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Abstract

Three experimental flux cored wires(basic type) designed to produce systematic variations in the concentrations of
boron of 32 ppm, 60 ppm and 103 ppm in the weld metal were prepared. A previous study of crack properties,
morphology and microstructure in accordance with welding conditions was published in Welding Journal(Lee, 2006).
Microstructure, strength and absorbed energy were studied for EH32 TMCP (Thermo-Mechanical Controlled Process)
40 mm thick plate welded with a gas-shielded flux cored arc welding.

The volume fraction of acicular ferrite decreased with increasing boron contents 32 to 103 ppm. The upper bainite
instead of acicular ferrite was formed in the 103 ppm boron weld metal. The hardness values welded with 32 ppm and
60 ppm boron wire welds were in the range of Hv 190~210, while those welded with 103 ppm boron wire weld were in
the range of Hv 230~235.

The absorbed energy slightly decreased with increasing boron contents from 32 ppm to 60 ppm, but significantly
decreased with increasing boron contents from 60 ppm to 103 ppm. In the weld joint welded with 32 ppm and 60 ppm
boron content electrode, no cracks were detected. However, cracks were detected the specimen welded with 103 ppm
boron content electrode.
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hardness, strength, and absorbed energy. The amount
1. Introduction of acicular ferrite, which is beneficial to impact
toughness, in the weld metal is a very important
factor to be considered. Acicular ferrite is reduced as
boron content is increased. This is due to the decrease
of eutectoid temperature. Finally bainite, material of
low temperature transformation, is more easily formed
(Melloy, 1973; Brown, 1974; Llewellyn, 1974).
Nickel is used in welds to increase the low-tem-

The mechanical properties of welds are related to
carbon equivalents(Ceq), composition of the welds,
heat input(cooling rate), and prior austenite grain size
and so on. For a given steel composition, a faster
weld cooling will lead to harder microstructural
constituents such as bainite and martensite. In
contrast, a slower cooling will lead to soft ferritic

microstructures(Babu, et al., 1998). perature notch toughness without increasing tensile
A small content of boron in the weld metal affects strength higher than actually needed. Several investi-
the mechanical properties, such as its microstructure, gators discovered that the addition of a combination
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1975; kohno, 1982). Various mechanisms have been
proposed for boron hardenability in steels. One
suggestion for boron hardenability is based on the fact
that free boron diffuses to the austenite grain boun-
daries to lower their energy, thereby making them less
favorable sites for ferrite nucleation(Maitrepierre
1975).

Koukabi, et al.(1975) have reported that microstruc-
tures consisting primarily of acicular ferrite provide
the optimum weld metal mechanical properties, both
in strength and toughness. Large volume fractions of
upper bainite, side-plate ferrite, and grain boundary
ferrite are considered detrimental to toughness.

To control the weld metal acicular ferrite content,
researchers have introduced welding consumables
containing alloying elements.

This study characterizes the effects of boron on the
microstructure and mechanical properties in the
deposited weld metal welded with three experimental
flux cored wires designed to produce systematic
variations in the concentrations of boron of 32 ppm,
60 ppm and 103 ppm.

2. Experimental procedures

2.1 Test panel

The size of the test panel was 2,000 mm long x
1,800 mm wide x 40 mm thick. The panel was
fabricated from EH32 TMCP high strength hull steel. Fig. 2. Schematic diagram of weld deposit metal.

Three sets of test panels of the same size and
morphology were made, as shown in Fig. 1, and were

unit : mm

Table 1. Welding parameters.

welded in multi layers, as shown in Fig. 2. Pass Current Voltage ~ Lravel  Heat
No A) V) Speed input
) cpm KJ/cm
2.2 Welding (cpm) _ (KJfem)
1-2 260 28 18 24
Three experimental flux cored wires(basic type) 3-7 320 30 25 23
designed j[O produce systematic variations in the 8-14 330 Y 25 25
concentrations of the weld metal bqron_ of 3'2.ppm, 60 15.16 1320 31 ” 27
ppm and 103 ppm controlled by Ti-Ni addition were - -
prepared. The panel was made with three electrodes, Welding process Flux cored arc welding
by the flux cored arc welding process with an auto- Welding position Flat
matic carriage (1.4 mm diameter, 20 L/min. flow rate, Filler metal specification A 529 E8IT1-K2
100% CO, gas, electrode extension of 25~30 mm). Filler metal DS 81-K2
Welding parameters are shown in Table 1. classification
Shielding gas/ flow rate CO, (100%)
2.3 Chemical composition Electrode extension 25.30
(mm)
The chemical analyses of base metal and three Polarity DCRP
welds were performed with a Baird Emission Spec- Preheating/ interpass 50

trometer. The weld metal oxygen, and nitrogen con- temp.
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Table 2. Chemical composition of base metal.

773

. . . TS YS EI
C Si Mn P S Ni Cr Mo \% Ti (N/mm?)  (N/mm?) (%)
EH32TMCP 0.18 0.10 090 0.040 0.040 0.04 0.02 0.08 0.10 0.02 310
440~590 . 20.0
(spec.) max. ~0.50 ~1.60 max. max. max. max. max. max. max. min.
Basemetal 56 038 135 0015 0005 003 003 002 0002 002  5I8 3712 310
(experi.)
Table 3. Chemical composition of weld metals.
C Si Mn P S Ni Ti B (6] N
Wt%)  (Wi%) ~ (Wt%) — (Wi%) ~ (Wt%) ~ (Wi%)  (Wt%)  (ppm) (ppm) (ppm)
No. 1 0.02 0.55 1.41 0.010 0.006 1.85 0.050 32 284 126
No.2 0.02 0.54 1.38 0.012 0.005 1.90 0.045 60 290 134
No. 3 0.02 0.54 1.40 0.010 0.005 1.87 0.048 103 276 142

(=

(a) Macrostructure of weld joint
(c) Deposit metal  (d) Grain-coarsened zone
Fig. 3. Macro/microstructure of weld joint.

tents were determined using Leco Interstitial Analy-
zers. Chemical composition of base and weld metals
are shown in Table 2 and Table 3 respectively. All
other their composition of the alloy, except for boron,
were constant.

2.4 Microstructure and mechanical properties

The specimens were prepared by polishing with a
one micron alumina abrasive and then by etching for
10-15s in a solution of 2% Nital. A standard point
counting technique was used to determine the volume
fractions of acicular ferrite in the weld at a mag-
nification of 500 x. The microstructural constituents
were classified based on the guidelines suggested by
Pargeter and Dolby(1985).

The tensile test was carried out at room temperature
with round type standard specimen [12.7 mm(D), 50

(b) Microstructure of base metal

(d)

mm(G), 58 mm(A), 9.5 R] by ASTM ES. The speci-
mens from all deposit metal were made. Hardness
was measured by using the macro Vickers hardness
test, with a load of 5 kg and 10 s of loading time.
Measurements were made on the transverse section at
20mm from the top surface. Impact test was
performed at 20, 0, and -20°C using Charpy V-notch
specimen(10 mm x 10 mm x 55 mm) for the
deposited metal by ASTM E23. The notch was
machined the center of all weld metal.

3. Result and discussion

3.1 Macro/Microstructure

The macrostructures of weldments are shown in
Fig. 3(a). Some significant differences can be noted
between the heat affected zone that formed due to the
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welding passes and the heat affected zone located
near the weld interface; these differences, formed the
most brittle section of the weld joints. Figure 3B
shows the microstructure of the base metal, consisting
of ferrite(white area), pearlite(dark area), and bainite
(slightly gray area).

The fine grain size resulted in excellent strength
and toughness(Lee, 1998; Lee, 1999). Figure 3C is an
optical micrograph taken from an area of the
deposited weld metal, revealing the grain boundary
ferrite, Widmanstatten side plate, and acicular ferrite.
To improve mechanical properties such as tensile
strength and toughness, acicular ferrite has to be
formed fully, mean while the grain boundary ferrite
and Widmanstatten side plate should be controlled to
be minimum. The grain-coarsening region is shown
in Fig. 3(d). The grain-coarsening region was sub-
jected to a peak temperature well above the Ac;
temperature, thus promoting the coarsening of aus-
tenite grains. Because of the relatively high cooling
rate and the large grain size in this region, acicular
ferrite, rather than blocky ferrite formed at the grain
boundaries.

Figure 4 is an optical micrograph, taken from the
deposited weld metal as a function of boron content.
Figure 4(a) is the microstructure of deposited weld
metal welded with a 32 ppm boron content wire, and
4(b) is that of the deposited weld metal welded with
60 ppm boron content wire. The optical micrograohs
revealed no significant difference between Fig. 4(a)
and 4(b), except for acicular ferrite content. The
volume fraction of acicular ferrite decreased as the
boron content increased from 32 ppm to 60 ppm. The
acicular ferrite content in the specimen of 32 ppm
boron was approximately 93%, while in the specimen
of 60 ppm boron was 87%. In contrast, the primary
ferrite such as grain boundary ferrite and Widman-
statten side plate are increased as the boron content
increased, as shown in Figs. 4(a) and 4(b).

Bonnet and Charpentier(1998) observed the effect
of titanium on acicular ferrite formation. They found
that the addition of titanium above 0.0045 wt-% into
the weld metal was essential to form a large volume
fraction of acicular ferrite.

The microstructure of deposited weld metal pro-
duced with 103 ppm boron content wire is shown in
Fig. 4(c). The microstructure was significantly di-
fferent from those in Figs. 4(a) and 4(b). The bainite
was transformed.

Oh et al.(1998) proposed that the upper bainite

(b) 60 ppm

(a) 32 ppm (c)103 ppm

Fig. 4. Microstructure of deposit metal as a function of boron
content.

content increases from 0 to 8% as the boron content
increases from 6 to 91 ppm. The reduction in tough-
ness with increasing boron concentration above the
optimum content can be related to the role of bainite
on the degradation of weld metal properties. It is
expected that variations in hardenability additions,
such as manganese and carbon, will cause changes in
the boron and titanium contents that achieve the
optimum amount of acicular ferrite and maximum
toughness.

3.2 Hardness traverses/Tensile strength

Figure 5 compares that hardness distributions in the
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Fig. 5. Hardness traverses as a function of boron content.
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Fig. 7. Results of Charpy V-notch impact tests for 32 ppm
boron content.

welds as a function of boron contents at a distance of
20 mm away from the weld surface.

The hardness values of the deposited weld metal
varied significantly as a function of boron content.
The hardness values welded with 32 ppm and 60 ppm
boron wires ranged from Hv 190~210, while those
welded with 103 ppm boron wire were in the range
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Fig. 8. Results of Charpy V-notch impact tests for 60ppm
boron content.
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Fig. 9. Results of Charpy V-notch impact tests for 103ppm
boron content.

from Hv 230~235. The hardness values increased
with boron content. One suggestion for boron
hardenability is the use of the fact is that free boron
diffuses to the austenite grain boundaries to lower
their energy, thereby making them less favorable sites
for ferrite nucleation. Ohmori and Yamanaka(1979)
have found evidence of grain boundary enrichment of
boron with high sensitivity ion microprobe analysis.

Tensile strength, yield strength, and elongation are
shown in Fig. 6 as a function of boron content.
Tensile strength and yield strength increases with
boron content, while elongation decreases with boron
content.

3.3 Impact properties

Figures 7, 8, and 9 show the results of Charpy V-
notch impact test as a function of boron content. The
absorbed energy decreases with boron content. The
absorbed energy slightly decreases with boron
contents from 32 ppm to 60 ppm, but significantly
decreases with boron contents from 60 ppm to 103
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Fig. 10. SEM fractographs of impact tests at -20 C as a function of boron content.

T

ppm.

The absorbed energies, in the specimens welded
with boron contents of 32 ppm and 60 ppm wire,
satisfied the specification requirement(34 J) at -20C,
while those welded with boron content of 103 ppm
wire, did not satisfy the specification requirement.

Figure 10 shows the SEM fractographs of the
deposited weld metal as a function of boron content
after impact test at -20C. The fracture mode changed
from dimple to cleavage as the boron content in-
creased.

3.4 Crack morphology
In the weld joint welded with 32 ppm and 60 ppm

(B

(D)

Fig. 11. Various cracks in deposited weld metal welded with 103 ppm boron content wire.

boron content electrode, no cracks were detected.
However, cracks were detected the specimen welded
with 103 ppm boron content electrode. This is due
to bainite, susceptible microstructure to crack, which
is easily transformed as increasing boron contents.
Figure 11A is the results of magnetic particle ins-
pection after 3 layers welding. The cracks were ob-
served 45 deg to the longitudinal section. The forma-
tion of these cracks did not follow the grain, rather,
they propagated the grain boundary as shown in
Figure 11B, C and D.

4. Conclusions

Microstructure and mechanical properties such as,
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strength, and absorbed energy were studied.

The results of this study can be summarized as
follows:

(1) The volume fractions of acicular ferrite were
decreased as boron contents increased from 32 to 103
ppm. The upper bainite was formed in the specimen
welded with 103 ppm boron wire, while was not
formed in the welds welded with wire of 32 ppm and
60 ppm boron contents.

(2) The hardness in the welds welded with 32 ppm
and 60 ppm boron wires was in the range from Hv
190~210, while that welded with 103 ppm boron wire
was in the range from Hv 230~235.

(3) The tensile and yield strength were increased
but elongation decreased as the boron contents
increased from 32 to 103 ppm.

(4) The absorbed energy was slightly decreased as
boron contents increased from 32 ppm to 60 ppm, but
significantly decreased as boron contents increased
from 60 ppm to 103 ppm.

(5) Cracks were detected the specimen welded with
103 ppm boron content electrode, however cracks
were not detected for the specimen welded with 32
ppm and 60 ppm boron content electrode.
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