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Fundamental Studies on Electron Beam Welding of Heat-resistant

Superalloys for Nuclear Plants (Report I)T

— Effect of Welding Conditions on Some Characteristics of Weld Bead —

Yoshiaki ARATA*, Kiyohide TERAI**, Hiroyoshi NAGAI**, Shigeki SHIMIZU** and Toshiichi AOTA**

Abstract

In this paper, the effect of the welding conditions on the characteristics of the weld geometry and the weld
defects was made clear, concerning the heat-resistant superalloys for the nuclear plants. Obtained conclusion may be
summarized as follows, using technical symbols which are given meanings in this report.

1) The weld defects were R-porosity and microcrack,

2) Sp and Ay, are considered to be the important criteria for the evaluation of the susceptibility to the R-porosity.
3) Superalloys could be evaluated in the sensitivity to the microcrack in terms of the critical heat input to avoid micro-
crack qep. This q., is considered to be one of the proper criteria for evaluating the superalloys in the susceptibility

to the microcrack.

4) Most microcracks were apt to occur when hyfhp; came near to 1.0. These microcracks came to occur easily with the

increase of dg. N/dB.

1. Introduction

In recent years, such superalloys as Hastelloy type,
Inconel type, Incoloy type, etc. have been taken into con-
sideration as one of the materials for very high tempera-
ture gas-cooled reactor, where dimensional tolerance is
strictly limited from the structural viewpoint for the safety
assurance peculiar to the nuclear plants and the strength
at very high temperatures is also required. In this sense,
welding of these superalloys involves many problematical
points.

As it is well recognized that the energy density in the
electron beam welding process is extremely high by nature,
the large penetration depth can be easily obtained with
small heat input. Furthermore, very precise welding can be
performed at high quality in the vacuum chamber. For
these reasons, electron beam welding seems to be most
suitable for welding of the heat-resistant superalloys for
the nuclear plants. However, very rapid melting of the
limited area with the heat source of high energy density
tends to cause such individual weld defects as porosity,
cold shut, spiking and cracking. There are some funda-
mental reports)~5) on these weld defects. However, there
is no report on these weld defects of the superalloys.

As described above, weld defects in the electron beam
welds of these superalloys have not been clarified yet. In

this report, authors herein determined the effect of the
welding conditions on some characteristics of weld bead,
that is, the weld geometry and the weld defects by the
slope welding method to establish the proper welding
conditions for these superalloys.

2. Material and Experimental Instrument used

Such superalloys as Hastelloy type, Inconel type and
Incoloy type and austenitic stainless steel for compararison
were used which generally seem to be fit for very high
temperature gas-cooled reactor. Chemical composition
and mechanical properties of these superalloys are shown
in Table 1. Brief marks shown in Table 1 are below
employed to distinguish Hastelloy X of different heat.
Welding of these materials was conducted by 150kV-
40mA type electron beam welder of hard vacuum.

3. Experimental Procedure

20mm-thick materials shown in Table 1 were set on
work table as in Fig. 1, where slope angle 8s equals 30°.
Thereafter, upslope welding was performed with the ele-
ctron gun fixed, moving work table in such a direction as
arrow shows. In this case, @, parameter®) defined by
Do/Dr (where, Do: object distance, Dp: focal length)

T Received on Sep. 24, 1976
* Professor
** Kawasaki Heavy Industries, Ltd., Japan
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Table 1 Chemical Composition and Mechanical Properties of Superalloys used
Thick= |\t [Final Heat |Grain Mechanial Properties Chemical  Composition (%) Joaseous Contents
Material | Mark |ness iment |52¢ 028P4 15 | €L [RotfAl c [si|Mn[ P|'s [Nicr[co|mo| w [Nplat[Ti | B[2r[ceFe| N
(mm) (ASTME*S e o) | (o8 [ Sol.
HAEN ae 2008 1 _ 4 1 304 | 711 [ 590 | 65.0 asl.aoesllsq 2141771905045 .15]20 91| 3 [405 | 42 |47
Hastotoy |4 ii%“"m 5~6| 37| m0 | @0 | — [as|s7 fam{12)c2| |o070qemy 2100210 | —{ 2| 2 [us] 20 {28
HVEN VE LW~ | %3] T8 | 493|569 |84[17 084 10]<2 9hzoosq 9120 pes| 5 |306| 16 [322
HVERN QM 1~4 | 24| m0 | 543 52.2 [65[35 jarzj10[<2|  f14]usiasstost 20| 9 |sse1| 4 [121f 22143
Inconet 625 | mezsae | . | A joodtr | ¢ | 4ss| son [ 468 | — [s.3]28 joad wo]<z|  [z21]oogeet]osdfesspoaddors| —[—[—fosd 3 | 44 [ 211255
Inconel 617 |Inl617V v wq_H' 3~4 | 20| %6 | 0 | 5706617 jocd w[<2| |n12]26/00—| —oagos2—|—|—[145] 4 |244|180 |424
Incoloy 800 | Iny 800V v [0 25 | 22| sm2 | m20 | 721 | 6|37 jam{ 10| 2 pnferzfosome| — | —fostosy —[—|—| | 6 |32 93 |25
Incoloy 807 | Iny 807A A [200GHr, 3] 7| 641 | 52.2 [ 60.3|57{50 ol 20| 2 jucw 85099047024 — | — | — [Bal| — [ 68 | 144 212
SUS 316 | S316 A F_"i%":ws — | a3 | 64| — [as|79|1m{28]4 nslns-—zsq———— —|=[=|—=|=1 [13]257| 32 |289

*AE: Air Melting followed by Electroslag Remelting, VE: Vacuum Induction Melting followed by Electroslag Remelting

V: Vacuum Induction Melting, A: Air Melting

is called “beam active parameter’” or “active parameter”
which is one of the important variables in the electron
beam welding. As max. penetration depth is experimental-
ly clarified to be obtained around the @, parameter of 0.9,
materials were set so that the g, parameter might agree
precisely with this value at the center line C-C in Fig. 1.
This enables a;, parameter to vary over considerably wide
range from 0.6 to 1.2.

After the bead-on-plate welding, X-ray inspection was

Object Distance at Center Line, C-C

Fig.1

carried out by such a method as shown in Fig. 2 to investi-
gate the weld defects. Thereafter, every bead-on-plate
weld was machined so that transverse profile might be
microscopically inspected after polishing and etching.
Thereby, penetration depth and bead width were respec-
tively measured. Microcrack was also investigated by the
microscope.

The diameter of the electron beam was measured by
means of the AB-test (Arata Beam Test)?).

Electron Beam

Bead-on-plate Welding Method by Slope Welding

Notes 1. Specimen is machined from bead-on-plate welds.
2. *80 means film sensitivity.
3. X-ray film is apart from X-ray Source by 600mm
approximately.
Fig.2

X-ray Inspection Method of Bead-on-plate Welds
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4. Experimental Result and Discussion

It was recognized through the X-ray inspection and
microscopical survey that porosity and microcrack were
observed in almost all the materials. These results are
described in details below.

4.1 Porosity

Porosity observed in X-ray inspection was root poro-
sity (R-porosity) to occur at the root of the penetration.
Typical R-porosity is shown in Photo. 1.

It is reported that occurrence of the R-porosity
depends upon the heat input!. In this experiment,

o - I Vb
occurrence of the R-porosity is arranged on wg (= 21,0 )
— @ diagram (where, I,,: beam current, V. accelerating
voltage, r,: radius of the electron beam, v,. welding
speed). Above-mentioned wpg is herein defined as the
“bead energy density” of the electron beam, that is, the
heat input divided by the actual beam diameter of the
electron beam, which means the energy density of the
electron beam supplied on the surface of the material.

e s

V,=15CkV
’ Ib =40mA
Vp'=160cm/min
a, =0.87

Photo. 1 Typical R-porosity (SUS 316)

As far as it concerns with the electron beam welding,
the diameter of the electron beam is very dependent both
upon the welding conditions and upon the type itself of
the electron beam welder. Therefore, estimation of the
proper welding conditions and comparison of the suscepti-
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bility to the porosity are considered to be done in any case
by use of the diagram proposed above.

Figs. 3 and 4 show the examples of wg—a; diagram
concerning the occurrence of the R-porosity. It was noted
on the curve of the constant heat input whether R-porosity
did occur or not. As a result, R-porosity was recognized to
occur within the certain range of @, parameter. When the
penetration depth and heat input are limited less than
15mm and 5000 joule/cm ( I, : 40mA, V, : 125kV, vy’
60 cm/min) respectively, the area where R-porosity occurs
can be shown as in the figures by plotting these critical a,
parameter on the curve of the constant heat input. In these
figures, the penetration depth is constant on the certain
curve. In other expression, #,=15mm means that penetra-
tion depth is constantly 15mm on this curve.

Susceptibility to the R-porosity might be evaluated by
above-mentioned individual area Sp, max. bead energy
density Wg,, and the difference of the critical @, para-
meters, that is, aa,(=day—ap;) as shown in Fig. 5.
Herein, smaller S, and Agp and larger wg ,, means less
susceptibility to the R-porosity.

Table 2 evaluates the susceptibility of the superalloys
to the R-porosity in terms of these criteria, S, wg_,, and
Ady. As shown in this table, there is appreciable difference
among the superalloys in terms of S, and aay. There is
also clear correlation between S, and Agy. It may be safely
said from these results that the susceptibility of the
superalloys to the R-porosity is evaluated in terms of S
and Aqy. Generally speaking, Fe-base superalloys such as
Incoloy 800 and austenitic stainless steel (SUS316) are
more susceptible to the R-porosity as compared with
Ni-base superalloys such as Hastelloy X, Inconel 625.

Table 2 Criteria obtained for Evaluation of Suscepti-
bility to R-porosity

Material Sp/Sp.m (jolvll{g'/rcnmz ) .1 | .2 Ady
Hastebp™ | o075 235 | 083 | 1.08 | 0.25
H(agt&l%x 0.66 2.35 0.89 | 1.09 | 0.20
Hgﬁ@%‘ﬁ’)x 0.60 235 | 087 | 1.07 | 0.20
P(Iﬁ%%l&)x 0.73 2.95 0.85 | 1.09 | 0.24
ggf’gglsgg 0.75 235 | 078 | 1.13 | 0.35
e Sy 1.00 126 | 0.71 | 1.16 | 0.45
Ig};‘;l%g%’ 0.91 2.95 0.69 | 1.12 | 0.43
I?fg;‘%%? 0.55 2.95 0.81 | 1.09 | 0.28

S(Isjsgi"éf 0.91 1.89 | 071 | 1.16 | 0.45

Sp means the area schematically shown in Fig. 5 where R-
porosity occurs.
Sp.m means max. Sp in this experiment.
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DF*Dr - Const. hp:Penetration Depth
ho=5mm hp=10mm fp=15mm

<— Active Parmeter;, b
«— Object Distance, Do

Bead Energy Density, Uy —>
Fig. 5 Evaluating Criteria for R-porosity

4.2 Microcracking

Every transverse cross section was electrolitically
polished with the mixed solution (1.5% perchloric acid,
5.7% sodium thiocyanate, 7.1% citric acid, 75.5% ethyl
alcohol, 9.4% N-propyl alcohol and 0.8% oxine in weight
percent) and also etched with 10% oxalic acid solution.
Thereafter, microcrack in the electron beam welds was
investigated through the microscopic survey.

Microcrack was observed in the electron beam welds
of all the superalloys except for Inconel 625 and SUS316.
In most cases, microcrack was continuously seen in the
interdendritic boundary of weld metal and the grain
boundary of heat affected zone and also nearly perpen-
dicular to the fusion boundary. Typical microcrack is
shown in Photo. 2.

Welding Conditions |

Vy = 150 kV
L, =30mA
v’ =120 cm/mi
a = 1.09
Photo. 2  Typical Microcrack (Hastelloy X, HAEN)

(1) Effect of Power of Electron Beam and Welding Speed
on Microcrack

Fig. 6 shows the effect of the power of electron beam
Wy, (I, V) and the welding speed v’ on the occurrence
of the microcrack in the superalloys. On this w,—o,’
diagram, there is drawn the critical line on the disap-
pearance of the microcrack. It can be said from this figure

. (223)

that microcrack is completely prevented in this experiment
by limiting the welding conditions in consideration of this
critical line. Furthermore, these critical lines are nearly
parallel to one another. From this result, it can be con-
sidered that the superalloys are not so susceptible to the
microcrack in which microcrack never occur in a larger
region. The superalloys are below placed in terms of this
region in the order of less susceptibility to the microcrack.
(SUS316, Inconel 625), HAEM, HAEN, Incoloy
800, HVEN, (HVERN, Inconel 617)

Not
C
160} ;Cracked

In this expeﬂrmfnpomofelectm beam Wp and
wehdlngSpeedllbmwbdmbsnwa and
60 to 160 cm/min

3

In Inconel617and HasteloyX
(HVERN) microcrack always

occurred.

In Inconel625and SUS316

microcrack never occurred.

Welding Speed Us (cm/min)
@
1<

Hastelloy X (HAEM)
40 Hastelloy X (HAEN)
Incoloy 800
Hastelloy X(HVEN)
Incoloy 807
0 1 2 3 4 5 6 7

Power of Electron Beam, W/, (KW)
Effect of Power of Electron Beam and Welding
Speed on Microcrack

Fig. 6

(2) Effect of Heat Input on Microcrack

Fig. 7 shows the example of the relation between the
heat input and microcracking percentage (cracked speci-
mens’ ratio of all the specimens at the constant heat
input). From this figure, microcracking percentage tends
to increase with the increase of the heat input and the
microcrak disappear at the heat input less than the certain
value. This value of every superalloy, under which micro-
crack never occurs, can be regarded as the critical heat
input to avoid microcrack q., which is tabulated in
Table 3. That is to say, g., is one of the important criteria
to evaluate the superalloys in the susceptibility to the
microcrack. In this table, max. heat input in this experi-
ment are used -as the critical heat input to avoid micro-
crack for Inconel 625 and SUS316 in which microcrack
never occurred. On the other hand, minimum one is also
used as that for Inconel 617 and HVERN in which micro-
crack invariably occurred. In terms of g,, the superalloys

are below placed in the order of less susceptibility to the

microcrack.
(SUS316, Inconel 625), HAEM, HAEN. (HVEN,

Incoloy 800) Incoloy 807, (HVERN, Inconel 617)
This order agrees nearly with the above-mentioned one.
Microcrack was widely scattered with considerable
irregularity on the wg—a, diagram. Therefore, it was
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difficult to clarify the effect of Wg and @, parameter on
the microcrack. Generally speaking, however, microcrack
was apt to disappear both around @, parameter of 0.9 and
with the decrease of bead energy density Wp.

Qer: Critical Heat Input to Avoid Microcrack
—O—[Hastelloy X (HVEN)
- --A--{Incoloy807(Iny807A)
ol Ao Linysom
‘§' a8 A A a
§ Guf a4 4 a
C  |NotCracked | 4
& | a
! A
g " a HVEN
§ S0 ]
g :' L
e
: o o
g 5 /%
hot 4/ o o o
ijo oom o o o
———— 00200 00— 0-0—00 o- L
Y 1000 2000 3000 4000 5000

Heat Input, @ (-%) (joule/cm)

Fig. 7 Effect of Heat Input on Microcracking
Table 3 Critical Heat Input to Avoid Microcrack
Material ¢ oglce?cm)
Hastelloy X (HAEN) 1406
Hastelloy X (HAEM) 2143
Hastelloy X (HVEN) 1286
Hastelloy X (HVERN) ‘ < 750
Inconel 625 (Inl 625AE) > 5080
Inconel 617 (Inl 617V) < 750
Incoloy 800 (Iny 800V) 1286
Incoloy 807 (Iny 807A) 1 1200
SUS 316 (S 316) > 5080

qcy Critical Heat Input to Avoid Microcrack

(3) Correlation between Microcrack and Penetropara-
meter

Fig. 8 shows the example of the effect of heat input
and penetroparameter Pp (= hy /dp, hp: penetration depth,
dp: bead width) on the microcrack. In every cracked
superalloy, there was no definite effect of Pp value on the
microcrack. As described above, there was clear correla-
tion between the microcrack and the heat input. In this
figure, there is also recognized the critical heat input to
avoid microcrack. This corresponds to g, described above.

Vol. 5, No. 2 1976
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Fig. 8 Effect of Heat Input and Penetroparameter on
Microcrack
Nailhead
by | he
= P -
2
& 4
dp: Bead Width at Top Surface
Opy: Minimum Width of Nailhead part
he : Penetration Depth
h”: Depth of Nailhead
he: Distance between Top Surface
and Microcrack
Fig. 9 Electron Beam Weld Geometry defined

(4) Position of Microcrack

Typical geometry of the electron beam welds is
herein defined as shown in Fig. 9 to make the microcrack
clearer in its position. Every microcrack was carefully
examined in its position by the microscope.

Figs. 10 to 12 show typical examples in which the
microcrack is plotted on hy/hp—h./hy diagram (where,
hy: depth of the nailhead, hp: penetration depth, A.:
distance between the top surface and the position of
microcrack). Inconel 617, HVERN and Incoloy 807, very
sensitive to the microcrack, had quite similar features in
its position. In case of Inconel 617, most microcracks are
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Fig. 11 Effect of iy/hp and h./hy on Microcrack

scattered around h./hy of 1.0 as in Fig. 10 and called
najlhead crack. In this figure, the frequency of hy/hp in
all the welds and that in the cracked welds are also noted
with the solid line and dotted line respectively. However,
there is no clear correlation between this frequency and
hn/hp.

In HAEN, HAEM and HVEN, not so sensitive to the
microcrack as the above-mentioned three superalloys,
similar tendency was also seen as shown in Fig. 11.

In Incoloy 800, microcracks are irregularly distributed
regardless of k. /hy as shown in Fig. 12.

Fig. 13 shows the typical example in which microcrack
is arranged on dp y/dg—h./hy diagram (where, dg p: min.
width of nailhead part, dg: bead width at the top surface).
In this figure, the frequency of dp n/dg in all the welds
and that in the cracked welds are also noted with the
solid line and dotted line respectively.

(225)
15
Incoloy 800
280F 14 r n V
13k R Nailhead
20F 12k
11p
200F 10F
N i o 184
R L
<
8k reauenc
5 1eoT <, s 140 ki
5’ E - 50 o All Welds
% 101 I °oo ° Lradlndw
§. 5r 92 °
80 - %
& 4 6§ 72 I
°r 8
o]
40} 2F 3] o  ©
e |23
L R i
O L
0 o1 02 03 04 05 086 07
hy /he
Fig. 12 Effect of iy /hp and h./hy on Microcrack
15
Hastelloy X
140F 14+ HVERN
13F Frequency g Nailhead
of dans, .
120F 12F Al Weu:sd 123 e .
] il
e Kracked Welds
00 10k
3| o
T ol < sk 8]
- <
1) \u Us 66
> 60F < 6
& 5 47
> 4
g 40F =
L 3F
200 2k
"
- 1 1
o 0 0.1 02 ) ! 09
dan/da
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From this figure, it may be recognized .that the
microcrack comes to occur easily with the increase of
dpn/dg. Similar tendency was also shown in case of
Inconel 617, Incoloy 800 and Incoloy 807.

5. Conclusion

The effect of the welding conditions on some chara-
cteristics of electron beam weld bead of the heat-resistant
superalloys for the nuclear plants was herein investigated
systematically. The obtained conclusion may be sum-
marized as follows.

1) The weld defects were R-porosity at the root of the
penetration and microcrack observed continuously in
the interdendritic boundary of weld metal and the
grain boundary of heat affected zone, which was nearly
perpendicular to the fusion boundary.
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2) R-porosity occurred within the individual areas on
Wg-ay, diagram. Superalloys could be evaluated in the
susceptibility to the R-porosity in terms of S'p and
Aqy. Fe-base superalloy was generally more susceptible
to the Rporosity than Ni-base superalloy.

3) Superalloys could be evaluated in the sensitivity to the
microcrack in terms of the critical line on wy-%)’ diagram.
Microcracks did never occur by limiting the welding
conditions.

4) It was recognized from the effect of the heat input on
the microcracking percentage that microcrack was apt

iy

2)

3)

to occur at the heat input larger than the critical value 4
which was herein defined by g.,. In terms of this
. critical heat input to avoid microcrack q.,, superalloys 5)

are below placed in the order of less susceptibility to
the microcrack.
(SUS316, Inconel 625), HAEM, HAEN, (HVEN,
Inoloy 800), Incoloy 807, (HVERN, Inconel 617) 7)
In Inconel 625 and SUS316, no microcrack did occur.

5) There was no clear correlation between the microcrack
and penetroparameter ,. Most microcracks were apt to
occur when k. /hy came near to 1.0. These microcracks
came to occur easily with the increase of dg y/dp.

6)
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