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Abstract

Low-temperature phase transformation (LTPT)
welding consumables are a new class of welding wires
developed to mitigate hydrogen-induced cracking in
the welding of high-strength steels without preheating
or postweld heat treatment. LTPT weld metals have
a high strength, but their toughness needs further
investigation. LTPT weld metals predominately contain
a martensite microstructure, which is necessary to
achieve high strength; however, martensitic weld
metals containing oxide inclusions have relatively poor
toughness. Three welding processes — gas metal arc
welding (GMAW), gas tungsten arc welding (GTAW),
and hot wire GTAW — were investigated. Optical
microscopy, scanning electron microscopes, and
transmission electron microscopes were employed for
characterization. The role of the shielding gas in the
formation of oxide inclusions in LTPT weld metals was
investigated. The formation of oxide inclusions in the
weld metals was related to the CO, in the shielding gas.
When 100% Ar or a pure inert shielding gas mixture was
used for all three welding processes, oxide inclusions
were greatly reduced, and the weld metal toughness
improved considerably, matching the base metal
toughness. The mechanism by which inclusions promote
fracture propagation in the weld metal was proposed.
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Introduction

The toughness of steels and their weld metals is among their
most important property for critical structural applications.
Modern high-strength steels are generally designed for excel-
lent strength and toughness. For example, American Petroleum
Institute (API) Specification 5L, Specification for Line Pipe, has a
much higher Charpy V-notch absorbed energy requirement for
X100 steel than for X60 steel of product standard level (PSL) 2
pipe grade (Ref.1). Weld metal strength and toughness are highly
dependent on the weld microstructure. For low-alloy steels with
strength levels up to101-116 ksi (700-800 MPa), acicular ferrite is
considered to be the most desirable microstructure for achieving
agood combination of strength and toughness (Refs. 2, 3); several
investigations have revealed the acicular ferrite microstructure
and its relationship to toughness (Refs. 4-9). Acicular ferrite is
the most common microstructure observed in weld metals for
low-alloy steels (Refs. 10, 11).

For even higher-strength alloy steels, such as those with
strengths of more than 145 ksi (1000 MPa), the acicular ferrite
microstructure alone is often inadequate to achieve the required
degree of strength. For example, as-welded 12.5Cr-5Ni weld
metal has a martensitic microstructure with high toughness (Ref.
12). Norstrom et al. found that, in martensitic weld metals, the
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GTAW-HW) with the layout for cutting the Charpy impact
samples and a metallography sample; B — example of the
X65 pipeline weld coupon (X65/1764, GTAW-HW).

martensite packet size in quenched and moderately tempered
low-carbon lath martensite could control toughness (Ref.13). Cao
etal.reported that the size of bainite packets with high-angle grain
boundaries (>15 deg) influenced the toughness as well (Ref. 14).

Qiu et al. (Ref. 15) found that when a filler wire of the compo-
sition 0.049 C-0.61 Si-0.71 Mn-17.7 Cr-713 Ni-73.8 Fe (wt-%)
was diluted with the base metal, the weld metal microstructure
contained martensite and retained austenite. Weld metals used
during gas metal arc welding (GMAW) with100% CO, shielding gas
have low toughness at 313 and 273 K, with an absorbed energy of
only15-40 J (Ref. 15). Fully martensitic weld metal has the lowest
toughness (15-20 J) (Ref.15). In the work of Keehan et al. (Refs.
16, 17), a metal used for shielded metal arc welding consisting
0of 0.031C-0.27 Si-2.1 Mn-0.011 P-0.008S-0.48 Cr-9.2 Ni-0.64
Mo-87.26 Fe (wt-%) had a martensitic/bainitic microstructure.
The yield strength was found to be 848 MPa (123 ksi), and the
ultimate tensile strength was 1051 MPa (152.4 ksi). However, the
toughness-absorbed energy at 20°C was only 16 J. Zhang et al.
(Ref. 18) investigated three weld metals using GMAW and CO,
shielding gas. The weld metal with the highest hardness and wear
resistance contained martensite plus other reinforcing phases,
butit had the lowestimpact toughness compared with martensitic
weld metals with few precipitates.

Barrick et al. (Ref.19) investigated Ni10 martensitic welds pro-
duced using gas tungsten arc welding (GTAW) (100% Ar), GMAW
(98% Ar,2% 0,),and GMAW (100% Ar). They ranked GTAW (100%
Ar) as having the highest toughness, GMAW (100% Ar) the second
highest,and GMAW (98% Ar, 2% O,) the lowest. GTAW (100% Ar)
welds contained the fewest inclusions and thus had the highest
toughness. GMAW (100% Ar) welds had a similar number of inclu-
sions to GMAW (98% Ar, 2% O,) welds, but the inclusion sizes in
the former were smaller than in the latter. According Barrick et al.,
largerinclusion sizes resulted in lower toughness (Ref.19). How-
ever, the nature of the inclusions in this study was not reported.
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During welding, residual stresses contribute to the overall stress
state of the weldment. These stresses are tensile in nature and
contribute to stress corrosion cracking (SCC) and fatigue. A con-
cept showing much promise for improving SCC and fatigue is
the use of low-temperature phase transformation (LTPT) wires.
They reduce the formation of tensile residual stresses in welded
structures by exploiting the volume expansion during martensitic
phase transformation to compensate for thermal contraction. In
the 1970s, Jones and Alberry (Ref. 20) were among the first sug-
gesting that tensile residual stresses are best avoided by reducing
the M_temperature so phase change can continue to compensate
for the accumulation of tensile strains in the weld during cooling
to room temperature. The LTPT welding wires typically have a
chemistry of 0-15 wt-% Ni and 0-15 wt-% Cr for martensitic
transformation at low temperatures.

In this work, we investigated the weld metal toughness of LTPT
welding wires for use in high-strength and ultra-high-strength
steels. Recently, Oak Ridge National Laboratory (ORNL), in coop-
eration with the U.S. Army and other partners, developed a class
of LTPT welding wires that avoid hydrogen-induced cracking (HIC)
in high-strength and ultra-high-strength steel welds. These steels
typically have martensitic microstructures with high hardness that
are prone to HIC (Refs. 21-24). Compressive residual stress is
formed inthe weld region as a result of the volumetric expansion
of martensite through a very low-temperature martensitic phase
transformation (Ref. 25).

The LTPT welding wire was formulated to have a martensitic
phase transformation temperature much lower than the normal
decomposition temperature range of the base metal. The LTPT
welding wire has shown successful mitigation of HIC in welds of
high-strength steels. Most notably, it eliminates the need for
preheating and postweld heat treatment in pipeline steels, ultra-
high-strength steels, and carbon-rich ultra-high-strength armor
steels. ORNL’s LTPT welding wire can produce a high-strength
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Fig. 2 — The cross-section overview of an armor steel weld and the position of the Charpy V-notch impact toughness
test sample chighlighted with black lines) as well as the region for weld chemistry analysis (highlighted by the red

dashed lines).

weld, typically overmatching the strength of high-strength steels
such asarmor and pipeline steels. Similar to welds made with other
high-strength steel welding wires (Refs. 26, 27) using GMAW, the
LTPT weld showed low toughness.

The present workinvestigated the effects of different welding
processes and shielding gases on the toughness of LTPT welds.
It also focused on determining the root causes of the low tough-
ness of LTPT weld metals, leading to the development of welding
conditions/techniques that improved weld toughness.

Materials and Experiments

Materials and Welding Parameters

Theinvestigation was carried out on three types of high-strength
steels: 1) two armor steels, MIL-DTL-46100 and MIL-DTL-12560,
in the form of 0.5-in.-thick plates (Ref. 28); 2) X65 pipeline steel
with an outside diameter of 8.625 in. and a wall thickness of 0.5
in.;and 3) anew class of armor steel — FeMnAl steel — in the form
of 0.5-in.-thick plates. The typical composition of FeMnAl steel is
Fe-30 Mn-9 Al-1Si-0.9C-0.5 Mo (Wt-%) (Ref. 29). Two LTPT filler
wires developed at ORNL were used in this effort; they are desig-
nated as LTPT1764 and LTPT1766. Their chemical compositions
are similar, and they are not commercially available.

Three welding processes — GMAW, GTAW, and hot wire GTAW
(GTAW-HW) — were carried out with base metal/filler metal
combinations as well as the corresponding welding processes
and shielding gases. They are listed in Table 1. The joint design
for the MIL-DTL-46100 and MIL-DTL-12560 plates and the new
FeMnAlarmor steel plates was a 30-deg single-V groove. The joint
design for the X65 pipeline steel was a 37-deg single-V groove.
The representative welding parameters for a typical armor steel
weld T17 (46100/1766, GTAW-HW) are given in Table 2. Figure 1
shows the appearance of the welds made in this study, both using

GTAW-HW: weld ID T17 on the 46100 plate with the LTPT 1766 wire
and weld ID X65-3 on the X65 steel pipe with the LTPT 1764 wire.

Microstructure Characterization, Toughness
Test, and Chemical Analysis

After welding, the metallographic specimens were prepared
for optical microscopy using conventional metallography tech-
niques. Each sample was chemically etched using 5% Nital (5
vol-% nitricacid and 95 vol-% ethyl alcohol), and its macrostruc-
ture was observed under a Zeiss Axio Imager.A2 microscope. The
microhardnesses across the weld metals were measured using
the Vickers hardness indenter LECO LM100OAT with a100-g load
(HV, ). The samples were then repolished and swabbing-etched
using an etchant with the composition of 20-mL glycerol, 30-mL
HCI,10-mL HNO, for characterization of the microstructure under
the Zeiss microscope. Further characterization was carried out
using a TESCAN MIRA3 scanning electron microscope (SEM),
including electron backscatter diffraction analysis.

Charpy V-notch samples were machined for the impact tough-
ness tests. All the samples were notched at the weld center line,
as shown in Fig. 2. The toughness test samples were 10 x10 x55
mm, in accordance with ASTM E23, Standard Test Methods for
Notched Bar Impact Testing of Metallic Materials (Ref. 30). The
Charpy V-notch toughness tests were conducted using a Tinius
Olsen model 84 pendulumimpact tester. All the welds were tested
atroom temperature, 23 £2°C (~ 73°F); selected welds were also
tested at 0°C (32°F) and -40°C (-40°F).

After the toughness test, the fracture surfaces were char-
acterized and quantitatively analyzed using an SEM. Scanning
transmission electron microscopy/energy-dispersive x-ray
spectroscopy (STEM/EDX) was used to analyze the chemical
composition of the inclusions on the fracture surfaces. STEM
and EDX were performed using a ThermoFisher Scientific Talos
F200X transmission electron microscope (TEM) STEM instrument
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Table 1 — The Base Metals, Filler Metals, Welding Methods, and Shielding Gases Used in This Study

70-s

Weld T T2 T3
Basemetal/ 50001964 46100/1764  46100/1766
filler metal

Welding GMAW GMAW GMAW

method
Shielding gas 95% Ar 95% Ar 95% Ar
5% CO, 5% CO, 5% CO,

Weld T4 T15 T16
Basemetal/ 1001766  46100/1766  46100/1766
filler metal

Welding GMAW-P GMAW GMAW-P
method
Shieldinggas 99% Ar 97% Ar 63% Ar 35% He
1% CO, 2% CO, 1% H, 2% Co,

operated at 200 keV. The sample for inclusion analysis using STEM
EDX was prepared using a focused ion beam (FIB) system.

The weld metals of the 46100/1766, 12560/1766, X65/1764,
and FeMnAIl/1764 welds were extracted for chemical analysis
according to CAP-017Q (inductively coupled plasma atomic emis-
sion spectroscopy [ICP-AES]) and ASTM E 1019-18, Standard
Test Methods For Determination of Carbon, Sulfur, Nitrogen, and
Oxygen In Steel, Iron, Nickel, and Cobalt Alloys by Various Com-
bustion and Inert Gas Fusion Techniques By Various Combustion
And Inert Gas Fusion Techniques. The samples were taken in the
region within the red dashed lines, as shown in Fig. 2. They were
tested for Al, C, Co, Cr, Cu, Fe, Mn, Mo, Ni, O, P, S, Se, Si, and Zn
content. The carbon content was determined by combustion-
infrared absorbance, and the oxygen content was determined
by inert gas fusion.

Results

Macrostructure and Hardness Profiles

Figure 3 shows the macrostructures and hardness profiles of
welds X65/1764,12560/1764, 46100/1764, and FeMnAl/1764, all
which were made with the GMAW process. The FeMnAl/1764 weld
was a double-V-groove joint, and the other three were single-V-
groove weld joints. All welds passed nondestructive examination
conducted according to ASME Boiler and Pressure Vessel Code,
Section IX, Radiographic Examination (QW-191.1). No weld defects
were found.
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T4 15 6 7
12560/1766  46100/1766  46100/1766  46100/1766
GMAW GTAW GMAW GMAW
95% Ar 75% Ar 98% Ar
5% CO, 100% Ar 25% He 2%H,

17 118 19 X65-1
46100/1766  46100/1764  12560/1764  X65/1764
GTAW-HW  GTAW-HW  GTAW-HW GMAW

98% Ar
100% Ar 100% Ar 100% Ar 2% CO.

As shown in Fig. 3, the four welds exhibited very different
microhardness variations, but they represented the overall char-
acteristics of the hardness variations in each type of weld made
with different steel and welding wire combinations. Table 3 lists
the characteristic hardness values of the different regions (base
metal, weld metal, and heat-affected zone [HAZ]) of the welds of
the four base metals (X65, 12560, 46100, and FeMnAl). The X65
base metal had the lowest hardness, 204 HV ,, and the armor steel
46100 base metal had the highest hardness, 608 HV . Due to the
dilution between the welding wire and base metal, the weld metal
hardnesses of the four welds were very different even though the
same filler wire, LTPT1764, was used. The hardness of the LTPT1764
welding wire was 347 HV .. The weld metal hardness of FeMnAl
was 183 HV_, the lowest among all the weld metals, whereas the
hardness of the other three welds were in the range of 370-450
HV, . Thelow hardness in the FeMnAl/1764 weld metal suggests
that, due to the high-level of Mn and Al in the FeMnAl base metal,
the weld metal remained austenite during cooling — Fig. 3F.

As shown Fig. 3 and Table 3, the microhardness in the HAZ of
the four welds was also quite different. The X65 showed a gradual
increase in microhardnessin the HAZ, reaching the peak value of
250 HV near the weld interface. Both 12560 and 46100 armor
steel, having a higher hardenability and a high carbon level, had
amuch-hardened HAZ near the weld interface. But they also had
a considerable reduction in the microhardness in the far HAZ
approximately 3—4 mm away from the weld interface. Such HAZ
softening is typical in the armor steel and other high-strength
steels as a result of over-tempering of the martensite and other
hardened phases in the base metal. The HAZ of the FeMnAl steel



T8 T9 T12 T3
46100/1766  46100/1766  12560/1766 46100/1766
GMAW GMAW GTAW-HW  GTAW-HW
98%Ar  90% Ar 8% He
5500, GO, 100%Ar  100% Ar
X65-2 X65-3 FeMnAl-1  FeMnAl-2
FeMnAl/ FeMnAl/
X65/1766  X65/1764 Aok ol
GMAW GTAW-HW GMAW GTAW
98% Ar 75% Ar 75% Ar
2% CO, 100% Ar 25% He 25% He

weld was quite different, characterized by a wide and softened
HAZ.

The hardness profile of the 46100/1766 single-V-groove weld
was similar to the hardness profile of the 46100/1764 weld, as
shown in Fig. 3C. The highest hardness was in the HAZ, and the
lowest hardness point was in the over-tempered zone. In Table
4, the 46100/1766 weld metal hardness was ~ 410-450 HV
lower than the HAZ hardness, which was ~ 580-600 HV . Neither
the shielding gas nor the welding method (GMAW, GTAW, and
GTAW-HW) had an obvious influence on the weld metal hardness.
The lowest hardness point was a narrow over-tempered region just
outside the fine-grain HAZ. The over-tempered region hardness
was 330-350 HV_, for all the 46100/1766 welds.

Microstructure Characterization

Under optical microscopy, the martensitic lath structure was
evidentin the weld metal for the armor steel joints. Three typical
examples of the microstructure under optical microscopy are
shownin Fig.4A, C,and E. In Fig. 4C, the lath structure is observed
under the relief of the dendrite structure. There are many black
dots in Fig. 4A. Under SEM, the black dots appeared to be small
holes, as shown in Fig. 4B. They were the original positions of the
inclusions. In Fig. 4F, an inclusion can be found on the surface at
its hole (position). The number of holes indicated that the weld
metal using shielding gas with a higher CO, content contained
more inclusions. Figure 4B, D, and F showed the relief of the lath
martensitic microstructure on the etched sample surface. With
a high hardness, in the range of 410-450 HV_, the weld metal
phase was anticipated to be martensite. The equivalent content

of Cr and Ni, according to the Schaeffler diagram (Ref. 31), is
calculated in Table 5 from measured compositions with chemical
analysis. The Cr,, and Nieq of different weld metals in the Schaeffler
diagram confirmed that the phase of the X65/1764 weld metal
was martensite and all the 46200/1766 welds were martensite
exceptone that had asmall portion of retained austenite (Fig. 5).
FeMnAl/1764 is austenite according to the Schaeffler diagram, and
this explains its lowest hardness (183 HV ), as shown in Table 3.

Toughness Test Results

Figure 6 shows the toughness data for different welds and base
metals. The toughness of the four base metals tested at room tem-
perature was in agreement with the respective specifications. For
agiven base metal, the welds made with shielding gas containing
CO, had much lower toughness than those made without CO, in
the shielding gas. For example, among the welds of 46100/1766
that were tested, those welds using shielding gases containing
C0,—T3,T8,T9,and T16 — had low toughness (absorbed energy
17-29 J). Weld T5 (46100/1766, GTAW, 100% Ar) had the high-
est toughness among the 46100/1766 welds, with an absorbed
energy of 121 J.

In Fig. 6, acomparison of T18 and T19 vs. T10 and T11, with the
same filler wire, shows that the weld of base metal 12560 had a
higher toughness than the weld of base metal 46100. Comparing
T19 and T12, the weld metal using the 1766 filler wire had a higher
toughnessthan the weld metal with 1764 filler wire. The toughness
of almostallthe LTPT weld metals slightly decreased when tested
at temperatures of 0° and -40°C, but there was one exception:
T6 (46100/1766, GMAW, 75% Ar 25% He); the toughness at lower
temperature was a little higher than at room temperature — Fig.
6. The X65 base metal had the highest toughness. The tough-
ness of the X65/1764 weld metals produced by GTAW-HW was
higher than the toughness of the other weld metals — Fig. 6. The
FeMnAI/1764 weld metals produced using both GMAW and GTAW
also had relatively high toughness.

Figure 7 shows that the overall fracture surfaces of welds T3
(46100/1766, GMAW, 95% Ar 5% CO,) and T16 (46100/1766,
GMAW, 63% Ar 35% He 2% CO,) were flat, and their fracture
surfaces contained a large number of inclusions, each of which
occupied a dimple or microvoid of the fracture surface — Fig.
7B, D. Welds T6 (46100/1766, GMAW, 75% Ar 25% He) and T13
(46100/1766, GTAW-HW, 100% Ar) did not use shielding gases
containing CO,. The fracture surfaces of T6 and T13 contained
fewer and smaller inclusions than T3 and T16. Even though T6
was produced by GMAW, as were T3 and T16, the inclusions were
much fewer because of the inert shielding gas that contained no
CO, — Fig. 7F. Furthermore, their overall fracture surfaces were
not as flat as those of T3 and T16. The uneven fracture surface is
anindication of higher-absorbed energy to separate the weld or
higher toughness.

Quantitatively, the sizes and amounts of inclusions in the 46100/
1766 welds are shown in the Fig. 8 histograms, including welds
T3,T16,T6,and T13 shown in Fig. 7. The fracture surface morphol-
ogy as well as the inclusion size and distribution can explain the
toughness sequence: T3 (17.33 J) < T16 (28.7 J) < T6 (568.33 J) <
T13(72.33J) — Fig.6.The T3,T8,T9,and T16 welds were created
using GMAW with shielding gases containing CO,. The T6 weld
was made by GMAW with a 75% Ar 25% He shielding gas. The T5,
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Fig. 3 — Hardness profiles of four welds: A — X65/1764; B — 12560/1764; C — 46100/1764; D — FeMnAl/1764, E — the
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inverse pole figure of the framed weld metal region of FeMnAl/1764 in D; F — the phase image of the selected weld

metal region in D.

T13, and T17 welds were produced via GTAW or GTAW-HW with
100% Ar. The welds created using shielding gases containing CO,
had more and larger inclusions.

Figure 9A shows a clear relationship between the number of
inclusions per unit of area and the toughness. One set of data,
indicated with blue dots, is from the 46100/1766 weld metals using
various welding methods and shielding gases. Another set of data,
indicated with orange diamonds, is from the X65 welds produced
using different filler wires, welding methods, and shielding gases.
The toughness decreased as the number of inclusions per unit of
area increased. The blue dashed curve shows the trend with the
46100/1766 data. Figure 9B shows that the toughness decreased
astheinclusionvolume fraction increased. The inclusion size also
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influenced the toughness. The relationship is closer to being linear
butthe dataare more scattered. The toughness decreased as the
average inclusion size increased — Fig. 9C.

The inclusions were further analyzed using STEM. A typical
inclusion specimen from weld T2 (46100/1764, GMAW, 95% Ar
5% CO,) contained a single amorphous phase, as shown in Fig.
10A-C, especially in the diffraction pattern in Fig. 10C. Another
inclusion specimen from weld T16 (46100/1766, GMAW, 63% Ar
35% He 2% CO,) contained multiple phases (Fig. 10D-F). The
diffraction pattern revealed that the major matrix phase (region
1) of the inclusion was amorphous (Fig.10G), similar to Fig.10C.
The diffraction pattern as shown in Fig. 10H revealed the square
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Fig. 4 — Images A, C, and E, respectively, are the microstructures of samples T3, T6, and T5 uncler optical microscopy
with a scale bar of 200 mm. Images B, D, and F, respectively, are the higher-magnification microstructures of T3, T6,

and T5 under SEM with scale bars of 20, 10, and 5 mm.
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Table 2 — Typical Welding Conditions and Parameters (Weld T17)
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Weld/Pass

Welding process

Weld wire

Shielding gas

Preheat/interpass
temperature (°C)

Volts (V) max.

Amps (A)

Travel speed
(in./min)

GTAW-HW
manual/semiauto

1766

100% Ar at
35 ft3/h

N/A (23°C
ambient)

13.6

210

ol
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GTAW-HW
manual/semiauto

1766

100% Ar at
35 ft3/h

<100°C

15.2

325

4.8

GTAW-HW
manual/semiauto

1766

100% Ar at
35 ft3/h

<100°C

15.6

325

4.9

GTAW-HW
manual/semiauto

1766

100% Ar
at 35 ft3/h

<100°C

15.5

300

5.6

GTAW-HW
manual/semiauto

1766

100% Ar
at 35 ft3/h

<100°C

15.6

300

6.4



Table 2 (continued)

Weld/Pass

Net heat input
from GTAW
power supply
ASME IX QW 40941
(a) Joules/in. =
(voltage x Ax60)/
(in./min)

TIP TIG wire power
supply HWa

»

TIP TIG wire power
supply HWv

)

Additional heat
input from wire
power supply
Joules/in.=
(HWv*HWa*60)/
(in./min)

Gross heat input
(GTAW power
supply and HW
power supply) kd =
Joules/1000

Wire feed
speed (in./min)
automatic or
machine only

String or weave,
weave enter
amplitude

33600

100

12

14118

47.7

70

Stringer

61750

100

12

15000

76.8

120

Weave 1/8

62082

100

12

14694

76.8

138

Weave 1/4

4 5
49821 43875

100 100

12 12
12857 11250

62.7 5541

120 120
Stringer Stringer
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Fig. 5 — The Cr,, and Ni,, of the weld metals in the
Schaeffler diagram indicating the phases of the weld
metals (Ref. 31).

phase (region 2 in Fig. 10F) was spinel Mn(Cr, Ti) ,O,. The dif-
fraction pattern (Fig. 10H) was taken under the (Ref. 32) zone
of the spinel.

The composition of the inclusions was revealed with the TEM/
EDX analysis (Table 6 and Fig.11). The TEM/EDX maps showed that

the amorphous inclusion matrix (region 1) contained mainly the
elements Al, Mn, O, and Si. The square phase (region 2) contained
Al, Cr, Mn, Ti, and O. Regions 3 and 4 containing Cr, Mn, and Ti
were the third phase. Region 5 containing Mn and S was the fourth
phase, which should have been MnS. The general composition of
the weld metal and the quantitative compositions of regions1and
2arelisted in Table 4. The compounds in region 1 of the inclusion
should have been a mixture of MnO, SiO,, and Al,O_ because the
major elementsin region1were O, Si, Mn, and Al — Fig.11B-E. Thus,
a key finding from this study was that the inclusions contained
significantamounts of O, and the major source of O was from the
shielding gas containing CO,. This explains the significantly higher
number of inclusions in the weld metal made with shielding gas
containing CO, than those with the inert gases.

Discussion

Toughness of the Weld Metals

For armor steels, the LTPT weld metals made using GTAW or
GTAW-HW with100% Ar had high toughness in part because the
weld metal was “clean” with minimal or few inclusions. The high
hardness of ~ 410-450 HV_, the lath microstructure, and the
calculated Ni_ /Cr_ ratio according to the Schaeffler diagram
(Ref. 31) showed that the weld metal was martensitic. The LTPT
weld metals made using GTAW or GTAW-HW had favorable prop-

Table 3 — Hardness of Different Regions in the Selected Welds of Four Base Metals

Weld name X65/1764 12560/1764 46100/1764 FeMnAl/1764
Welding method GTAW-HW GMAW GMAW GMAW
Shielding gas 100% Ar 95% Ar 5% CO, 95% Ar 5% CO, 75% Ar 25% He
rage hardnese
furegshadnese
Average :Za?:'r\‘/i?)s in 209 505 599 292
Lowest hardness in the 185 283 337 268

HAZ (HV,,)
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Fig. 6 — The toughness of base and weld metals in different conditions.

erties of high toughness and high strength. The high toughness
may have resulted from depression of the M_temperature and
reduction of the tensile stresses as a result of the martensitic
phase transformation.

However, when large amounts of inclusions formed in the weld
metals, the toughness was compromised. When GMAW was used
with an inert shielding gas like 75% Ar 25% He (T6), the weld
toughness was high because the inert shielding gas did not pro-
mote the formation of oxide inclusions, and thus only a few small
inclusions formed in the weld metal.

Otherauthors have reported thatinclusions in the weld metal
can promote the formation of acicular ferrite, which is desirable
forincreasing the weld metal toughness (Refs. 2, 3, 32). Acicular
ferrite leads to high toughness because of its fine grain size, high
dislocation density within the grains, high-angle grain boundaries,
and interlocking structures (Ref. 4). These microstructures help
resist crack formation and propagation. The formation of acic-
ular ferrite in steel welds is influenced by the size and chemical
compositions of the inclusions (Refs. 9, 32).

AhighNi_ /Cr,_ ratio (Table 5) excluded the possibility of ferrite
formation in LTPT weld metals. The influence of inclusions on
toughness in LTPT weld metals was totally different from their
influence on weld metals with acicular ferrite formation. Inclusions
of a certain size assist the nucleation of acicular ferrite and increase
toughness (Refs. 4, 33). In our study, the toughness decreased as
the number of inclusions increased — Fig. 9A. The toughness also

decreased as the volume fraction and sizes of inclusions increased
— Fig. 9B, C. The inclusions in high-nickel and high-chromium
LTPT weld metals assisted fracture propagation and thus reduced
the toughness.

Figure 12 contains sketches of how inclusions assist crack
propagation. At the front of the crack tip, there is a tensile stress
field. The proximity of the crack tip is plasticized under the stress
(Ref. 34). When the crack is propagating and about to reach the
inclusion, the tensile stress field causes the detachment of the
inclusion from the matrix material, causing the formation of a
void around the inclusion before the crack reaches the inclusion
— Fig.12. The incoherent phase boundary results in weak bonding
between the matrix material and the inclusion. The crack prop-
agates and merges quickly into the preformed void. Compared
with breaking the bond of the 100% matrix material, the energy
required to break the bond between the inclusions and the matrix
material is greatly reduced. Thus, the absorbed energy, anindica-
tor of toughness, is greatly reduced. The preformed voids around
the inclusions explain the fracture morphology of microvoids, or
dimples with inclusions, in Fig. 7B and D. Each dimple was occu-
pied by only one inclusion, not two or more inclusions, according
to the formation mechanism. Some dimples were not occupied
by inclusions because the inclusions may have been taken away
during cracking or on the other side of the fracture surface.
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Composition and Formation of the Inclusions

There were single-phase and multiple-phase inclusions in the
LTPT weld metals. The TEM work showed that the major phase of
theinclusions was noncrystalline amorphous compounds of ALLO,,
MnO, and SiO,,. Even for inclusions containing multiple phases, the
compounds Al,O_, MnO, and SiO, were the major phases. During
welding, it was possible that some inclusions may have ascended
toward the top of the weld metal (Ref. 32).

Shielding gases containing CO, were used in this study, and
the CO, was the major source of oxygen in the weld metal. In the
high-temperature arc environment, CO, 0 CO(g) + O(g). Ojima
et al. (Ref. 35) and Meneses et al. (Ref. 36) reported CO gener-
ation from arc welding using CO,. Their studies supported the
hypothesis that CO, dissociates to CO and O during arc welding.
Gaseous monoatomic oxygen transforms to dissolved oxygen
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Fig. 7 — Images A, C, E, and G,
respectively, are overviews of

the fracture surfaces of welds T3
(46100/1766, GMAW, 95% Ar 5%
CO0,), T16 (46100/1766, GMAW, 63%
Ar 35% He 2% CO,), T6 (46100/1766,
GMAW, 75% Ar 25% He), and T13
(46100/1766, GTAW-HW, 100% Ar).
Images B, D, F, and H, respectively,
are the magnified fracture surfaces
of welds T3, T16, T6, and T13.
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by dissolving into the weld pool Oy = O e The free energy is
AG = -88064 + 15.045T (Ref. 37). The free energy equation
revealed that as the temperature increased, there was less gaseous
monoatomic oxygen dissolving into the weld metal. Therefore, the
power source, heat input, and shielding gas type were assumed
to be significant factors in influencing the dissolution of oxygen
and thus the formation of inclusions (oxides). More investigation
is needed to confirm this hypothesis.

The Marangoni convection, buoyancy, and electromagnetic
forces cause intense circulation and stirring in the weld pool for
single-bead arc welding (Refs. 32, 38, 39). The dissolved oxygen
has sufficient opportunity to interact with the deoxidizing ele-
ments and form oxide inclusions. The following are standard free
energy equations for the formation of different oxides:

Fe+0,,, — FeO,, AG=-33,200 + 13.52T (Refs. 40-42)

2Al+30,,  —AlLO, ,AG=-289,060+ 93.52T (Refs. 40-42)

(diss) 273(s)
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According to the standard free energy equations for the o S
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273 2¥3 2 20 X6522— @~ o
MnO, and TiN; and MnS should be on the outermost layer of the - T9 ™
inclusion. Some authors (Refs. 47-49) did find a layered structure 0
in oxides and confirmed this inference. In the inclusion shown in 0.2 0.3 0.4 0.5 0.6
Figs.10 and 11, the authors did not characterize the layer struc- " " .
’ A |
ture in the amorphous phase of the different oxides. It is more verage inclusion size (Lm)
likely that the AL,O,, SiO,, and MnO are homogeneously mixed.
Some other authors’ (Refs. 9, 50) results did not show a layered

stt.’ucture for th.e oxides in ir)clusions. However, the authors of Fig. 9 — A — The relationship between the inclusion
this paper did find MnS (region 5) on the outermost surface of population density and toughness; B — the relationship
the inclusion, partially covering the inclusion, as shown in Fig. 11D between the volume fraction of the inclusions and the
and J, as well as regions 3-5 in Fig. 11A. The diffraction pattern  toughness; C — the relationship between the average
of region 2 (Fig. 10F, H) showed that the phase should be aspinel  inclusion size and toughness. The data are for welds T3
phase (Mn, Cr)(Ti, V),(0, N), (Refs. 49, 51). (46100/1766, GMAW, 95% Ar 5% CO,), T8 (46100/1766,
Franklin (Ref. 44) proposed that the volume fractions of inclu- GMAW, 98% Ar 2% CO,), T9 (46100/1766, GMAW, 90%

. . .. . AA-2 Ar 8% He 2% CO,), T16 (46100/1766, GMAW, 63% Ar 35%

sions could be calculated using an empirical equation, V =10

: ) He 2% CO,), T6 (46100/1766, GMAW, 75% Ar 25% He), T5
#[5.0 * (%O).+5.4 # (%S - 0.003)], where V, is the volume fraction (46100/1766, GTAW, 100% Ar), T13 (46100/1766, GTAW-
of the inclusion and %0 and %S are the oxygen and sulfur con- H'/V, 100% AI’), and 717 (46100/7766, GTAW-HVV, 100% Ar).
tent, respectively. This relationship needs to be confirmed with

more data. This study supports that a higher CO, content in the
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Fig. 10 — A — Preparing a TEM
specimen from the fraction surface
of weld T2 (46100/1764, GMAW, 95%
Ar 5% CO,) using the FIB technique;
B — the target inclusion to
characterize from weld T2; C — the
diffraction pattern of the inclusion;
D, E — FIB sample preparation from
the fraction surface of weld T16
(46100/1766, GMAW, 63% Ar 35% He
2% CO,; F — the target inclusion to
characterize from weld T16; G, H —
the diffraction patterns of regions 1
and 2, respectively.
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shielding gas results in a higher volume of inclusions in the weld
metal. This conclusion is confirmed by the results shown in Fig. 9.

Conclusion

The root causes of the relatively low toughness of LTPT weld
metals made by GMAW with shielding gases containing CO, were
investigated. It was found that, for high-strength steel welds with
predominately martensite microstructures, oxide inclusions were

the primary factor resulting in relatively low toughness. The for-
mation of these oxide inclusions was associated with the presence
of oxygen, which formed under the welding arc from the disso-
ciation of CO, in the shielding gases that are commonly used in
GMAW of structural steels. For the steel and weld wires studied in
this work, eliminating oxygen or CO, in the shielding gas greatly
reduced the oxide inclusions, resulting in significant increases
in the weld metal toughness so that it matched the base metal
toughness. More specifically,
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Fig. 11 — A — The image of the
inclusion. Images B-K are the TEM/
EDX maps of the chemical elements
of the inclusion specimen.
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1) Inclusions in the weld metal promoted the propagation of
cracks through the weld metal and thus decreased the toughness.
Crack propagation around inclusions resulted in a microvoid or
dimple fracture morphology.

2) The weld metal toughness decreased with an increase in
the number of inclusions per unit of area, in the volume fraction
of the inclusions, or in the inclusion size.

3) GMAW with shielding gases containing CO, produced
weld metals with oxide inclusions. The major compounds of the

inclusions were Al, O, SO,, and MnO. They were amorphous non-
crystalline phases. Certain inclusions contained other phases, A
such as MnS and/or spinel phase. :

4) GMAW with inert shielding gas 75% Ar 25% He as well as
GTAW and GTAW-HW with100% Ar produced weld metals with far

fewer inclusions than GMAW with shielding gases containing CO,,.

5) Dilution between the welding wire and base metal greatly
influenced the LTPT weld metal strength. The LTPT welding wires B
used in this study worked well to produce high-strength (as evi-

denced by the high hardness) and high-toughness martensite
weld metal for the three structure steels with hardness levels
generally matching the base metal hardness. On the other hand,
the high Mn and Al content of FeMnAl steel resulted in a relatively C

low hardness austenitic microstructure in the weld metal.

stress

distance

Fig. 12. — Cracking propagation assisted by inclusions.
A-C are different stages of the crack propagation.

Table 4 — Hardness of Different Regions in Different 46100/1766 Welds

Weld name 73 78 79 T16 I 15 713 17
Welding method ~ GMAW ~ GMAW GMAW GMAW GMAW GTAW  GTAW-HW  GTAW-HW
90% Ar 63% Ar
Shielding gas ggqgér gg%égr 8% He 35% He 27;';’ ﬁg 100% Ar  100%Ar  100%Ar
o 0 2% CO, 2% CO, 7

Average hard-
ness in the weld 414 435 449 461 407 417 411 427
metal (HV, )

Average hard-

nessin the HAZ 580 581 596 599 595 562 583 590
(HV,.)
Lowest point at
over tempered 337 341 337 341 350 329 333 337
zone (HV, )
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Table 5 — Chemical Analysis of Selected Weld Metals and Equivalent Cr and Ni Content According to the

Al C Co

46100/1766,
T3 GMAW, 95%
Ar5%CO,

0.01 0.08

<0.01

46100/1766,
T8 GMAW, 98%
Ar2%CO,

0.08

<0.01 <0.01

46100/1766,
T6 GMAW, 75%
Ar25%He

0.01 0.06

<0.01

46100/1766,
T5 GTAW, 100%
Ar

0.01 0.08 <0.01

46100/1766,
GTAW-HW,
100% Ar

T13 0.01 0.09 <0.01

12560/1766,
T4 GMAW, 95%
Ar5% CO,

0.01 0.065 0.02

12560/1766,
GTAW-HW,
100% Ar

T12 0.01 0.045 0.015

X65/1764,
GTAW-HW,
100% Ar

X65-3 0.02 0.04 0.01

FeMnAl/1764
GMAW, 75%
Ar 25% He

FeMnAI-1 210 0.265 0.01
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Cr Cu Fe Mn Mo
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Schaeffler Diagram (Ref. 31)

Ni o P S Se Si Zn Cr,, Ni_,
8.51 0.05 <0.005 0.001 <0.01 0.34 <0.01 9.04 11.26
9.32 0.04 <0.005 0.001 <0.01 0.33 <0.01 9.73 12.06
8.50 0.01 <0.005 0.001 <0.01 0.38 <0.01 9.12 10.67
7.63 <0.01 <0.005 0.001 <0.01 0.38 <0.01 8.22 10.41
6.98 0.01 <0.005 0.001 <0.01 0.32 <0.01 7.44 9.98
8.82 0.05 <0.005 0.0015 <0.01 0.395 <0.01 9.72 11.27
8.81 0.01 <0.005 0.002 <0.01 0.45 <0.01 9.76 10.66
5.59 0.01 <0.005 0.001 <0.01 0.37 <0.01 8.675 7145
6.03 0.005 <0.005 0.001 <0.01 0.535 <0.01 9.953 18.33

Table 6 — Chemical Compositions of the Inclusion Matrix (Region 1) and the Square Phase (Region 2) as well
as the General Chemical Composition of the Weld Metal

Wt=% (o] Si Mn Mn Ti C Fe Cr Ni S
Region1 37.7 2141 29.6 7.6 1.4 0.35 0.82 0.96 0 0.43
Region 2 27.0 2.28 27.59 5.0 15.9 0.76 1.87 19.7 0 0

General composition

0.04 0.33 0.67 <0.01 — 0.08 80.32 9.06 9.32 0.001
of the weld metal
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