW E90X, self 110 370
shielded

SMAW E80X, cellustic 650 210
SMAW E90X, cellustic 500 110
SMAW E90X, basic 460 120
GMAW E70X, 460 30–80

100% CO2
GMAW E100X, 560 70

100% CO2
GMAW E120X, 450 60

100% CO2
P-GMAW E100X, 310 to 80 to

85Ar-15CO2 360 140
P-GMAW E120X, 280 90

85Ar-15CO2
P-GMAW E100X, 260 40

95Ar-5CO2
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metals. In general, the volume fraction of
inclusions increases with an increase in
oxygen plus sulfur content in the weld
metal. However, the opposite trend was
observed in the volume of nonmetallic in-
clusions with sulfur plus oxygen levels
higher than 500 to 600 ppm. The inclusion
density does not show a clear trend with
oxygen plus sulfur levels in the weld metal
of up to 550 ppm. However, the inclusion
density decreases with increasing oxygen
plus sulfur levels above 550 to 600 ppm.
The inclusion density observed in the
welds ranges from 1.2 × 108 to 5.4 × 108

particles per mm3.

Size Distribution

From the data listed in Table 7, it may
be seen that the average inclusion diame-
ter ranged from 0.3 to 0.6 μm and maxi-
mum inclusion diameter from 0.9 to 1.7
μm in the deposited weld metals. Exam-
ples of measured inclusion histograms are
presented in Fig. 7A and 7B. The his-
tograms shown in Fig. 7A and 7B corre-
spond to the nonmetallic inclusion popu-
lation observed in welds W5 and W7,
respectively. In weld W5, the average in-
clusion size, the maximum inclusion size,
and the inclusion density were 0.491 μm,
1.48 μm, and 1.94 × 108 particles/mm3, re-
spectively. On the other hand, in weld W7,
an average inclusion diameter, a maxi-
mum inclusion diameter, and an inclusion
density equal to 0.31 μm, 0.95 μm, and
4.55 × 108 particles per mm3, respectively,
were observed.

As can be observed in Fig. 7, some his-
tograms showed the presence of a sparse
population of inclusions, which are
coarser than that indicated by the tail of
the upper end of the size distribution. The
maximum size of this group of inclusions
in the different weld metals ranged from
1.6 to 3.4 μm.

In welds deposited with SMAW, the
particle size distribution was observed to

be dependent on
the flux basicity.
Welds produced
with cellulosic elec-
trodes (W5 and
W6) showed larger
average inclusion
size, larger maxi-
mum inclusion size,
and lower inclusion
population than
welds produced
with basic elec-
trodes (W7).  This
finding is not sur-
prising considering
the high oxygen po-
tential and low
desulfurization capacity of slags formed by
cellulosic electrodes. However, the vol-
ume fraction of inclusions is of the same
order of magnitude in both cases (0.45 and
0.48%), indicating that the higher oxygen
and sulfur concentrations of the weld de-
posited with cellulosic electrodes are
mainly a result of a different inclusion size
distribution as compared to basic welds.

A similar trend was observed in the size
distribution of inclusions observed in weld
metal deposited with gas-shielded FCAW
electrodes (W1 and W2) compared to the
weld deposited with self-shielded FCAW
electrodes (W8). The narrower and finer
size distribution of inclusions observed in
FCAW-S welds compared to gas-shielded
FCAW welds could be explained based on
the lower oxygen plus sulfur concentration
in the weld metal. The oxygen plus sulfur
concentrations in welds W1 and W8 were
610 and 180 ppm, respectively.

Figure 8A and 8B show the average
and maximum inclusion size as a function
of oxygen plus sulfur content in the weld
metal. As observed in Fig. 8A, the average
inclusion size does not drastically change
with oxygen plus sulfur levels up to about

400 ppm. However, above 400 ppm, the
average inclusion size increases with an in-
crease in oxygen plus sulfur level in the
weld metal. On the other hand, the maxi-
mum inclusion size, as indicated by the tail
of the upper end of the size distribution, is
not greatly dependent on the level of oxy-
gen and sulfur in the weld metal, as shown
in Fig. 8B.

Additionally, the maximum size of the
scarce population of inclusions, which are
coarser than the size indicated by the upper
end of the size distribution, seems to reach
a plateau of about 3.2 μm at oxygen plus sul-
fur levels between 300 and 600 ppm. This
observation may be explained based on the
increasing ability of an inclusion to float to
the surface of the weld pool as its size in-
creases. From deoxidation of liquid steel, it
is well established that the flotation rate of
the oxides generally depends on their
growth rates, since large inclusions separate
much more rapidly than small ones, in
agreement with Stokes’ law (Ref. 7).

The ability of inclusions to float to the
surface of the weld pool as a function of
their size also helps to explain the de-
crease in volume fraction and inclusion
density of nonmetallic inclusions observed
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Fig. 6 — Volume fraction of inclusions as function of oxygen + sulfur con-
tent in the deposited weld metals.

Fig. 7 — Measured inclusion histogram. A — Weld metal W5; B — weld metal
W7.

A

B
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with increasing oxygen plus sulfur levels
above 500 ppm. As the average inclusion
size increases, the probability of more in-
clusions to float to the surface of the weld
pool increases and, as a result, the volume
fraction and inclusion density of non-
metallic inclusions may decrease.

Shape and Composition of Weld Metal
Inclusions

Nonmetallic inclusions are almost al-
ways heterogeneous in nature both with
respect to shape (angular or spherical par-
ticles) and chemistry (multiphase parti-
cles) as a result of the complex alloying
systems involved.

Figures 9 and 10 show examples of in-
clusions of different shapes and textures
observed in the weld metals. The observed
inclusions present shapes that include
spherical, faceted, and agglomerations of
particles. The chemical compositions of
some of the inclusions observed in differ-

Fig. 8 — A — Average inclusion size; B — maximum inclusion size as function of oxygen + sulfur content in the weld metal.

A

A B

B

Fig. 9 — Image of inclusion observed. A — Weld metal W9; B — in weld metal W4.

Table 7 — General Characteristics of Nonmetallic Inclusions Observed in Weld Metals W1 to
W14

Specimen Average Maximum Number of Volumetric
Inclusion Inclusion Size Inclusions per Fraction of

Diameter (μm) (μm) mm3 (×108) Inclusion (%)

W1 0.532 1.4 (2.43)(a) 1.21 0.34
W2 0.517 1.6 (2.43)(a) 1.36 0.4
W3 0.391 1.16 4.0 0.57
W4 0.32 1.56 5.39 0.59
W5 0.491 1.48 1.94 0.45
W6 0.354 1.2 (1.68)(a) 3.68 0.49
W7 0.311 0.95 (3.35)(a) 4.55 0.48
W8 0.314 1.4 (2.01)(a) 5.39 0.63
W9 0.401 1.6 (3.2)(a) 4.64 1.09
W10 0.298 1.1 3.53 0.3
W11 0.326 1.4 (1.74)(a) 3.54 0.39
W12 0.367 1.7 (2.95)(a) 4.22 0.81
W13 NA NA NA NA
W14 0.299 1.2 (2.83)(a) 2.17 0.23

(a) Represent an observed maximum inclusion size; however, this size was much bigger than the end of the upper
tail of the size distribution observed in the particular weld.
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ent weld metals are listed in Table 8. Gen-
erally, the inclusion core consists mainly of
a mixture of oxides of titanium, man-
ganese, silicon, and aluminum in different
proportions, reflecting a very complex de-
oxidation product. Conditions in the
molten pool approach equilibrium and,
therefore, the stronger deoxidants such as
titanium and aluminum occur in higher
proportions in the inclusions than in the
weld as a whole. Additionally, phases rich
either in manganese and sulfur; silicon; or
zirconium, carbon, and nitrogen, which in-
dicates the presence of manganese sul-
fides, silica, or zirconium carbonitrides
were also observed.

Figure 10B and C shows some of the
spectra obtained from the analysis of the
inclusions by EDX-microprobe analysis.
Most of the carbon in the spectrum is due
to the carbon film that supports the inclu-
sions. The copper and zinc in the spectra
are due to the sample holder used.

Analysis by EDX-microprobe analysis
also confirmed the existence of several
phases within inclusion agglomerates.  Fig-
ure 10B and C show the spectra obtained
from the different areas of the inclusion ag-
glomerate shown in Fig. 10A.  Region A
corresponds to an oxide rich in titanium
and manganese with a small proportion of
aluminum and silicon; region B seems to
correspond to a manganese sulfide; and re-
gion C is mainly a titanium oxide.

A sequence of inclusion formation in
Al-Ti-Si-Mn deoxidized steel weld metals
has been proposed by some researchers
and outlined as follows (Ref. 7). In general,
the inclusions consist of an oxide core,
which is formed during the primary deoxi-
dation stage. The chemical composition of
the deoxidation products can vary within
wide limits, depending on the relative ac-
tivities of aluminum, titanium, silicon,
manganese, and oxygen in the weld metal.
The surface of the oxides will be covered
partially by MnS and TiN. Precipitation of
these phases occurs after the completion of

the weld metal deox-
idation, probably
during solidification,
where the reactions
are favored by solute
enrichment in the in-
terdendritic liquid.

Conclusions

Based on the re-
sults and analysis of
the experimental
characterization of
high-strength weld
metal conducted
during this study, the
following conclu-
sions are provided.

Chemical
Composition

• The carbon equivalent (CEIIW) of
weld metal deposited with E70X–E80X,
E90X, and E100X–E120X grade consum-
ables ranges from 0.25 to 0.35, 0.31 to 0.54,
and 0.47 to 0.73, respectively.

• The carbon content of most of the de-
posited weld metals ranges from 0.05 to
0.1%.

• The oxygen levels of weld metals de-
posited with SMAW, FCAW (gas shielded),
and GMAW with 100% CO2 ranges from
450 to 650 ppm. On the other hand, welding
with the GMA process shielded with Ar-
CO2 mixtures resulted in an oxygen content
range of 260 to 360 ppm in the weld metals.
The oxygen level of weld metals deposited
with self-shielded FCAW was 110 ppm. The
nitrogen content in weld metals deposited
with flux-shielded processes ranges from
110 to 370 ppm. Weld metals deposited with
the GMAW process contained nitrogen lev-
els from 30 to 140 ppm.

Microstructure

• The as-deposited weld metals with a
carbon equivalent between 0.26 and 0.39

consist mainly of a ferritic microstructure
with a decreasing fraction of grain bound-
ary ferrite and an increasing fraction of
sideplate ferrite and acicular ferrite. In
general, the reheated region of these
welds has transformed to equiaxed polyg-
onal ferrite. The reheated zones of weld
metal with carbon content between 0.1
and 0.15% present a high fraction of sec-
ond phase precipitates that could be
pearlite and/or carbide aggregates.

• In weld metals with a carbon equiva-
lent of 0.47 or higher, an increasing frac-
tion of lower temperature transformation
products including martensite was ob-
served. Additionally, it was observed that
weld metals with higher alloying additions
do not readily retransform during reheat-
ing induced during multipass welding.

Nonmetallic Inclusions

• The volume fraction of nonmetallic
inclusions in most deposited HSS weld
metals ranged from 0.2 to 0.6%. In a few
welds, however, the volume fraction of
nonmetallic inclusions was as high as 0.8
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A B

C

Fig. 10 — A — Image; B and C — associated EDX-spectra of inclusion ob-
served in weld metal W1. [Description: composite inclusion; chemical com-
position: region A 32.2O-0.5Al-1.3Si-0.9S-51.4Ti-13.7Mn (Ti-O2), region B
MnS, region C Ti-oxide.]
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to 1.1%. The inclusion density observed in
the welds ranged from 1.2 × 108 to 5.4 × 108

particles per mm3. The average and maxi-
mum inclusion diameter ranged from 0.3
to 0.6 μm, and from 0.9 to 1.7 μm, respec-
tively, in the deposited weld metals.

• In welds deposited with SMAW, the
particle size distribution was observed to
be dependent on the flux basicity. A simi-
lar trend was observed in weld metal de-
posited with gas-shielded FCAW elec-

trodes as compared with welds deposited
with self-shielded FCAW electrodes.

• The average inclusion size does not
drastically change with oxygen plus sulfur
levels up to about 400 ppm. However,
above 400 ppm, the average inclusion size
increases with an increase in oxygen plus
sulfur level in the weld metal.

• Inclusions of different shapes and
textures including spherical and faceted,
and agglomerations of particles were ob-

served in the weld metals. Generally, the
inclusion core consists mainly of a mixture
of oxides of titanium, manganese, silicon,
and aluminum in different proportions,
reflecting a very complex deoxidation
product. Additionally, phases rich either
in manganese and sulfur, silicon, or zirco-
nium, carbon, and nitrogen, which indi-
cates the presence of manganese sulfides,
silica, or zirconium carbonitrides were
also observed.

Table 8 — Characteristics of Nonmetallic Inclusions Observed in Different Weld Metals

Inclusion Characteristics
Weld ID Inclusion Chemical Composition Description

W1 1 Region A — 50.1O-0.7Mg-1.6Al-3.9Si-2.8S-19.6Ti-21.4Mn O, Al, Si, S, Ti, Mn rich
Region B — 48.2O-0.9Mg-1.6Al-3.4Si-2.3S-22.2Ti-21.4Mn

2 51.4O-1.4Al-4.5Si-1.7S-18.1Ti-22.8Mn O, Al, Si, S, Ti, Mn rich
3 Region A — 32.2O-0.5Al-1.3Si-0.9S-51.4Ti-13.7Mn (Ti-O2) Composite inclusion

Region b MnS, Region c Ti-Oxide
4 Region A — 32.3O-1.5Al-0.7Si-50.4Ti-15.1Mn Ti-Mn oxide

Region B — 35.4O-3.2Al-6.1Si-0.8S-26.5Ti-28.0Mn
Region C — 35.3O-4.4Al-9.6Si-1.4S-3.6Ti-45.8Mn

5 30.9O-1.8Si-26.5S-3.5Ti-37.3Mn Mn, S, O rich
6 56.2O-1.3Al-5.5Si-2.1S-15.4Ti-19.5Mn Ti-Mn oxide
7 77.8O-0.9Si-1.3S-17.2Ti-2.8Mn O, Si, S, Ti, Mn rich

W2 1 65.5O-0.5Si-1.4S-22.8Ti-9.8Mn Ti oxide
2 65.4O-2.5Si-13.0S-16.0Ti-3.1Mn O, S, Ti rich
4 67.9O-3.5Si-4.4S-21.1Ti-3.1Mn Ti Oxide
5 73O-1.9Al-6.9Si-1.0S-14.6Ti-2.7Mn O, Al, Si, Ti, Mn rich

W3 1 55.1O-4.0Al-17.6Si-1.6S-3.6Ti-18.2Mn O, Si, Mn rich
2 55.9O-4.2Al-17.6Si-1.8S-2.4Ti-18.1 Mn O, Al, Si, Mn rich
3 Region A — 57.9O-4.6Al-17.4Si-1.9S-2.8Ti-15.5Mn Composite inclusion

Region B — 60.2O-1.7Al-2.2Si-0.6S-24.5-10.8

W4 1 33.7O-2.3Al-15.4Si-3.5S-6.5Ti-38.7Mn O, Al, Si, S, Ti, Mn
2 53.7O-5.0Al-17.6Si-2.0S-4.1Ti-17.6Mn O, Al, Si, Ti, Mn rich

W5 1 68.6O-0.9Al-15.6Si-1.5S-2.9Ti-10.5Mn O, Al, Si, S, Ti, Mn rich
4 80.6O-0.7Al-14.0Si-2.1S-2.6Ti O, Al, Si, S, Ti rich

W6 1 Region A — 49.9O-10.9Si-1.1S-12.0Ti-26.2Mn O, Si, S, Ti, Mn rich
Region B — 49.3O-13.4Si-3.8S-3.9Ti-29.6Mn

2 12.1O-1.2Si-32.9S-53.8Mn O, Si, S, Mn rich
3 62.0O-9.8Si-0.7S-10.5Ti-17.0Mn O, Si, S, Ti, Mn rich
4 56.8O-1.9Al-16.0Si-2.1S-2.2Ti-21.1Mn O, Al, Si, S, Ti, Mn rich

W8 1 47.0C-14.4N-10.9O-1.2Mg-2.0Al-24.5Zr Zr Carbo-Nitride - Al2O3
2 Region A — 23.0N-1.9Mn-7.9Al-66.6Zr-0.7Ti; Composite inclusion

Region B — 39.9N-23.4O-1.0Mg-30.3Al-5.4Zr
3 45.4C-14.6N-15.6O-0.8Al-23.9Zr Zr Carbo-Nitride
4 40.3C-13.0N-13.4O-1.7Mg-2.8Al-28.7Zr Zr Carbo-Nitride
5 Region A — 40.4O-10.9Mg-23.0Al-25.7Zr Composite inclusion

Region B — 48.9O-15.0Mg-36.1Al
6 Region A — 20.8N-33.2O-1.7Mg-1.6Al-42.7Zr Composite inclusion

Region B — 79.5O-20.5Zr
7 Region A — 18.9N-29.2O-2.95Mg-3.0Al-46.0Zr Composite inclusion

Region B — 17.2N-40.8O-3.8Mg-13.9Al-24.3Zr
8 11.2N-50.6O-14.2Mg-19.6Al-4.4Zr Composite inclusion

9-1 62.7O-3.4Mg-2.0Al-31.92Zr O, Mg, Al, Zr rich
10-2 56.0O-3.8Mg-29.5Al-10.8Zr O, Al, Mg, Zr rich
11-3 63.7O-36.3Si SiO2

W9 1 59.3O-13.2Al-9.0.Si-6.1Ti-12.4Mn O, Al, Si, Ti, Mn rich
2 65.0O-10.0Al-5.9Si-6.7Ti-12.5Mn O, Al, Si, Ti, Mn rich

W10 1 59.5O-10.4Al-13.8Si-2.3Ti-14.0Mn O, Al, Si, Ti, Mn rich
2 63.7O-5.3Al-5.2Si-11.1Ti-14.7Mn O, Al, Si, Ti, Mn rich
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