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Abstract:

Electron beam welding is expected to enhance the welding efficiency of heavy steel
plates. The electron beam weldability of heavy steel plates was studied, and the fol-
lowing findings were obtained. The toughness of electron beam welded joints of con-
ventional steel plates was investigated. Electron beam welded joints of 490-MPa
and 590-MPa steels, each with a coarse upper bainite microstructure, weve found
to be low in toughness. The low-toughness region was successfully arranged by the
carbon content and the ideal critical diameter of hardenability. Lowering the alu-
minum content was found to improve the toughmess of electron beam welds in the
490-MPa steel. On the basis of this finding, a low aluminum-titanium oxide-treated
steel, designated SGV480, was developed. Reducing the phosphorus content to an
extremely low level was found to improve the solidification segregation and tough-
ness of electron beam welds in the 590-MPa steel. This study result led to the de-
velopment of an ultralow-phosphorus, low-nitrogen, and low-carbon steel designated
SQV2B.

1. Introduction

Welding of heavy steel plates used to fabricate pressure ves-
sels and reactor vessels requires many passes and high-temperature
preheating. Electron beam welding (EBW) permits deep-
penetration, single-pass welding as shown in Photo 1. It improves
in efficiency with increasing plate thickness as compared with con-
ventional welding processes such as submerged arc welding
(SAW), as shown in Fig. 1'"®. The absence of a hydrogen source
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in EBW reduces the possibility of cold cracking in normal plate
welds?). Further, blowhole and other defect considerations once
imposed restrictions upon the gas composition of steel to be elec-
tron beam (EB) welded. However, beam oscillation and other
advanced EBW techniques have reduced the gas volume® so that
it is no longer a problem in normal steel plates®, Steel is said
to be unsusceptible to hot cracking if the carbon content is less
than 0.35% and the combined phosphorus and sulfur content
is less than 0.03%9. These carbon, phosphorus, and sulfur re-
quirements can be met by heavy steel plates in current use.

These results suggest the applicability of EBW to various struc-
tures. EB welded joint performance has been studied for some
of the conventional steels>” and for carbon-manganese steels®,
but not systematically as yet. Generally, weld metal (WM) is a
cast structure, which varies with steel production conditions, heat-
ing temperature, and cooling rate. The composition of welding
material is designed to meet these conditions. Since EBW uses
no welding materials, the composition of the weld metal is the
same as that of the base plate steel. This leaves concern about
a loss in toughness.

2. Properties of Electron Beam Welded Joints of

Conventional Steels

To clarify problems with the application of EBW, conven-
tional heavy steel plates were electron beam welded, and the result-
ing joints were investigated for toughness in the as-welded
condition and after post-weld heat treatment (PWHT).
2.1 Test steels

The chemical compositions of the test steels are as listed in
Table 1. Each is a steel in current use. Steel A is a mild steel,
steel B is a 490-MPa low-carbon, high-copper and high-nickel
steel, and steel C is a 490-MPa low-copper, low-nickel and low-
vanadium steel. The last two steels are manufactured by the ther-
momechanical control process (TMCP). Steel D is a 590-MPa
steel, steel F is a 780-MPa steel, steel G is a 1.25% Cr-0.5% Mo
steel, and steel H is a 2.25% Cr-1% Mo steel.
2.2 EBW and PWHT conditions

The toughness of EB weld is governed by the chemical com-
position and cooling rate. The cooling rate of the fusion line (FL)
of EB weld depends on the beam width as shown in Fig. 2. The
cooling time from 800 to 500°C is given by the equation shown
in Fig. 29, The two sets of welding conditions in Table 2 were
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Fig. 2 Relation between bead width and cooling time from 800 to 500°C?

Table 2 Test EBW conditions

This report pursues problems with the toughness of EB welds . |Acceleray g Beam oscillation | Target {Cooling
. , ., Condition] tion Speed bead time*
in conventional steel plates for pressure vessels and similar ap- set | voltage | ““*™ {mm/min) Width | width |800-500
plications, centering on Charpy impact test results, and describes kV) (m&) Patter | um) | (mm) (s)
the ensuing development of new electron beam weldable steels A 150 200 300 No 2.6 7.5
with improved weld-metal toughness. B 150 230 300 Oval 2.0 4.6 23.5
*Calculated by equation shown in Fig. 2.
Table 1 Test steels (conventional steels)
Symbol Steel . Chemical composition (%) Ceqwesr*
C si Mn P S Ni Cu Cr Mo v Nb B (%)
A | smdoo 0.13 0.24 1.01 | 0.022 | 0.006 — — — — — — — 0.31
B 490 MPa 0.09 0.27 1.25 0.004 0.001 0.73 0.32 — — — 0.01 — 0.33
C 490 MPa 0.11 0.35 1.46 0.025 0.004 0.14 0.14 — — 0.04 0.03 — 0.38
D |59 MPa 0.14 0.31 1.12 | 0.007 | 0.002 | 0.36 0.3 0.18 — 0.04 | 0.02 — 0.40
F | 780 MPa 0.12 | 024 0.86 | 0.014 | 0.004 | 0.90 0.21 0.44 | 0.41 0.04 — | 0.0009 | 0.49
G 1.25Cr-0.5Mo 0.13 0.48 0.60 0.006 0.003 0.18 — 1.42 0.63 — — — 0.70
H |2.25Cr-1Mo 0.12 0.19 0.58 | 0.005 | 0.004 — — 2.37 1.08 — — — 0.97

*Cequves = C + Si/24 + Mn/6 + Ni/40 + Cr/5 + Mo/4 + V/14



thus used as test EBW conditions.

The PWHT conditions were §90°C and 1 h for the chromium-
molybdenum steels and 620°C and 1 h for the other steels.
2.3 EB welded joint Charpy impact test results and discussion

Fig. 3 shows the Charpy impact test results of EB welded joints
of steels in the as-welded condition when the bead width is 4.6
mm. Under this condition as shown, the toughness of EB welds
is low in the 490-MPa steels and the 590-MPa steel, but high in
the 780-MPa steel and the Cr-Mo steels. The fusion line exhibit-
ed higher Charpy impact toughness than the weld metal.

The Charpy impact fracture path tended to deviate toward
the base metal side in the high-toughness region, but not when
toughness was less than 70 J. From this fact the transition tem-
perature at which the absorbed energy becomes 70 J is correlat-
ed with the carbon equivalent (Ceq) of the steels, as shown in
Fig. 4. The Charpy impact toughness was the lowest for the
490-MPa steels with a coarse upper bainite (Bu) microstructure.
Each steel exhibited higher toughness when the bead width was
2.6 mm than when it was 4.6 mm. This may be attributed to the
microstructural change described later and kinematic factors’10,

The change in toughness with PWHT is summarized by the
same index for the steels in Fig. 5. All steels except the 780-MPa
steel improved toughness. Temper embrittlement is blamed for
the 780-MPa steel that has high hardenability!D.

3. Effects of Carbon Content and Ideal Critical Di-
ameter (Di) on Toughness of Electron Beam Welds
in 490-MPa Steels
Alloying elements were studied for their effect on the tough-

ness of EB welds in the 490-MPa steels.

3.1 Test method
Test steels had the ideal critical diameter (Di) changed by vary-

ing the carbon content from 0.05 to 0.20% and varying the con-

tents of such alloying elements as manganese, molybdenum,
chromium, nickel, copper and boron against each carbon con-
tent. Another steel series had niobium, vanadium, and other
precipitation hardening elements added. These two series of steel

350

300~ ~=°°C FL

250~

200

1501

1ok (490 MPa)

G

(1.25Cr-0.5Mo) ¢

(490 MPa)

-

1 1 1 1 A 1 1
—-100 -8 -60 —40 =20 0 +20 +40
Test temperature (°C)

Fig. 3 Charpy impact test results of conventional steels (bead width 4.6 mm,
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were melted in a small heat size, rolled to 50-mm thick plates,
and quenched and tempered (QT).

EBW conditions were based on the bead width of 4.6 mm as
already presented.
3.2 Test results

Fig. 6 shows the effects of carbon content and the ideal criti-
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cal diameter Di as arranged by ,T; (70 J) in the same way as in
Chapter 2. The T, (70 J)=0°C line is a C curve. Inside of the
C curve, the microstructure is coarse upper bainite, and ,T (70
J) is in the range above 0°C. When the bead width was greater,
the C curve somewhat shifted toward the lefthand side, but indi-
cated the same tendency'?. The base composition referred to
here has only the carbon, manganese, and molybdenum contents
varied. PWHT improved toughness at the low end of the Di
range, but when precipitation hardening elements were present,
there were cases of precipitation embrittlement causing a loss in
toughness.

4. Development of Carbon Steel SGV480 for Pres-

sure Vessels

As described in Chapter 3, the chemical composition of the
steel for EBW can be designed as falling outside of the C curve.
For example, it would be satisfactory if the same strength can
be obtained by decreasing the carbon content and increasing the
ideal critical diameter Di. Specified composition limitations,
however, make it difficult to apply these methods to the carbon
steel SGV480 for pressure vessels described in this chapter and
the quenched and tempered manganese-molybdenum-nickel steel
SQV2B for pressure vessels described in the next chapter. There-
fore, other methods must be employed to improve the toughness
of EB welds in these steels. This chapter describes the toughness
improvement of EB welds in the 490-MPa steels of small ideal
critical diameter Di.
4.1 Microstructure grain size refinement by oxygen enrichment

According to the findings obtained for arc welding!®¥, a study
was made of the method of refining the microstructure by in-
creasing the oxygen content!?.
4.1.1 Test method

Electron beam welding was conducted using gas metal arc weld
(GMAW) metals of the chemical compositions shown in Table
3. The weld metal GMAW-1 containing titanium and the weld
metal GMAW-2 containing no titanium were applied. To inves-
tigate the effect of aluminum, aluminum powder was added dur-
ing EBW in some test runs.

Table 3 Chemical compositions of GMAW metals

Chemical composition (wt%) (ppm)
C Si Mn Cu Ti Al (o} N

GMAW-1 | 0.10 | 0.68 | 1.36 | 0.16 0.02) 0.005 | 490 87
GMAW-2|( 0.08 | 0.63 | 1.33 | 0.20 [<0.002]| 0.006 [ 500 115

Symbol

4.1.2 Test results and discussion

The oxygen content dropped to about 130 ppm, but a micro-
structure predominantly composed of acicular ferrite (AF) was
obtained, irrespective of whether or not titanium was contained.
Nonmetallic inclusions that served as ferrite transformation nuclei
were analyzed by energy-dispersive X-ray spectroscopy (EDX).
From these results, composite oxides of the Al-Si-Mn-Ti com-
position system were detected when titanium was contained, and
composite oxides of the Al-Si-Mn composition system were de-
tected when titanium was not contained. The addition of 0.04%
aluminum produced a lath-like microstructure for either weld
metal.

The above results indicated that EBW can produce acicular
ferrite as produced by arc welding if the aluminum-oxygen
balance remains good and that titanium oxides are not a necessi-
ty as ferrite transformation nuclei. The aluminum-oxygen balance
is arranged by the relation shown in Fig. 7 according to the find-
ings obtained from arc welding. When the aluminum content is
high, acicular ferrite is not obtained unless the oxygen content
is also high!®, Increasing the oxygen content is expected to im-
prove the toughness of EB welds. A higher oxygen content,
however, leads to the occurrence of weld defects as noted in Chap-
ter 1. Therefore, microstructure grain refinement at a low oxy-
gen content is the only practical method.

4.2 Study of mierostructure grain refinement at low oxygen con-
tent levels

A low aluminum content is considered necessary at a low oxy-
gen content. When the effective utilization of oxides is taken into
account, there should be a lower limit to the necessary oxygen
content, but no definite values are available in this respect.
4.2.1 Test method

As shown in Table 4, two steels, J and K, were melted in a
small heat size by setting the oxygen content at the same level
as the conventional steels for pressure vessels and by changing
the aluminum content, and were rolled to 12.7-mm thick plates.
The plates were then electron beam welded to a bead width of
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Fig. 7 Relationship between aluminum content and optimum oxygen
content!®



Table 4 Chemical compositions of steels melted in small heat size to inves-
tigate effect of aluminum content
’ (wt%, *ppm)

Symbol C Si Mn P S Al N* o*

J 0.10  0.26 1.45 <0.005 0.006 0.027 43 27
K 0.10  0.26 1.45 <0.005 0.007 <0.002 43 26

4 mm.
4.2.2 Test results

The microstructures of EB weld metals in the steels J and K
are comparatively shown in Photo 2. As already noted in Chap-
ter 2, the microstructure was composed mainly of upper bainite
for the steel J containing 0.027 wt% aluminum, and of fine acic-
ular ferrite for the steel K with a lower aluminum content. The
oxygen content was less than 10 ppm in the weld metal of each
EB weld. Fig. 8 shows the results of EDX analysis of nonmetal-
lic inclusions considered to serve as ferrite transformation nuclei
when no aluminum is contained. MnS inclusions having Al-Si-
Mn composite oxides as nuclei were identified!6-!®,
4.3 Development of low-aluminum and low-titanium oxide-

treated steel SGV480

It was found possible to improve the weld-metal toughness

of EB welds by lowering the aluminum content. With actual weld-

i —_—
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Photo 2 Effect of aluminum content on microstructure of EB weld metal

-Cu-mesh

(o}
Mn Al Si

n A A
0 s °

(a) Spectrum from center of nonmetallic inclusions

®s Mn
) Cu-mesh
Cu-mesh
Mn
(¢} X
Al Si k - J ) “
T T T T T ) T T Al
0 5 10

(b) Spectrum from edge of identified nonmetallic inclusions

Fig. 8 Identification results of nonmetallic inclusions in EB weld metal in low-
aluminum steel
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ed joints, it is also necessary to improve the toughness of the heat-
affected zone (HAZ). A titanium oxide-treated steel with an es-
sentially low aluminum content and excellent HAZ toughness was .
studied!?,
4.3.1 Test method

Titanium oxide-treated steel (L) and conventional aluminum-
silicon-deoxidized steel (M), each having the chemical composi-
tions shown in Table 5, were melted in a 300-ton basic oxygen
furnace, continuously cast into slabs, reheated, rolled to 90-mm
thick plates, and quenched and tempered. The plates were elec-
tron beam welded to a bead width of 4.5 mm and Charpy im-
pact tested in the as-welded condition and after PWHT at 595°C
for 1 h. The microstructure of the EB weld metal in the as-welded
condition was observed, and the transformation nuclei of the acic-
ular ferrite microstructure were also investigated.
4.3.2 Test results and discussion

Photo 3 shows the EB weld-metal microstructures of the titani-
um oxide-treated steel L and the conventional silicon-aluminum-
deoxidized steel M. The steel L exhibited a microstructure prima-
rily composed of acicular ferrite, and greatly differed from the
steel M having a microstructure composed mainly of upper
bainite. The EB weld-metal Charpy impact test results of the two
steels are comparatively shown in Fig. 9. The steel L was about
30°C better in Ty than the steel M. Fig. 10 shows the Charpy
impact test results of the steel L in the as-welded condition and
after PWHT. The impact energy was an average of 150 J in the

as-welded condition and an average of about 270 J after PWHT.

Table 5 Chemical compositions of titanium oxide-treated steel L and conven-
tional steel M
{(wt%)

Symbol C Si Mn Nb Al Ti N

L 0.12 0.22 1.16 0.01 0.003 0.013 0.0018
M 0.14 0.27 1.36 0.01 0.028  0.009 0.0039

\:'{
NARE

(b) Steel M 25um
Phote 3 Comparison of microstructures of titanium oxide-treated steel L and
. conventional aluminume-silicon-deoxidized steel M
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Fig. 9 Comparison of Charpy absorbed energy
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Acicular ferrite transformation nuclei were chiefly composite
oxides of the Al-Ti-Mn composition as shown in Photo 4. There
were more oxide particles of less than 1 um size in the weld
metal than in the base metal, as shown in Table 6. This may be
interpreted as suggesting that some of the oxides in the base me-
tal were dissolved and precipitated again by EBW2), The steel
L is comparable to the steel M in other properties and is com-
mercialized as EB weldable steel SGV480 for pressure vessels?D.

5. Development of Quenched and Tempered
Manganese-Molybdenum-Nickel Steel SQV2B for
Pressure Vessels
The steel SQV2B also has compositional limitations as already

described in Chapter 4. Since it has not such a low value of the
ideal critical diameter Di as the steel SGV480, the steel SQV2B
calls for different measures for improving the toughness of EB
welds. This chapter discusses an improvement made in the tough-
ness of EB welds in the steel SQV2B.

5.1 Analysis of factors responsible for loss of toughness
First, factors responsible for the loss of toughness of EB welds

were analyzed.

5.1.1 Test method
Plates made from the conventional steel SQV2B and measur-

ing 100 mm in thickness were electron beam welded to a bead

width of 4 to 6 mm, then given PWHT at 615°C for 10 h and

Photo 4 Nonmetallic inclusions as transformation nuclei for acicular ferrite

Table 6 Comparison of oxide size in base metal and EB weld metal

Oxide size
<1.0um 1.0-5.0um
BM 6 21
WM 17 8

Charpy impact tested in the weld metal. The fracture condition
and microstructure of the Charpy impact test specimens in the
fracture initiation site and the fracture propagation site were ob-
served.

5.1.2 Test results and discussion

(1) Observation of fracture initiation site

The fracture surface of each Charpy impact test specimen near
the fracture initiation was observed under a scanning electron
microscope (SEM). A typical SEM micrograph is shown in Photo
5. The fracture surface revealed several microcracks emanating
from the fracture initiation. When the fracture surface was etched
in a special etchant to observe the microcracks just below the frac-
ture surface, the number of microcracks emanating from the frac-
ture initiation were much greater than observed in Photo 5. This
finding indicates that there are many microcracks not visible
directly on the fracture surface.

Photo 6 shows the microstructure of the cross section just be-
low the fracture initiation site. Microsegregation is partly con-
nected, and microcracks are present along it. The
microsegregation is believed to have formed in the solidification
stage during EBW, and the microcracks are considered to have
opened because of the solidification segregation of the dendrite
interface.

(2) Observation of fracture propagation site

The fracture propagation site of each Charpy impact test speci-
men that yielded a low impact energy value was observed under
the SEM. A typical SEM micrograph is shown in Pheto 7. Inter-
granular cracks are observed, which is attributable to the tear-

Photo 5 SEM micrograph of fracture initiation site in Charpy impact test
specimen

. 20pm
Photo 6 Microstructure of cross section just below fracture initiation in Char-
py impact test specimen

Photo 7 SEM micrograph of intergranular fracture region in Charpy impact
test specimen



ing off of the dendrite interface in view of their fracture
morphology. The intergranular cracks are ascribable to inter-
granular segregation?, which in turn is presumed to have
promoted the fracture propagation.

The above discussion shows that the toughness of EB welds
is reduced because: 1) the fracture initiation is a microcrack in-
itiated along the solidification segregation; 2) the fracture propa-
gation is promoted by intergranular cracks along the intergranular
segregation; and 3) the microstructure is coarse upper bainite as
described in Chapter 3.

5.2 Study of measures for improving toughness

Measures for improving the toughness of EB welds were
studied on the basis of the results of the above-mentioned factor
analysis.

5.2.1 Test method

The contents of alloying elements were varied by reference
to the base composition of the steel SQV2B as shown in Table
7. The steel plates were quenched and tempered, electron beam
welded with varying bead widths from 3 to 7 mm, and given
PWHT at 615°C for 10 h. The microstructure of the weld metal
was observed, and the fracture initiation site of Charpy impact
test specimens was examined under the SEM.

5.2.2 Test results and discussion
(1) Alleviation of solidification segregation by ultralow phospho-
rus content

Photo 8 shows the solidification segregation of ultralow-
phosphorus steel with 0.002% P and low-phosphorus steel with
0.006% P. A clear difference was observed in the solidification
segregation of the dendrite interface. In the low-phosphorus steel,
the solidification segregation of the dendrite interface is almost
continuously connected and, additionally, the segregation zone
spacing is narrow. In the ultralow-phosphorus steel, on the other
hand, the solidification segregation is scattered and its spacing
is wide.

For further study on the solidification segregation, a S-mm
square area at the center of each EB weld was analyzed for the
segregation of phosphorus, manganese, nickel, and molybdenum
by computer-aided microanalyzer (CMA). As a result, phospho-
rus segregation was clearly recognizable along the dendrite in-

Table 7 Chemical composition ranges studied with respect to base composi-
tion of steel SQV2B
(wt%)

C Si  Mn P S Ct Mo Ni Al Ti N
0.10 0.19 1.36 0.001 0.001 0.15 0.55 0.65 0.018 0 0.0035
1 1 ! | 1 ! | 1 ] ! !
0.21 0.33 1.45 0.009 0.002 0.60 0.65 1.50 0.080 0.010 0.0096

(b) Ultralow-phosphorus steel

(a) Low-phosphorus steel

Photo 8 Comparison of microstructures observed at the center of EB weld
metal in low-phosphorus steel (a) and uitralow-phosphorus steel (b)
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terface in the low-phosphorus steel, but was hardly recognizable
in the ultralow-phosphorus steel. The segregation of manganese,
nickel, and molybdenum was continuously connected with the
dendrite interface segregation in the low-phosphorus steel, but
was discontinuously connected with the dendrite interface segre-
gation in the ultralow-phosphorus steel.

(2) Alleviation of intergranular segregation by ultralow phospho-

rus content

The fracture surfaces of the ultralow-phosphorus steel and
low-phosphorus steel were photographed under the SEM, and
their intergranular fracture surface area fractions were measured.
The relationship between the intergranular fracture surface area
fraction and the absorbed energy is shown in Fig. 11. The inter-
granular fracture surface area fraction is 0.7% and 0.9% for
ultralow-phosphorus steel specimens with E_4 values of 104 J
and 49 J, respectively. The intergranular fracture surface area
fraction is 3.4% and 3.6% for low-phosphorus steel specimens
with vE- 4 values of 23 J and 19 J, respectively.

The above discussion shows that the reduction in the phos-
phorus content to ultralow levels is considered to have alleviated
the microsegregation at the dendrite interface and the microsegre-
gation of such alloying elements as manganese, nickel and
molybdenum, to have suppressed the microcracks near and just
below the fracture initiation site in the Charpy impact test, and
further to have reduced the intergranular fracture of the frac-
ture propagation site, and to have improved the toughness of EB
welds. It is difficult to think, however, that the intergranular frac-
ture is a primary cause for the poor toughness of EB welds, be-
cause the maximum intergranular fracture surface area fraction
is a mere 3.6%. The inhibition of microcracks by the reduction
of segregation is therefore regarded as the principal contributor
to improving the toughness of EB welds.

(3) Effect of other alloying elements

When the carbon content is made extremely low and alloying
elements such as nickel, molybdenum and chromium are added
as much as possible, the microstructural proportion of lower
bainite is increased and the toughness of EB welds is improved.
When the nitrogen content was lowered from the normal level
of about 80 to 50 ppm, the toughness of EB welds was improved
as shown in Fig. 12.

(4) Effect of welding conditions in optimum composition

Decreasing the bead width increases the cooling rate, increases
the microstructural proportion of lower bainite, and improves
the toughness of EB welds as shown in Fig. 1329,

100 L4 @ Ultralqw-P steel
ok O Low-P steel
5 60f
] [ J
“'ill 40
20F 0
0 1 1 1 1
0 1 2 3 4

Intergranular fracture surface area fraction (%)
Fig. 11 Relationship between toughness and intergranular fracture surface
area fraction of EB weld metal in ultralow-phosphorus steel and low-
phosphorus steel
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5.3 Properties of new steel
5.3.1 Test method

The steel SQV2B for reactor vessels with reduced contents of
such contaminating elements as phosphorus and sulfur was made
by the combination of basic oxygen furnace steelmaking and la-
dle refining, and was rolled to 100 mm thick plates. The chemi-
cal composition of the steel is as shown in Table 8. The plates
were electron beam welded in a single pass and four passes to
a bead width of 5 mm. The four-pass welding procedure simu-
lated repair welding by cross welding technique. The welded joints
were given PWHT at 615°C for 10 h.
5.3.2 Test results

Table 9 gives the Charpy impact test results of the weld metal
and fusion line. The absorbed energy value was excellent at more
than 200 J at the test temperature of —23°C and at more than

Table 8 Chemical composition of developed steel .
(wt%)

C Si Mn P S Ni Cr Mo Al

Developed
steel SQV2B 0.18 0.26 1.43 0.002 0.002 0.67 0.15 0.57 0.027
Specifications =0.25 0.15 1.15 0.40 0.45

| | | !
0.40 1.50 0.70 0.60

Table 9 Charpy impact test resuits of EB welded joints

Notch location
wg;i‘:::e;a(s)sfes Test tE(I:lg)erdLun: WM, E O) FL.E )
(Average/minimum)j(Average/minimum)

~23 270/261 238/214

[ ~40 248/241 236/197

~50 256/240 187/180

-23 2217217 278/271

4 —40 162/152 238/205

- 50 123/105 188/160

Table 10 NLR drop weight test results

Number of Notch location, Typt (°C)
welding passes WM HAZ
1 - 60 -60
4 —-55 -70
600
@ 1 pass [
500F A 4 passes A,%
e 400 AA
< .t
% 300} ®
= PO ASME Kig curve
2 =
2 200 a4
100+ ] ®
0 1 1 1 1 1 1

L 1
—-40-20 0 20 40 60 80 100
T —RTuor (°C)

Fig. 14 Dynamic fracture toughness test results of EB welded joints

Table 11 Weld metal toughness comparison. of various welding processes

Welding process WM toughness vE_j; (average/minimum)

EBW 270/261

SAW 1517123
Narrow-gap SAW 230/173
153/142

Narrow-gap GMAW

100 J at the test temperatures of —40°C and —50°C, irrespec-
tive of whether or not the EB weld was made in a single pass
or four passes. Table 10 shows the drop weight test results for
specimens with the notch machined in the weld metal or HAZ.
Each specimen exhibited a good nil-ductility temperature {Tnpt)
of —55°C or less. Excellent dynamic fracture toughness test
results were also yielded as shown in Fig. 1429,
5.3.3 Comparison of EBW with conventional welding processes
The welding test results of the steel SQV2B by EBW are com-
pared with those by other welding processes as shown in Table
1129, EBW provided weld metal toughness equal to or better
than that provided by the conventional welding processes. The
steel SQV2B has a carbon equivalent (Ceq) of as high as 0.63%,
which would otherwise complicate preheating temperature con-
trol for the conventional welding processes. EBW improves not
only the welding efficiency, but also the weld metal properties.
The newly developed steel is not inferior to conventional steels
also in other properties and is commercially used as electron beam
weldable steel SQV2B for pressure vessels29),

6. Conclusions
Electron beam welding (EBW) is expected to enhance the weld-
ing efficiency of heavy steel plates for pressure vessels and in simi-
lar applications. The problem of blowholes was solved by beam
oscillation and other advanced EBW techniques. The last remain-
ing problem was improving the weld toughness by investigating
the use of conventional steels. On the basis of the results obtained,
measures were taken to improve the toughness of EB welds. The
following findings were derived:
(1) When the toughness of EB welded joints of conventional steels
was investigated, EB welded joints of 490-MPa and 590-MPa



steels exhibited a coarse upper bainite microstructure and were
low in toughness.

(2) When the toughness of EB welded joints in the as-welded con-
dition and after PWHT was investigated by systematically
varying the chemical composition and bead width, centering
on the 490-MPa steels, the (T, (70 J) = 0°C line was success-
fully arranged by the carbon content and the ideal critical di-
ameter Di.

(3) Controlling the aluminum/oxygen content ratio was found
to yield a microstructure consisting predominantly of acicu-
lar ferrite in order to improve the EB weld metal toughness
of the 490-MPa steels. On the basis of this finding, a low-
aluminum, titanium-oxide steel, designated SGV480, was de-
veloped for pressure vessels and similar electron beam weld-
able structures.

(4) Reducing the phosphorus content to an extremely low level
and thereby alleviating the solidification segregation of the
electron beam weld metal and reducing microcracks at the
fracture initiation site were found to improve the toughness
of the electron beam weld metal of the 590 MPa steel. This
finding led to the development of the ultralow-phosphorus,
low-nitrogen and low-carbon steel designated SQV2B.
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