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Abstract

The effect of cold wire feed rate (CWFR) on
martensite-austenite (MA) constituent morphology
and prior austenite grain (PAG) size in the heat-
affected zone (HAZ) of heavy gauge (19.1 mm thick)
X70 microalloyed steel welded by cold-wire tandem
submerged-arc welding (CWTSAW) was studied.

A series of single-pass CWTSAW trials were made
using cold wire feed rates (CWFRs) of 0 mm/s,
16.9 mm/s, and 33.9 mm/s, which corresponded
to effective heat inputs of 2.9 kd/mm, 2.6 kJ/

mm, and 2.3 kd/mm, respectively. The PAG size
and MA constituent morphology (area and aspect
ratio distribution) were measured using optical
microscopy. The average PAG size in the coarse-
grained HAZ (CGHAZ) was reduced from 139 pm
to 83 um as the CWFR was increased from O mm/s
(2.9 kd/mm) to 33.9 mm/s (2.3 kd/mm). The total
number of MA constituents and the area fraction of
MA in the CGHAZ were lowest for the intermediate
CWFR 0f 16.9 mm/s (2.6 kJ/mm).
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Introduction

For heavy gauge microalloyed steel line pipe (> 17 mm),
tandem submerged-arc welding (TSAW) is used to produce
line pipe sections due to its deeper penetration, improved
deposition rate, and greater productivity compared with
conventional submerged-arc welding (Ref. 1). However, using
tandem electrodes can lead to excessive heat input, adversely
impacting the toughness of the coarse-grained heat-affected
zone (CGHAZ). To reduce the effective heat input (i.e., main-
tain and/or improve CGHAZ toughness), cold-wire TSAW
(CWTSAW) has been developed (Ref. 2).

CWTSAW is a welding process consisting of three elec-
trodes, including a lead electrode, a trail electrode, and a cold
electrode (no currentis applied to this wire). Cold-wire in con-
ventional submerged-arc welding has been applied to an X65
plate (Ref. 3). A cold wire feed rate (CWFR) of 381 mm/sinthe
root pass and of 46.6 mm/s in the fill/cap pass increased the
deposition rate by 32% and 39%, respectively (Ref. 3). The
weld centerline Charpy toughness was maintained. CWTSAW
hasalso beenapplied to an intermediate gauge (13.4 mm) X70
plate (Refs. 4,5). ACWFR of 4.2 mm/s increased the heat-af-
fected zone (HAZ) Charpy impact energy to -45°C by 38%
compared with the conventional TSAW process. The enhanced
absorbed energy was attributed to a finer prior austenite grain
(PAG) size (reduced from 69 pmto 55 um) and areduced area
fraction of martensite-austenite (MA) constituents.

Toughness in the HAZ of microalloyed steels, particularly
the CGHAZ, can decrease significantly due to the presence
of local brittle zones consisting of coarsened PAGs and MA
constituents, which are closely related to welding heat input
(Refs. 5-8). MA constituents that form at PAG boundaries
and/or within the interior of PAGs consist of untempered
martensite and retained austenite in both X70 and X80 line
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Fig. 1 — Cold-wire tandem submerged-arc welding (CWTSAW) test weld configuration.

pipe steels (Refs. 9,10). Charpy impact energies measured
from Gleeble-simulated CGHAZ regions for X70 pipeline
steel have been shown to be dependent on the PAG size and
MA morphology, such as area fraction and MA size (Refs.
11-13). The average PAG size and MA size have been cor-
related with welding thermal cycles applied through Gleeble
testing, particularly the time duration above A _, and the rate
of cooling. For a holding temperature of 850°C, the average
MA size changed from 3.5 um to 2.9 um as the rate of cooling
was increased from 2°C/s to 10°C/s (Ref.14). At a constant
cooling rate of 15°C/s, the PAG size increased from 17 um
to 68 pm as the holding temperature was increased from
1100°C t01300°C for durations above A_, (Ref.15). In addi-
tion, the average MA size was not altered by changesin the
PAG size alone but by the variation in PAG size (PAG bound-
aries are nucleation sites for ferrite) and rate of cooling (high
rates can lead to displacive martensite transformation)
(Refs.14,15). In this study, the time duration above A_ and
the rate of cooling in the CGHAZ were simultaneously altered
by the fusion of the cold wire addition in the molten pool. In
previous work (Ref. 2) by the authors on heavy gauge (19.1
mm thick) X70 steel, increased CWFR levels were found
to decrease PAG size and alter the MA morphology in the
CGHAZ. However, only a limited quantitative correlation
between MA morphology and PAG size distributions in the

CGHAZ of heavy gauge welds by CWTSAW with different
CWEFR levels has been done.

The work presented in this article (Part ) aims to establish
the quantitative distribution of MA morphology and PAG size
altered by the CWFR in the CGHAZ of heavy gauge (19.1 mm
thick) X70 CWTSAW welds. A series of CWTSAW trials were
conducted on heavy gauge (19.1 mm thick) X70 steel using
three levels of CWFR, including 0 mm/s,16.9 mm/s, and 33.9
mm/s, which are equivalent to effective heat inputs of 2.9
kd/mm, 2.6 kd/mm, and 2.3 kd/mm, respectively. The area
and aspect ratio distribution of each MA constituentin the
CGHAZ/fine-grained HAZ (FGHAZ) and the size of the PAGs
inthe CGHAZ were measured at the quarter thickness using
image processing software (MATLAB R2022b and ImageJ)
applied to optical microscopy (OM) images. The microscopic
features of PAGs and MA constituents in the CGHAZ were
characterized by scanning electron microscopy (SEM). The
effects of effective heat input on the measured MA mor-
phology and PAG size distribution are discussed. Part Il of
this paper will correlate the measured MA morphology and
PAG size distributions with Charpy impact energy, notch
position, and fracture length.
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Fig. 2 — Schematic showing the extraction of test samples.

Table 1 — Composition of X70 and S2Mo Bare Electrode (wt-%)

c Mn Si N V + Mo + Ti + Nb Cu+ Ni+Cr P,
X70
0.04 1.29 0.28 0.006 0.34 0.63 0.16
Cc Mn Si Mo Ni Cr Cu
Bare
Electrode
041 1.04 041 0.56 0.02 0.03 0.03
Table 2 — CWTSAW Test Weld Parameters
Welding Trials
Welding Parameters
Unit 2.9 kd/mm 2.6 kd/mm 2.3 kd/mm
Heat Input — Lead kd/mm 1.6 1.6 1.6
Heat Input — Trail kJd/mm 1.8 1.3 1.3
Voltage — Lead \Y 31 31 31
Voltage — Trail \Y 33.5 3.5 33.5
Current — Lead A 1100 1100 1100
Current — Trail A 825 825 825
Travel Speed mm/s 21.2 21.2 21.2
Cold Wire Feed Rate mm/s 0 16.9 33.9
Effective Heat Input KJ/mm 29 26 23

(Ref. 19)

Experimental Procedure

Materials and Welding Procedure

The compositions of the X70 steel plate and the bare elec-
trodes (lead, trail, and cold electrodes) studied are shown
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in Table 1. The heavy gauge (19.1 mm thick) X70 steel was
produced by thermo-mechanically controlled processing
(Ref. 1). The weld crack susceptibility index (P_ ) for X70
steel is 0.16 wt-%. To put this value in context, steel with a
P_, value of 0.35 wt-% or lower is considered to have good
weldability (Ref.16). The 4.0 mm S2Mo electrodes and cold
wires were selected according to AWS A5.23, Specification



Fig. 3 — Optical micrographs of nital etched microstructures in the CGHAZ (A, C, E) and FGHAZ (B, D, F): A, B —

2.9 kd/mm; C, D — 2.6 kd/mm; E, F — 2.3 kd/mm.

for Low-Alloy and High Maganese Steel Electrodes and Fluxes
for Submerged Arc Welding (Ref. 17).

The CWTSAW process included lead, trail, and cold elec-
trodes, as shown in Fig. 1. Direct current electrode positive
and alternating current square wave modes were selected for
the lead and trail electrodes, respectively. The current was not
applied to the cold electrode. The angular positions for each
electrode were -2, 8, and 63 deg for the lead, trail, and cold
wires, respectively. The combination of direct and alternating

current was used to achieve a deep penetration profile and
a high deposition rate (Ref. 18). A BF6.5 consumable flux
(EN 760) was used in the CWTSAW process. Weld coupons
were fabricated with the bevel specifications shown in Fig. 1.

The welding parameters for the test welds are shown in
Table 2 and include the voltage (V), current (1), and calcu-
lated heat input (HI) for both the lead and trail electrodes.
The lead and trail electrodes’ nominal heat input (HI
were calculated according to Equation 1.

Nominal)
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Fig. 4 — Optical micrographs of the CGHAZ: A —
2.9 kdi/mm; B — 2.6 kd/mm; C — 2.3 kd/mm. Prior
austenite grain (PAG) boundaries are shown with
dotted lines.
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Fig. 5 — A — Measured and fitted normal distribution
of PAG size in the CGHAZ of 2.3 kd/mm; B — fitted
normal distributions for all welds.

where u represents the arc efficiency for SAW, which ranges
from 0.9-1.0. Three test welds were made using three levels
of CWFR, including 0 mm/s, 16.9 mm/s, and 33.9 mm/s. A
previous study reported calculations of the effective heat input
foreach weld, which are listed in Table 2 (Ref.19). To maintain
consistency, the three welds were labeled as 2.9 kd/mm, 2.6
kJd/mm, and 2.3 kd/mm. The effective heat input calculation
consists of the enthalpy change for cold wire fusion and the
effect of arcinstability on HI _ . which are correlated with
the PAG size and MA morphology results in the “Discussion”
section.

Metallographic Sample Preparation

All weldments were inspected visually to confirm weld
quality. Following visual inspection, metallographic sam-
ples were extracted from three locations along the weld
and were labeled as 1, 2, and 3 (Fig. 2). In total, nine speci-
mens (3 welds x 3 specimens) were mounted and polished
according to ASTM E3-11, Standard Guide for Preparation of
Metallographic Specimens (Ref. 20). The sample surfaces
were polished to a 0.05 um finish and etched. Nital (2%)
was used to reveal the overall microstructure, modified
LePera (LePera etchant with a few drops of HCI) revealed
MA regions, and modified Picral solution (4 g picric acid in
96 ml distilled water with a few drops of HCI) was utilized
to reveal the PAG boundaries (Ref. 19).



Fig. 6 — Optical (A, C, E) and processed (B, D, F) rnicrog’raphs of martensite-austem’te (MA) constituents in the
CGHAZ: A, B — 2.9 kd/mm; C, D — 2.6 kd/mm; E, F — 2.3 kd/mm. MA constituents at PAG bouncdaries and within
PAG grains are indicated with yellow dashed circles and arrows, respectively.

Microstructural Characterization

Optical microscopy was undertaken using an Olympus BX61
microscope. SEM analysis of each sample was conducted
using a Zeiss EVO M10 SEM operating at 20 kV accelerating
voltage. OM micrographs were taken from both sides of the
weld at a location 4 mm below the weld surface and 50-200
pum from the fusion line (in the CGHAZ). OM micrographs
were also taken 600-800 um from the fusion line in the

FGHAZ. OM micrographs were processed by imaging soft-
ware (MATLAB R2022b and ImageJ) to quantify PAG size in
the CGHAZ and the morphology (aspect ratio and area) of
each MA constituent in both the CGHAZ and FGHAZ (Ref.
19). SEM analysis was used to confirm the MA morphology
observed in OM micrographs.
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Results

Microstructure in CGHAZ and FGHAZ

Figures 3A, C, and E are OM micrographs (Nital etched) of
the CGHAZ for the 2.9 kd/mm, 2.6 kd/mm, and 2.3 kdJ/mm
samples, respectively. Fig. 3A (2.9 kd/mm) includes a portion
of the weld metal in the upper left corner, as delineated by the
dashed line. The microstructures of the 2.6 kd/mmand 2.3 kJ/
mm samplesinthe CGHAZ were similar and consisted primarily
of bainite and a small amount of ferrite. The microstructure
of the 2.9 kd/mm sample was composed of similar phases,
although the bainite laths were qualitatively coarser. Figures
3B, D,and F are OM micrographs of the FGHAZ for the 2.9 kJ/
mm, 2.6 kd/mm, and 2.3 kd/mm samples, respectively. The
FGHAZ microstructures for the 2.9 kd/mm, 2.6 kJ/mm, and
2.3 kd/mm samples were all similar and consisted of primarily
polygonal ferrite and a small amount of bainite.

Prior Austenite Grain (PAG) Size
Distribution

Optical micrographs (Picral etched) of the CGHAZ for the
2.9kd/mm, 2.6 kd/mm, and 2.3 kd/mm samples are shown in
Figs. 4A, B,and C, respectively. Each micrograph highlights
selected PAG grains and boundaries with black dotted lines.
Qualitatively, the PAG size was largest for the 2.9 kd/mm
sample and finest for the 2.3 kd/mm sample.

The measured PAG size (froma 0.5 mm?area) of the CGHAZ
and the fitted normal distribution curve for the 2.3 kd/mm
(CGHAZ) sample are shown in Fig. 5A. The mean PAG size for
2.3 kJ/mm-CG was 86.8 um. The maximum measured grain
size was 198.3 um. Figure 5B compares all of the welds’ PAG
size distributions for the CGHAZ. The 2.3 kd/mm sample had
the finest PAG size, while the 2.9 kd/mm sample had the larg-
est overall PAG size. The mean PAG sizes for the 2.9 kd/mm
and 2.6 kd/mm samples were 140 and 113 pm, respectively.
The differences observed in the mean PAG size and PAG dis-
tribution are attributed to differences in the effective heat
input for each weld (Table 2) due to the introduction of the
cold wire. The higher effective heat input for the 2.9 kd/mm
sample resulted in a larger PAG grain size.

MA Characterization

OM micrographs (LePera etched) of the CGHAZ of the 2.9
kd/mm, 2.6 kd/mm, and 2.3 kd/mm samples are shown in
Figs. 6A, C, and E, respectively. In each image, the MA con-
stituent appears as white features after etching. The white
features were confirmed as MA in a previous study using
selected area electron diffraction in transmission electron
microscopy analysis (Ref. 9). Figures 6B, D, and F are pro-
cessed micrographs from Figs. 6A, C, and E that were used
to analyze the MA morphology. Two types of MA distribu-
tions—MA constituents at PAG boundaries and MA within
PAGs—were observed and are indicated with dashed yellow
circlesin Figs.6B and 6F. This observation is discussed in the
“Overlapping Log-Normal Distributions of MA Morphology”
section. Qualitatively, the 2.9 kd/mm and 2.3 kd/mm sam-
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Fig. 7 — SEM secondary electron (SE) micrographs of
MA constituents in the CGHAZ: A — 2.9 kd/mm; B —
2.6 kd/mm; C — 2.3 kd/mm.

ples showed significantly larger MA constituents than the
2.6 kd/mm samples.

Figures 7A—C are higher magnification SEM images of
select CGHAZ regions from Figs. 6A, C, and E for the 2.9
kd/mm, 2.6 kd/mm, and 2.3 kd/mm samples, respectively.
The observed necklace shape and massive MA constituents
for the 2.9 kd/mm and 2.3 kd/mm samples (Figs. 6A and



Fig. 8 — Optical (A, C, E) and processed (B, D, F) micrographs of MA constituents in the FGHAZ: A, B — 2.9 kJ/

mm; C, D — 2.6 kd/mm; E, F — 2.3 kd/mm.

E) and finer size MA for 2.6 kd/mm samples (Fig. 6C) were
confirmed by SEM micrographs.

OM micrographs from the FGHAZ of the 2.9 kd/mm, 2.6
kd/mm, and 2.3 kd/mm samples are shown in Figs. 8A, C
and 8E, respectively. Figs. 8B, D, and 8F are micrographs
processed with Imaged, which was used to analyze MA mor-
phology. Qualitatively, the FGHAZ of the 2.9 kd/mm and 2.3
kd/mm samples showed a lower amount and smaller size of
MA constituents than in the CGHAZ (Figs. 6A and E). Alter-

natively, the FGHAZ of the 2.6 kd/mm sample had slightly
more MA with a similar size compared with the CGHAZ of
the same sample (Fig. 6C).

Morphology of MA

The MA constituent areaand aspect ratios in the CGHAZ and
FGHAZ were measured from the OM micrographs shown in
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Fig. 9 — Measured and fitted log-normal
distributions of the MA area for the CGHAZ for the

Fig. 10 — Fitted log-normal distributions of the MA

area for all welds in the CGHAZ and FGHAZ.

2.9 kd/mm sample.

Table 3 — Summation of MA Area Measurements and P-Values from the Kolmogorov-Smirnov (K-S) Test

in Both the CGHAZ and FGHAZ for All Weld Samples

2.9 kd/mm
CGHAZ FGHAZ
Total Number 648 197
Maximum Size (um?) 32.3 18.2
Number > 5 pm? 148 37
Mean Area (Mm?3) 4.3 (0.2) 3.8(0.2)
Mean Area MA in LN1 2.3 2.5
Mean Area MA in LN2 4.4 5.2
Number Ratio LN1/LN2 0.80 85
Total Area Fraction (%) 7.0 1.87
P-Value of K-S Test for LN1 0.66 0.67
P-Value of K-S Test for LN2 0.47 017

2.6 kd/mm 2.3 kd/mm
CGHAZ FGHAZ CGHAZ FGHAZ
162 174 443 260
15.6 9.8 20.7 23.9
21 26 91 44
3.2(0.2) 3.3(0.1) 3.8(0.1) 3.9(0.2)
2.4 2.3 2.2 2.0
7.4 4.2 8.5 5.2
5.2 2.6 0.83 14
1.30 1.43 419 2,58
0.70 0.62 0.71 0.51
0.36 0.45 0.50 0.25

Note: LN1 refers to log-normal distribution 1 and LN2 refers to log-normal distribution 2. The values in the brackets are one standard deviation. K-S
test refers to the Kolmogorov-Smirnov test and P values greater than 0.05 indicating an accepted goodness of fit of the log-normal distributions at

5% confidence level.

Figs.6and 8, respectively. All MA constituents less than three
(3) pixels in size (3.82 pixels/um) were not included in the
count number. The measured and fitted (log-normal) MA area
distributions inthe CGHAZ (2.9 kd/mm-CG) for the 2.9 kd/mm
sample are shown in Fig. 9. The fitted log-normal distribution
(solid line) is composed of two overlapping log normal distri-
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butions: LN1 (dotted line) and LN2 (dash line). The mean values
of the MA areainthe CGHAZ of the 2.9 kd/mm samples for LN1
and LN2 were 2.3 um?2 and 4.1 um?, respectively. The ratio of
MA constituents in each area distribution (LN1/LN2) was 0.80,
indicating more MAin the larger MA area distribution LN2 than
in the finer MA area distribution LN1. The significance of the
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Fig. 12 — Fitted log-normal distributions of the AR
for all welds in the CGHAZ and FGHAZ.

Table 4 — Summation of MA Aspect Ratio Measurements and P-Values from the Kolmogorov-Smirnov
(K-S) Test in Both the CGHAZ and FGHAZ for All Weld Samples

2.9 kd/mm
CGHAZ FGHAZ
Maximum AR 6.8 9.7
Number of AR > 4 36 24
Mean AR 2.2 (0.1) 2.7(0.1)
Mean AR in LN1 21 2.5
Mean AR in LN2 4.0 -
Number ratio
LN1/LN2 S B
P-Value of K-S
Test for LN1 g i/
P-Value of K-S
Test for LN2 Gl -

2.6 kd/mm 2.3 kd/mm
CGHAZ FGHAZ CGHAZ FGHAZ
10.0 6.9 8.9 6.5
32 13 34 10
3.0 (0.1) 2.4 (01) 2.3(0.1) 2.1(0.1)
2.5 21 2.0 1.9
5.0 4.5 3E5) 5.0
5.0 13.5 2.7 13.0
0.68 0.65 0.66 0.79
0.06 0.053 0.58 0.051

Note: LN1 refers to log-normal distribution 1 and LN2 refers to log-normal distribution 2. The values in the brackets are one standard deviation. K-S
test refers to the Kolmogorov-Smirnov test and P-values greater than 0.05 indicating an accepted goodness of fit of the log-normal distributions at

5% confidence level.

MA area exhibiting two overlapping log-normal distributions
will be discussed later. The maximum measured MA area for
2.9 kd/mm-CGwas 32.3 um2. The number of MA constituents
with an area > 5 pm?was 148, the area fraction (Fig. 6A) was
7.0%, and the total number of distinct MA constituentsin an
area of 0.04 um? (Fig. 6A) was 648.

Figure 10 compares the MA area in the CGHAZ (CG) and
the FGHAZ (FG) for all the weld samples. The MA areas in both
the 2.9 kd/mm-CG and 2.3 kd/mm-CG samples had signifi-
cantly more MA constituents thaninthe 2.6 kd/mm-CGin the
area range from =2 pm?to 3 um?2 The MA area distributions
for the 2.9 kd/mm-FG, 2.6 kd/mm-CG, 2.6 kdJ/mm-FG, and
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2.3 kd/mm-FG were similar. Table 3 summarizes the MA area
characteristics for all weld samples and P-values from the
Kolmogorov-Smirnov (K-S) test. The goodness of fit of the
log-normal distributions was assessed from the P-value and
the confidence level of the K-S test (Ref. 21). Table 3 shows that
all P-values for the MA areas in the LN1and LN2 distributions
were greater than 0.05, which indicates an acceptable good-
ness of fit of the log-normal distributions at a 5% confidence
level. The CGHAZ regions for the 2.9 kd/mm and 2.3 kd/mm
samples had the largest total number of MA constituents and
the highest number of large (> 5 um?) MA constituents. In
addition, the number ratio (LN1/LN2) was less than 1.0 for
both the 2.9 kd/mm-CG and 2.3 kd/mm-CG samples. This
indicates that the number of MA constituents in the larger
MA size distribution (LN2) was greater than the number of
MA in the finer size distribution (LN1). For the FGHAZ and the
CGHAZ of the 2.6 kd/mm samples, the ratio of LN1/LN2 was
greater than 1, indicating that most of the MA particles were
in the fine size distribution (LN1).

The measured and fitted distributions of the MA aspect ratio
in the CGHAZ for the 2.6 kd/mm sample are shown in Fig. 11.
The fitted log-normal distribution (solid line) is composed of
two overlapping log normal distributions: LN1 (dotted line)
and LN2 (dashed line). The mean values of aspect ratio for LN1
and LN2 were 2.9 and 5.2, respectively. The maximum mea-
sured aspect ratio for the 2.6 kd/mm-CG sample was 10, and
the number of MA constituents with aspect ratio > 4 was 32.

Figure 12 compares the aspect ratio distribution for all
welds in the CGHAZ and the FGHAZ. Most of the MA con-
stituents in the CGHAZ for all samples had an aspect ratio
ranging from =1 to 3, with a peak near 2.

Table 4 summarizes aspect ratio characteristics and P-val-
ues from the K-S test for all weld samples. The goodness of
fitvalues for the log-normal distributions for the MA aspect
ratio LN1and LN2 distributions were acceptable. The CGHAZ
for the 2.9 kd/mm sample had the greatest number of MA
constituents with an aspect ratio > 4.

Discussion

Overlapping Log-Normal Distributions of
MA Morphology

Tables 3 and 4 show that the MA areas and aspect ratios
followed two overlapping log-normal distributions. The
presence of two distributions (one exhibiting a lower mean
size and one exhibiting a larger mean size) was observed
primarily in the CGHAZ and, to a lesser extent, in the FGHAZ.
The two distributions suggested that MA constituents in
the CGHAZ were formed at the PAG boundaries and bainite
lath boundaries. Figures 6B and F (the CGHAZ in the 2.9 kJ/
mm and 2.3 kd/mm samples) qualitatively exhibit coarse
stringer MA constituents in the vicinity of the PAG bound-
aries and a finer MA morphology within the interior of the
grains (along lath boundaries of the bainitic microstructure).
In particular, the coarse stringer MA constituents along the
PAG boundaries appear to be correlated with PAG size as the
2.3 kd/mm weld had a finer PAG size than the 2.6 kd/mm
weld, so there were more PAG boundaries with more sites
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for the formation of coarse MA constituents in the 2.3 kJ/
mm sample. The variation in MA morphology and PAG size,
correlated with the effective heat input, will be discussed
in the following section.

Effect of Heat Input on MA Morphology
and PAG Size

The number, areas, and aspect ratios of MA constituents
were higher for the 2.9 kd/mm (highest heat input) and 2.3
kd/mm samples (lowest heat input) relative to the 2.6 kd/mm
sample (Figs. 6 and 8 and Tables 3 and 4). The 2.6 kd/mm
sample (smallest number, area, and aspect ratio of MA) had
anintermediate effective heatinput (2.6 kd/mm). The 2.9 kJ/
mm sample, with the highest heat input, had the largest PAG
size, which can be attributed to the amount/width of material
experiencing significant time at or above grain coarsening
temperatures (e.g., a temperature sufficient to dissolve Nb
(C.N) precipitates [Ref. 1] in the CGHAZ). The large PAG size
in the 2.9 kd/mm meant fewer nucleation sites for ferrite
formation, which increased the probability of MA formation.
Coarser PAGs and larger MA constituents result in reduced
toughness (Refs. 5,14). The 2.3 kd/mm sample, with the lowest
heat input and smallest PAG size, might be expected to form
less MA. However, the faster cooling rate associated with the
low heat input promotes martensite formation, resultingina
high MA area fraction with large MA constituents (Ref. 22).

Conclusions

The effects of cold wire feed rate on martensite-austenite
constituent morphology and prior austenite grain size of
cold-wire tandem submerged-arc welded X70 steel were
studied. The main conclusions are as follows:

1. The number and, to a lesser extent, size (aspect ratio
and area) of MA was higher in the CGHAZ for welds without
cold wire addition (effective heat input of 2.9 kd/mm) and
for the fastest CWFR of 33.9 mm/s (effective heat input of
2.3 kd/mm).

2. An intermediate CWFR of 16.9 mm/s (effective heat
input of 2.6 kd/mm) resulted in fewer and smaller MA regions
in the CGHAZ.

3. PAG size decreased as the effective heat input decreased
due to less duration above A_,. Both coarse PAGs (fewer
nucleation sites for ferrite formation) and fast cooling rates
resulted in the formation of coarse MA within the CGHAZ of
samples with the highest and lowest effective heat input,
respectively.

4, For all welds, the number and size of MA constituents
inthe FGHAZ were less affected by the effective heat input
than the MA constituents in the CGHAZ.

5. Abalance between the durationabove A_and the cooling
rate in the CGHAZ of heavy gauge X70 steel can minimize the
number of coarse MA constituents in the CGHAZ.

In Part 2 of this two-part article, the quantitative effect
of MA morphology and PAG size distribution on the fracture
toughness (Charpy impact energies, energy values, crack
path, and notch placement) will be studied and discussed.
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