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Weldability of 18%Ni Maraging Steel (HT 210) by Ultra High

Voltage Electron Beam WeldingT

Yoshiaki ARATA*, Michio TOMIE** and Seiji KATAYAMA®*%#

Abstract

A study was conducted for the applicability of a 250 kV ultra high voltage electron beam of an ultra high energy
density heat source to the flat position full penetration welding of 12.8 mm thick plates of 18%Ni maraging steel
(HT 210). It was verified that this ultra high voltage welding was advantageous to the production of a sound narrow weld
bead without weld defects such as porosity, etc. Moreover, investigation of the effect of heat treatments on the mechani-
cal properties of electron beam weld metals revealed an optimum combination of both homogenization and grain-refining
solution heat treatments to achieve the highest hardness, strength and fracture toughness of the weld metals.

KEY WORDS:

1. Introduction

18%Ni maraging steel (HT 210) with extra low carbon
content, which can attain tensile strengths of 190 to 210
kg/mm? after solution heat treatment and aging, possesses
a superior strength-to-weight ratio and excellent fracture
toughness, and thus is being increasingly used as a high
tensile structural material in the most advanced tech-
nological fields, such as the aerospace industry, submarine
applications, nuclear power, etc.?), However, it is dif-
ficult to obtain satisfactorily strong and tough welds in
maraging steels, because the strength and toughness of the
welds depend strongly upon the welding processes, weld-
ing conditions and post-weld heat treatment conditions?),
TIG welding has so far been widely employed for marag-
ing steels™ %), but because of multi-layer welding with high
weld heat input, incompletely-hardened zones are ob-
served in broad regions from the weld metals to the heat
affected zones (HAZ) and moreover the grain growth
occurs there, resulting in a decrease in strength; in addi-
tion, it is hard to change coarse grains into fine grains even
by post-weld heat treatment. Consequently, in order to
maintain high strength and toughness in weld metals and
HAZ it is important to select a welding process which
produces mnarrower incompletely-hardened zones, and
appropriate heat treatments for achieving the best possible

(Ultra High Voltage E.B.) (Electron Beam Welding) (Weldability) (18%Ni Maraging Steel) (Hardness)
(Impact Test) (Tensile Test) (COD Test)

mechanical properties. In this regard, it is recommended
that extremely narrow electron beam weld beads be
constructed, in that the strength of the welded joint
increases due to the plastic constraint of the base metal.on
the weld metal®>®.

Therefore, in this study, the welding of 18%Ni marag-
ing steel HT 210 (hereinafter referred to as HT 210) was
performed using a 300kV ultra high voltage electron
beam welder with a strong focusing electron beam gun
with a 5 stage electromagnetic accelerating unit developed
at the Arata Laboratory7), which is able to generate an
extremely narrow ultra high energy density beam. First,
the full penetration welding conditions for flat-position
welding to assure narrow bead width and sound welds
were determined. Furthermore, by the use of specimens
of electron beam weld metals subjected to solution heat
treatment and aging treatment, the effect of high tempera-
ture homogenization treatment on the mechanical proper-
ties was investigated and is discussed in terms of the
reduction in the degree of solidification segregation and
accordingly the disappearance of retained austenite (7).

2. Electron Beam Welder, Materials Used and Experi-
mental Procedure
An electron beam welder using a strong focusing
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electron beam gun with a 5 stage electromagnetic accel-
erating unit capable of generating an ultra high voltage of
300 kV was used for this experiment. Figure 1 shows a
general view of this welder.

The capacity of the welding chamber in this equipment
is approximately 2 m3.

*

Fig.1 General view ‘of 300 kV, 100 kW E.B. welder with 5 stage
* electromagnetic accelerating unit gun.

The shapes ‘of the high density beam in the welding
chamber was investigated by the AB test method®.
Figure 2 shows the beam shapes at the beam currents

I, = 20, 30, 40 mA when the beam voltage is constant
at Vi, =250 kV.

Constant Vp & Peh
condition | 250KV 0 10"%70rr

Parameter |1, | 40mA | 30mA | 20mA
I bJR10cm /mid{1 5 0cmin] 6 0c mnin

350}

dy: beam dia.(mm)
y=084 (forkOmA)
472082 (for 30mA)
0,707 (for 20mA)

n
-]

ug: energy density

(W)
180 (torOma)
U AXKF (for30ma)
A (flor0mA)

Distance from a focal iens (mm)

-4

SUS304

- R "
0 05 10 15 20
& (mm)

Fig. 2 Measurement results of E.B. shapes
at various beam currents

18%Ni maraging steel (HT 210) plates of 12.8 mm
thickness were used for this experiment. Tables 1 and 2
show the chemical composition of HT 210 and its mecha-
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nical properties, respectively.

Flat position bead-on-plate welding was conducted.
The welding conditions are shown in Table 3. Table 4
shows combinations of the welding conditions used (beam
current, welding speed and ay, value).

“Table 1 Chemical composition of HT 210 (wt %)

c si | M P s Ni |Cr |Co
0.002 | 0.01|0.02 | 0.002 | 0.001| 18.14 | 0.1 8.5
Mo | Ti | zr B Al o) N
5.08 | 0.43 | 0.02] 0.004 | 0.08 | 0.0015 | 0.0014

Table 2 Mechanical properties of HT 210 base metal

Tensile Strength V-notch impact , Kic 32
(kg/mm™) value (kgm/cm™) (kgf/mm~ )
190 ~ 215 2 2.0 (0°C) z 225

Table 3 Welding conditions used in this investigation

Beam power Wp=5 ~ 10 kW

Beam voltage Vb=250 kv

Beam current Ib=20 v 40 mA

Welding speed Ub=60 v 240cm/min

a, Value 0,=0.75 ~ 1.15

Deflect angle 85~ +10°

Chamber pressure|{pch=10"" Torr

Table 4 Combinations of beam current, welding speed and ay,

value
v O 0.75 0.95 1.15
b (em/min
1y, (mA) 60 90 120 150 60 90 120 150 180 210 240 60 90 120 150
40 0O 0 0o o|lo0o o o o o o o|o o o o
30 — — — —}0 0 0 0 — — —| — = - =
20 —_— — — —]Jo 0 - - - - | = = = =

3. Solidification Cracking Susceptibility of HT 210

Hot cracking often occurs during the welding of high
alloy steels with a high Ni content, and this constitutes
a major problem. Since the HT 210 used for this experi-
ment is a high alloy steel with 18%Ni content, its suscepti-
bility to hot cracking during welding was examined. The
Trans-Varestraint test™'®) was performed to quantitative-
ly assess the high temperature ductility properties of the
material during the solidification process. Figure 3 shows
the bead appearance of HT 210 weld metal with 2.5%
strain applied. A number of cracks can be seen almost
perpendicular to the ripple line corresponding to the back
end of the weld puddle at the point where strain started
to be applied. Particularly large cracks are apparent in the
central part of the weld bead. The maximum length of the
cracks which occurred near the center of the weld bead
was measured, and the brittleness temperature range
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(BTR) over which cracks occurred was calculated using
the cooling curve during welding. The results are given in
Table 5. The BTR for SUS 304 and SUS 310S (corre-
sponding to AISI Type 304 and AISI Type 3108, respec-
tively) are given for comparison19,

Judging from the BTR, when a low strain was applied,
HT 210 seemed to have a slightly lower cracking suscepti-
bility than SUS 3108, which is known as a material with
high cracking susceptibility. If a high strain was applied,
however, the cracking susceptibility became higher than
that of SUS 310S and the possible occurrence of large
cracks could be inferred. Thermal analysis results indi-
cated that the melting point of HT 210 was approximate-
ly 1435°C, and so in order to prevent cracking it is neces-
sary to select welding conditions which minimize the

(99)

Table § BTR obtained by Trans-Varestraint test

Materials | €(%) BTR(°C)
0.3 115
HT 210 0.5 208
2.5 255
0.3 125
SUSs 310s 0.5 140
2.5 160
SUS 304 0.5 65

strains applied to solidifying weld metals and to keep the
strain rates as slow as possible in the temperature range of
approximately 1435°—1180° over which solidification
cracks may occur' D,

4. Influence of Welding Conditions on Weld Bead Shape

It is desirable to make the weld bead width as narrow
as possible in order to reduce the range of incomplete
hardening (softening) in the weld metal and HAZ of
HT 2102, This means that the application of an ultra
high density electron beam is advantageous because
characteristic weld beads of deep penetration and narrow
bead width can be easily produced.

The relationship between the power of an ultra-high
voltage electron beam and its penetration properties was
first examined by conducting’ partial penetration slope
welding to determine welding conditions suitable for full
penetration of 12.8 mm thick plate. Figure 4 shows the
cross sectional shape of a 30° down slope weld bead
welded at beam power Wy =10 kW (V=250 kV, I;,=40

Fig. 4 Partially penetrated bead cross sections and appearance of
down slope welding.
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mA) and welding speed vp=120 cm/min. In the range
of ap=0.90—1.10 (ap value: objective distance/focal
length) there is noticeable spiking, and at a;,=0.75—0.80
A-porosity (longitudinal cracking) occurs in the center of
the bead. Penetration depth hy, is around 20 mm at about
ap,=1, indicating the deep penetration characteristic of
ultra high voltage electron beam welding. Figure 5 shows
the relationship between the ay, value and the penetration

Wo=10kW Vs=250kV 15=40mA U=120cm/min

10“Torr

depth hy(nm)
=]

~N
[¢]

Penetration
2

305 3% 3% 3B 405 4B 445
Object distance D(mm)

07 Q80 0% 0% 0% 100 106 10 15
parameter Qy
Fig. 5 Relationship between @ value and penetration depth of
HT 210 weld metals and, for comparison, SUS 304 weld
metals.
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depth of HT 210 weld metals.

Figure 6 shows SEM photographs of the longitudinal
crack surface observed in the center part of the HT 210
bead produced at ap=0.75-0.80. A characteristic den-
dritic crack surface is visible in the uppe,‘rvpart of Fig. 6(a),
while a crack surface of flat morphology is seen near the
artificially fractured surface in the lower part of the
picture. Fig. 6(b) shows an example of a crack surface
seen elsewhere in higher magnification. Comparing these
with crack surfaces produced by the Trans-Varestraint
test, it is clear that these are solidification cracks. The
above results confirm that great care should be taken in
E.B. welding of HT 210 to select welding conditions
which will not give rise to various defects.

Figure 7 shows fully penetrated bead cross sections and
bead appearances for 12.8 mm plates of HT 210 made at
welding speeds v, =90, 150 and 210 cm/min (ay=0.95,
Wy, =10 kW, V=250 kV).

An extremely small amount of reinforcement can be
seen on the bead surface in full penetration welding of
HT 210. This is attributed to the disappearance of the
weld metal necessary for reinforcement through spattering
from the molten pool and flowing of the molten metal
out of the beam hole in the underside of the bead. How-

(a)

(®)

Fig. 6 SEM photographs of solidification crack surfaces.
(Vp =250 kV, I;,=40 mA, v, =60 cm/min, ay,=0.75)

vy, (cm/min) 90

B1

150

210

Welding direction

W, =10kW V= 250kV

I, = 40mA  a, = 0.95

104 Torr

HT210

Fig. 7 Fully penetrated bead cross sections and appearances of flat position weld metals at

various welding speeds
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ever, good beads without weld defects were obtained
despite large changes in vy. Thereafter, a well-type bead
with a parallel practical bead width dg of approximately
1.5 mm (as shown in Fig. 7) was used as welding condi-
tion Bl for an examination of the metallurgical and
mechanical properties of the weld metal.

Figure 8 shows the bead width (dBO, dB1/2, dBl)With
variation in the welding speed at Wy, = 10 kW. Bead width
decreased with an increase in the welding speed from 60
to 180 cm/min, and at v, = 210 cm/min a “‘vermicular”
pass (partial, not through) bead with a wide bead surface
was observed.

Figure 9 shows fully penetrated bead cross sections and
external views of HT210 welded at Wy, = 10 kW and v, =
120 cm/min with a, = 0.75, 0.95 and 1.15. It is apparent
that surface bead width and accordingly the bead shape
varied with the ap, value. When the a;, value was 0.75 or
1.15, the beads became broad, curved, wedge-type beads,
and even in this kind of bead there were no weld defects.

0.75

%

Wy = 10kW V= 250kV

0.95

(101)

WEIORW V=250V L=Z0mA
Q=095 HT210 10™Torr
N . 71653
4.0 Vo
g -
E 30k day
5
£
.D.
.§-
220
o
S
3 N
@ o
D40 N R
\A\\dsl
00 ™o ®0 W0 20

Welding speed U (cmimin)

Fig. 8 Relation between bead width and welding speed in

full penetration welding.

e —
Welding direction

vy, = 120(cm/min)

104 Torr HT210

Fig. 8 Fully penetrated bead cross sections and appearances of flat position weld metals at

various dy, values

This wedge-type bead at a;, = 0.75 with a practical bead
width of approximately 2.1 mm (as shown in Fig. 8) was
adopted as welding condition B2.

In addition, the _# value (beam pass ratio =pass current/
incidcnf beam current x 100) was also measured. The .7
value was 35, 20 and 8% at v, = 60, 120 and 180 cm/min,
respectively, decreasing as the welding speed increased.
On the other hand, in the case of wedge-type B2 bead at
ay, = 0.75, the ¥ value was 4 ~ 5%, which was quite small.

5. Mici‘ostructural Features of E.B. Welds and Hardness
Distribution in Welds

. The- correlation among the welding conditions, the
microstructure of HT 210 welds and the distribution of
hardness was investigated with the objective of finding out
the decisive factors for setting the suitable welding param-
eters and heat-treatment conditions.

101

In the initial stage, the solution heat treatment at
830°Cx 1 hr, which is commonly employed on the welds
of HT 210, was carried out®. This heat treatment temper-
ature was found to be below the recrystallization temper-
ature of HT 210 weld metals, leaving the weld metals with
some incompletely-hardened zones. The cause of such
incompletely-hardened zones was studied from the stand-
point of solidification segregation and retained austenite
(7), and at the same time solution heat treatment, which
is designed to dissipate such zones, was examined to
further improve the microstructure and hardness.

5-1 Effect of welding conditions on microstructure

Incomplete hardening (softening) due to the formation
of retained 7 takes place in electron beam weld metals. In
order to reduce the harmful effect of incomplete harden-



(102)

ing on strength and toughness and,promote the disap-
pearance of the y phase in treatment; it is important to
select welding conditions which result in a narrow weld
bead width, minimize the width of the incompletely
hardened zones'? and produce a small cell size in the
microstructure.

B
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. .Figure 10 shows the optical as-weld microstructures of

~welds under welding conditiéns B1 and B2 (B1: well-type

bead at Wy=10 kW, 4,=90 cm/min and a3,=0.95; B2:
wedge-type :bead at W,=10 kW, v,=120 cm/min and ap=
0.75). Grains which are not very coarse are observed in
the HAZ near the bonds under both conditions. The

Fig. 10 Microstructures of HT 210 welds under welding conditions B1 and B2

weld metal under welding condition B2 shows cellular
dendrites growing from the bonds and crushing against
each other almost on the bead center line. Figure 11
shows a Nomarsky polarization microstructure near the
bond of the HT 210 welds under welding condition B1,
presenting clearer grain boundaries. The bonds show
epitaxial growth'® and an extremely narrow planar
growth, which immediately indicates the growth of cells or
cellular dendrites. The narrow cell width of about 1.25

Fig. 11 Microstructure near the bond of HT 210 weld showing
grains in HAZ and cell boundaries in weld metal.

102

um demonstrates that the electron beam welds cooled
rapidly, suggesting why the grains did not become coarse
in HAZ. Similar structures could also be seen under B2
conditions.

5.2 Effect of solution treatment temperature on hardness

Table 6 Heat Treatment Conditions

Heat treatment condition

830°CXhr o
S1 485CX5hr
_/ e AL
1100°CXthr

s2 e BOEXI asxemy
: AC. AC.

Table 6 shows heat treatment conditions used for this
study. In S1, standard solution treatment was carried out
near the recrystallization temperature of 830°Cx1 hr
under the same heat treatment conditions as those cur-
rently employed for HT 210 base metals. In S2, solution
treatments were performed especially at both 1100°Cx
1 hr to reduce segregation of the alloying elements and at
850°Cx 1 hr to achieve grain-refinement. S1 and S2 also
include aging treatment at 485°Cx 5 hrs.

Figure 12 shows the Vickers hardness distribution of
HT 210 under the Bl welding parameters for varying




(103)

Bl Wp-10kW 2/,=90cm/min
ap=0.95 HT210

BM HAZ WM. HAZ BM.
T

600

1100°C x1hr,
+850Cx1hr

\ st
830 Cx1lhr

5001

400

Vickers hardness H,(Load:500q)

300r
\asweld
200
cﬂ.
AN
100
O 1 L A 1 A4 4 A 1 1 i A
5 4 3 21 01 2 345

Distance from weld center (mm)

Fig. 12 Hardness distribution of HT 210 welds for the two solu-
tions under welding condition Bl.

solution treatment conditions. For as-weld, the Vickers
hardness (Hv) of the weld metals and HAZ is about 300,
except for a maximum hardness of about 380 in HAZ
near the base metal. For S1 treatment, the Hv of the base
metal and HAZ is 560-580 and the weld metal shows the
formation of incompletely-hardened zones of about 500
Hv. After S2 treatmeint at 1100°C, the hardness of the
weld metal shows an increase similar to that of the base
metal, and no incompletely-hardened zones can be seen.
Under B2 welding conditions, almost similar trends were
observed, although bead width was slightly greater.

From the above results it was concluded that normal
S1 heat treatment at 830°Cx 1 hr produced incompletely-
hardened zones in weld metals and the treatment temper-
ature was too low to reduce solidification segregation in
electron beam weld metals. Moreover, it was revealed that
the hardness of the weld metals improved to the same
level as the base metal by subjecting them to S2 treatment
at 1100°Cx 1 hr.

5.3 Solidification segregation and retained austenite in
weld metals

The formation of incompletely hardened zones in
electron beam weld metals was considered to be due to
solidification segregation because major alloying elements
contributing to hardening were reduced in cell cores,
leading to lesser hardening, and because at solidification
grain boundaries and cellular dendritic boundaries alloying
elements were increased to such an extent that Ms points
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decreased and consequently soft vy was retained.

In order to clarify the correlation between solidifica-
tion segregation and the formation of the residual y phase,
SEM observations of the microstructures and element
analyses were made in weld metals using an energy disper-

sive X-ray spectrometer (EDX). Thus, residual v content

was measured by joint use of optical examination and
14,15)

X-ray diffraction

Fig. 13 SEM photograph of HT 210 weld metal after S1 treat-
ment at 830°C x 1 hr.

Figure 13 is a SEM photo of weld metal after S1 treat-
ment under welding condition B1. The microstructure
shows traces of solidification grain boundaries and cell
boundaries, with either granular or elongate white phase
scattered along these boundaries. The area percentage of
this white phase was measured and found to be about
10%. This white phase, according to the results of X-ray
diffractometer measurements, was identified as residual
v phase.

The results of EDX spot analyses of cell cores and the
white y phase suggest that the white y phase, as compared
to cell cores, presents higher peak values in both Mo and
Ti. Figure 14(a) is a summary of the EDX spot analysis
results across the cell from the cell core to the white 7y
phase. For each element the marks indicate the relative
intensity obtained by dividing the count for each element
by the total count for Fe, Ni, Co, Mo and Ti. As for Co
and Ni, these values include the counts of Fegg, and
Coggi, respectively. The result in Fig. 14(a) clearly shows
the white vy phase to be enriched in Mo and Tiand depleted
in Fe. Fig.14(b) shows an example of the X-ray dif-
fractometer results in identifying the microconstituents of
weld metals. By analyzing the large peak in the o phase
and the small peak in the y phase, the residual content
obtained was about 11%, which is in good agreement with
the above-mentioned result obtained by SEM observation.

The retained 7y seems to have been formed because
solidification segregation was not removed by S1 treat-
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Fig. 14 Results of EDXanalysis (a) and X-ray diffraction profile
(b) of HT 210 electron beam weld metal (solution condi-
tion: 830°C x 1 hr).

ment at 830°C for 1 hr. Therefore, the solidification
segregation and the residual y content in as-weld metals
were investigated by means of EDX analysis and X-ray
diffraction methods. Figure 15(a) shows the EDX analysis
results of the well-type beads under welding condition B1.
It is confirmed that Mo and Ti are liable to segregate in
relation to the decrease in relative intensity of Fe at the
solidification boundaries. According to the results of
X-ray diffraction shown in Fig. 15(b), the residual 7y
content reached 15 to 16%, which is slightly higher than
the vy content after S1 treatment. Figurel6(a) & (b)
show the results of EDX analysis and X-ray diffraction
after S2 treatment of a homogenized bead under welding
condition Bl. S2 solution treatment has successfully
removed the residual 7y phase, as well as solidification
segregation.

It was found from all the above results that Mo and Ti
were segregated at the solidification boundaries and cell
boundaries, and thereby about 10% or so of 7y phase
remained at the boundaries after welding. Moreover,
although S1 treatment (830°Cx 1 hr) could not successful-
ly remove the v phase, S2 treatment (1100°C x 1 hr and
850°Cx 1 hr) almost completely decreased the degree of
segregation, and thus succeeded in eliminating the residual
v phase. This accounts for the fact that S2 treatment
improved the hardness of the weld metals to the same
level as the base metals.
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Fig. 15 Results of EDX analysis (a) and X-ray diffraction (b) of
HT 210 electron beam weld metal.
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Fig. 16 Results of EDX analysis (a) and X-ray diffraction (b) of
HT 210 electron beam weld metal (solution: 1100°C x
1 hr and 850°C x 1 hr).

6. Mechanical Properties of E.B. Welded Joints

Welded joints were subjected to impact, tensile and
COD tests in order to clarify the effects of the welding
conditions and solution heat treatment conditions on
their mechanical properties. The results are shown below.

6.1 Impact test

For impact testing the V-noched Charpy impact test
was employed, using JIS-4 specimens machined from the
center part of a 12.8 mm thick plate. Table 7 shows the
test results at 0°C for combinations of welding conditions
B1 and B2 and solution treatment conditions S1 and S2
(impact values are the means of five specimens). All com-
binations produced values exceeding 2.0 (kg/cm?), which
is required for base metals of HT 210.
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Table 7 Resuits of Charpy impact test of HT 210 (at 0°C)

+850°C x 1 hr

6.2 Tensile test

The tensile strength of welded joints was studied using
the specimens shown in Figure 17. Testing was performed
on a 50-ton universal tensile test machine.

Table 8 shows the results of room temperature tensile
tests. Under both welding conditions B1 and B2, S2 treat-
ment tended to produce higher tensile strength than S1.

B!
I s DN B

230

slepo

Fig. 17 Dimensions of tensile test specimen

(105)

Values obtained for all cases.satisfied the requirements for
base metals: 190-215 (kg/cm?2). The satisfactory strength

* of E.B. weld metals is attributed to the narrow weld beads
produced by ultra-high voltage E.B. welding.

Welding —
condition Bl { E ( B2 { %
Solution
. (kgm/cm2) (kgm/cm2)
Sl: 830°C x 1 hr 2.3 59 6.3 COD test
$2: 1100°C x 1 hr 2.3 2.7

Three-point bending COD testing (support distance:
80 mm) was carried out on specimens with a 0.2 mm saw-
cut notch tip, according to ASTM E 399, as shown in
Figure 18.

I
A% 1

130

10—+

Fig. 18 Dimensions of COD test specimen

Table 8 Results of welded joint tensile test (at room temperature)

Welding condition Solution stref;::lsltig/mz) Elongation r;zz;‘ied
1 196.3 8.5 WM + BAZ
Sl: 830°C x 1 hr
2 197.7 9.0 WM + HAZ
Bl
201.9 8.5 BM
3 §2: 1100°C x 1 hr
+850°
4 +850°C x 1 hr 201.1 8.5 WM + HAZ
5 196.4 10.0 WM + HAZ
m— Sl: 830°C x 1 hr
6 196.7 12.0 WM + HAZ
B2
i 201.6 BM
7 §2: 1100°C x 1 hr : 10.0
+850°C x 1 hr
8 199.6 7.5 BM

Table 9 shows the results of the tests. For S1 treat-
ment, the K¢ value of the weld metal was below 225
(kg/mm?¥?), the required value for the base metal, pre-
sumably due to the influence of the residual y phase. The
values obtained for S2 treatment satisfy the requirements,
achieving a clear improvement in the Kjc value.

Table 9 Results of COD test

K1c(kg/mm¥? )

T |- W

Solution

Weld metal HAZ Weld metalf HAZ
Sl: 430°C x 1 hr 205.6 293.0 182.5 31¢.4
§2: 1100°C x 1 hr 2 2 3 - 87.9
+850°C x 1 hr 38.8 90. 275.3 2

105

7. Conclusions

A study of the applicability of an ultra high energy
density heat source to flat-position full-penetration weld-
ing in 18%Ni maraging steel (HT 210) suceeded in
obtaining a good sound weld bead without any defects
over a wide range of welding conditions. Moreover, the
phenomenon of incomplete hardening of the weld metals
could be improved by eliminating solidification segrega-
tion and retained vy phase responsible for such incomplete
hardening, by performing homogenization solution heat
treatment at 1100°C. A combination of homogenization
solution treatment and grain-refining solution heat treat-
ment at 850°C resulted in substantial improvement in
both the hardness and fracture toughness.
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