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Study on Electron Beam Welding of Dissimilar Materials for Nuclear

Plant (Report I)T

— Effect of Welding Conditions on Weld Defects —

Yoshiaki ARATA *, Shigeki SHIMIZU ** and Takashi MURAKAMI**

Abstract

In this paper, the weldability of some combinations of dissimilar materials for nuclear plant is investigated using
electron beam welding, and the region of adequate welding condition is obtained for each combination of dissimilar

materials. The results obtained are summarized as follows:

(1) Kinds of weld defects are R-porosity and micro crack (neil-head crack and horizontal and vertical crack).
(2) R-porosity occurres in all the combination with no relation to the materials, and it generates within the specific

range of ap value.

(3} Most of nail-head crack occurres in the combination with Inconel 617, and runs almost normal to bond at nail head
of Inconel 617 side. This crack occurres almost without respect to welding condition.

(4) The solidification crack of horizontal and vertical type is observed mostly in the combination with Incoloy 800H.
This crack generates at lower or higher than the specific ab value.

(5) The region of adequate welding condition where non-defect occurres is found to exist in the thickness less than

about 15 mm except for the combination with Inconel 617.
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1. Introduction

In component for high temperature gas cooled reactor
(HTR), design temperature widely ranges from 400 to
1000°C, and so component materials are different from
temperature of the place where they are used.

As shown in Figure 1, Ni-base superalloys of Hastelloy
type and Inconel type are used in high temperature range.
As it becomes lower temperature, Fe-base superalloys of
Incoloy type, austenitic stainless steel and ferritic low-
alloy steel are used.

At the boundaries between these temperature ranges, it
is essential to use the welded joints of dissimilar materials,
resulting in the design requirement to evaluate high tem-
perature strength of welded joints and to establish the
adequate welding procedure for the combinations of dis-
similar materials.

In this paper, the effect of welding conditions on the
weld defects in the electron beam welding, which is said
to be effective for welding the dissimilar materials, is ex-
amined for the most probable combinations of dissimilar
materials. Besides, the region of adequate welding condi-
tions is obtained for each combination of dissimilar
materials.

Service temperature (°C)

5(})0 600 700 800 900 1000
Ni-base superalloys(Hastelloy X, Inconel 617, etc.)

| | | |
Fe-base superalloys(Incoloy800,etc.)
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materials | aAustenitic stainless steels(SUS 316, etc.)
[ [ l
Cr-Mo steels (2.25Cr-1Mo, etc.)
|
Cr-Mo steels, Ni-base superalloys)
Austenitic stainless Fe-base superalloys
N steels
Dissimilar

welded joints
(Fe-base superalloys)«(Ni-base superalloys)
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Fig. 1 Materials and combinations of dissimilar materials used

for high temperature gas cooled reactor

2. Material Used

The chemical composiﬁon of the materials used in this
experiment is listed in Table 1. In this experiment,
Hastelloy X, Inconel 625 and Inconel 617 are selected as
Ni-base superalloys, Incoloy 800H as Fe-base superalloy,
SUS316 and SUS304 as austenitic stainless steels, and
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Table 1 Chemical compositions of materials used
Material C | Si |Mn P S |Ni |Cr |{Mo |Cu |Al |Ti Co |Ni¢Ta| W | Fe
Hastelloy X  {0.08 LOAS 0.70 10.015 KOOO05| Bal.|21.18{882| — | — | — {099 | — [0.48 |18.03
Inconel 625 |0.05 {0.33 | 0.33 0004 <0005 Bal.| 2226|911 | — |0.23|{0.14 |0103.29| — | 2.78
Inconel 617 10.09|0.19|0.03| — |0004| Bal.|[21.09|9.04| — | 1.05| — [1252| — | — | 142
Incoloy800H | 0.05|0.29 | 0.80|0.014 |000933.93|2009| — | 0.27/049 |0.45| — | — | — | Bal.
SUS 316 005 |0.88| 1.70 |0031|0007|11.63|1789|228| — | — | — | — | — | — | Bal.
SUS 304 0.06|051|1.0210036/0003/866(1812| — | — | — | — | — | — | — | Bal.
2.25Cr - 1Mo [0.07 |0.27 | 055[0.011|0.003f — | 2.20{098 — | — |— | — | — | — | Bal.
2.25Cr-IMo steel as ferritic low-alloy steel. Table 3 Combinations of dissimilar materials
Cotnbitnu{tic;n of| Welding *2 Combination of Weldc:_r;g *2
. . materials ., condition materials ., conditions
3. Welding and Experimental Method HX /617 123 617/ Crvo | 123
3.1 Welding Equipment HX /800 |123456789| 625/ 800 1236
The electron beam welding equipment used in this ex- HX /316 123456789| 625/ 318 1234586
periment is that of full vacuum type and of high voltage HX /304 |123456789| 625/ 304 123458
type, whose maximum power is 6 KW (150KV — 40mA). HX /Cr-Mo {123456 625/ Cr-Mo | 123
617 /800 |123456 800/ 316 123456
3.2 Welding Method 617 /316 (123456 800/ 304 12,3456
Out of each material shown in Table 1, welding test 617 /304 123456 800/ Cr-Mo | 123456
specimens of 30t x 10W x 280% are made. The specific 1 HX : Hastelloy X, 617 : Inconel 617, 800 :Incoloy 800H

combination of the dissimilar materials is selected to build
the gap-free square butt welded joints. Several pairs of the
joints are restrained in parallel with jig, and the slope
welding, whose slope angle (0s) is 30 degrees, as shown in
Table 2, is conducted one by one in upward direction to
continuously change ay value. In this Table welding con-
ditions used in this experiment are also shown. Parameter
Vb, Ip and vy are changed in the welding. Parameter D
is changed continuously with the slope welding.

Table 2 Electron beam welding condition

» Vo | 1 Vb | DF | Do | Pch
Slope welding method (k\}") (rr?A)W(cm/minl (manLJ mm) (Tocrr)
£B Travel
o] direction | 100 20 60 |
ol & | 155 -4
S pecimen | 125 | 30 1100 | 225 | © |Bx10
30 150 | 40 | 160 ~

3.3 Combinations of Dissimilar Materials

In this experiment, the electron beam welding, as de-
scribed in the previous section (i.e. section 3.2), is con-
ducted to each combination of dissimilar materials which
is shown in Table 3. Also shown in the Table are the
welding parameters such as Vp, Iy, v, Wp and heat input
g, which are used in the welding.

24

316 : SUS316, 304:SUS304, Cr-Mop: 2.25Cr-1Mo .
625: Inconel 625

*2
Mark Vb Ib Vb Wb N
(kV) (mA) lem/min ( kw) [(Joule/cm)

1 150 40 100 6.0 3600
2 150 40 160 6.0 2,250
3 150 40 60 6.0 6,000
4 150 30 60 45 4,500
5 100 30 60 3.0 3.000
6 | 100 30 160 3.0 | 1125
7 100 20 100 2.0 1,200
8 125 40 100 5.0 3,000
9 125 30 100 3.75 2,250

3.4 Experimental Method

For each welded joint, X-ray inspection from side is
performed to examine defects of weld zone. Mainly con-
cerned are a porosity at penetration edge. After finishing
X-ray inspection, test specimens of cross section which
has the slope angle of 30 degrees, are sampled at 20 mm
interval from each welded joint. The cross section of the
specimen is polished and etched, and then macrostructure
observation and measurement of penetration depth and of
bead width are performed on this cross section. Micro-
structure and weld defects, such as porosity, micro crack



E.B. Welding of Dissimilar Matexials for Nuclear Plant (185)

Inconel 617 J] Hastel loy X Incoloy800H Hastelloy X
I

Vb= 150KV Vb =150kv  —OMM 50Ky

Vp =100cm/min V b =100cm/min Vp =100cm/min

ap=09 ap =096 ap= 0.96

Fig. 2 Macrostructure of welded joints

and others, of weld zone are also examined. Picking up nations of materials.
the typical micro crack, the changes in compositions at
around the zone are investigated with line analysis by 4.2 Weld Defects

electron probe microanalyzer (EPMA). As results of X-ray inspection of weld zone and micro-

structure observation of cross section, several defects are
found at weld zone depending on the combination of dis-
similar welded joints and on the difference in the welding
4.1 Appearance of Cross Section at Weld Zone conditions.

In Figure 3, the types and major locations of the weld
defects, observed on the cross section of dissimilar welded

4. Experimental Results and Discussions

An example of cross section macrostructure at electron
beam welded joint of dissimilar materials is shown in
Figure 2. At each welded joint, welding has been done
such a manner as to locate the center of electron beam at
the center of square butt welded joint (i.e. at the boundry
of both materials). There has been observed almost the
same penetration status even for such combination of dis-
similar materials as between austenitic materials (i.e. Ni
and Fe-base superalloys and austenitic stainless steel), and
between austenitic materials and ferritic low-alloy steel
(2.25Cr-1Mo). They show the almost symmetrical pen-
etration configuration, centered around the original
square butt welded joint. Provided that welding condi-
tions (i.e. Vp, Ip, vp and ap values) are the same, such
configuration of bead cross section as penetration depth Fig. 3 Schematic configuration of weld defects occurred in dis-
hp and bead width dB is same even for different combi- similar welded joint

(D Nail-head crack
@ Vertical crack
(3 Horizontal crack
&) R-pososity
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Welding Condition

Vp =100 kV

Ip= 30mA

Vp= 60cm/min

Qp= 1.2
05mm

Hastelloy X 1 2.25Cr- 1Mo
!

Fig.4 Appearance of R-porosity

joints, are illustrated. Types of weld defects are root
porosity (R-porosity) and micro crack (nail-head crack,
horizontal and vertical crack). Explanation for each type
and the relation with welding conditions are described in
the followings.

(1) Porosity

An example of porosity is shown in Figure 4. Almost
all the porosity observed is R-Porosity!), which is
observed at tip of penetration (i.e. root of weld), and has
void of 3 to 4 mm deep at the worst. Table 4 shows the
percentage index of number of R-porosity divided by
total number of test specimens. Though the welding
conditions, such as Vp, Ip, Yy and ap values, are not
considered in this result, the effect of combinations of
materials on the R-porosity percentage is not clear. The
existence of R-porosity is depended to ap value and
penetration depth, and this is described in section 4.3.

(2) Micro crack
(i) Nail-head crack

An example of nail-head crack is shown in Figure 5. As

Transactions of JWRI
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Table4 Percentage of weld defects occured in dissimilar welded
joints (%)

L. . icro crack
Combinations)R-porosity Nail-hezéc ilorizontcl Vertical
HX /617 | 256 |590(617)*1 128 26
HX / 800 14.5 0 6.0 0.9
HX / 316 8.5 09 (HX) 34 1.7
HX / 304 10.3 0.9(304) 43 0
HX/Cr-Mo 7.7 26 (HX) 0 0
617 / 800 | 16.7 | 48.7(617) 5.1 0
617 / 316 9.0 |577(617) 0 1.3
617 / 304 19.2 65.4(617) 77 13
617 /Cr-Mo| 15.4 79.5(617) 0 | 0
625 / 800 5.8 0 0 0
625 / 316 20.5 0 0 0
625 /304 | 14.9 0 0 0
625 /Cr-Mo| 10.3 0 77 2.6
800 / 316 15.4 0 23.1 1.3
800 / 304 77 1.3(800)| 269 38
800 /Cr-Mo!| 6.4 3.8(800)| 192 10.3

%1 Material on which nail-head crack occured.

shown in Fig. 3, this crack generates at the nail head on
the cross section of weld zone, and at nearly normal angle
to bond on the weld metal and on the heat affected zone.
The crack runs the grain boundary on heat affected zone
and the dendrite boundary on weld metal.

The percentage index of number of nail-head crack
divided by total number of test specimens was shown in
Table 4 for each combination of dissimilar materials. As
can be seen from Table 4, generation of the nail-head
crack is predominantly high at bond of Incornel 617 side.
As for combination of Incornel 617 with other dissimilar
materials, the crack percentage is almost 50% or more
without respect to combination with any other materials.
In other words, crack will exist one per two test speci-
mens of cross section. Though it seldom exist at bond of
other materials, a few cracks are observed at bond of
Hastelloy X, Incoloy 800H and SUS304.

Nail-head crack is the micro crack of 20 to 300 um
long, and is considered as same kind of the nail-head crack
as observed at electron beam weld zone of superalloys for
nuclear plantsz). For example, sensitivity of nail-head
crack generation at the electron beam weld zone for the
same materials is predominantly high for Inconel 617,
and is negligible for Inconel 625 and SUS3162).

(ii) Horizontal and Vertical Crack

A type of horizontal crack observed in weld metal is
shown in Figure 6. As shown in Fig. 3, this crack runs
nearly horizontally along the dendrite boundary on the
bead section, and is 20 to 400 um long. A type of vertical
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Weld metal | Inconel 617
o

Weld metal|lnconel 617
|

Welding Condition
Vp =150kV
Ib=40mA
Vb =160 cm min
Ap = 0.87

Hastelloy X|: [ Inconel 617

Fig. 5 Appearance of nail-head crack

SUS 316 | Weld metal 0.4mm,
[
Welding Condition Welding Condition
ap)
Vp =150kV Vp =150kV
225Cr4 Incoloy80OH I'b= 40mA SUS316 |:|Incoloy Ip= 40mA
-1Mo Vp= 60cm/min -800H vp=100cmy/min
Qb= 08 ap= 1.2
Fig. 6 Appearance of horizontal crack
crack as observed on weld metal is shown in Figure 7. As the bead section, and is 20 to 40 um long.
shown in Fig. 3, this crack runs vertically along the The types of these micro cracks are different, but they
interface of column structure at the center of bead (i.e. at are considered to belong to the solidification crack of
around the original center of square butt welded joint) on weld metal. Figure 8 is the result of EPMA line analysis,
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Weld metal 100um
Weld metal
Welding Condition Welding Condition
~ Vp=150kV:- Vb=150kV
Hastelloy Incone}7 Ib= 40mA Hastelloy| 1] SUS316 1p= 40mA
X 61 VhH=100 cm/min X V=100 cm/min
Ap=0.9 ap=1.0

Fig. 7 Appearance of vertical crack

50um
. 0(200¢/s)
Scanning C(200 ¢/s)
line . Cr(5Kc/s)
Incoloy Ti(100¢/s)
~-800H | 2.25Cr-1Mo
Mn(200¢cA)
W AL(2K ¢/s)
Fe (10K ¢/s) A
Co(200 ¢
0(200¢/s) W (100 ¢/s) Ni (5K c/s)

S(100 ¢/s)
Si(100¢/s) WW
\M , Mo(200¢/s)

Fig. 8 Profile of elements at micro crack analyzed by EPMA
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which is performed normal to the vertical crack generated
in combination of Incoloy 800H and 2.25Cr-1Mo steel.
In crack, C, A¢ and O are observed to be rich, whereas Fe,
Ni, Cr and W are depleted. The similar tendency is ob-
served in the horizontal and vertical crack of another
combination of dissimilar materials. The analysis results of
micro crack generated on electron beam weld zone of
dissimilar superalloys (Inconel 718/Inconel 713), per-
formed in another organization show the similar tend-
ency®.

For each combination of dissimilar materials, the
percentage index of number of horizontal and vertical
cracks divided by total number of test specimens was
shown in Table 4. As can be seen from Table 4, combi-
nations with Incoloy 800H have generally the high prob-
ability of horizontal and vertical crack out of the combi-
nation of dissimilar materials. On the other hand, only the
combination with 2.25Cr-1Mo steel out of that with
Inconel 625 shows the crack, and neither horizontal nor
vertical crack is generated on other combinations. It is
reported that the weld zone of Inconel 625 by electron
beam welding has superior resistance of crack sensitivity
than other superalloys, and it is said that this is due to Nb
in the compositions®.

Figure 9 shows the relation between welding heat input
q (= 60 x Vp x Iy/vp) and horizontal crack percentage for
combinations with Incoloy 800H. It is generally said that
the more welding heat input, the more solidification
crack, but this relation is not clear for other combinations
though Incoloy 800H/2.25Cr-1Mo steel combination
which has similar relation as above in this experiment.

Relation between horizontal crack percentage and
beam power Wy (= Vp x Ip) is shown in Figure 10. The
dissimilar welded joints of Incoloy 800H with 2.25Cr-1Mo
steel, SUS304 and SUS316 show higher crack sensi-
tivity as increase in Wp, whereas these of Incoloy 800H

—
o
o

-~ Mark |Combinations
> —0— | 800/ Cr-Mo
8,30" --4-- 1 800 /304 ‘EL .
R Micro crack
g - | 800 /316 Horizontal)
g 6ok -~ | HX / 800 |
L - 617 / 800
a
x 40r i
Q
g
° 2
o 0l |
9
2 .,
0 - i -
1 2 3 4 5 6 7
Heat input, q(= ﬂ—%\—?x—lﬁ) (K Joule/cm)

Fig. 9 Effect of heat input on micro crack percentage
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Fig. 10 Effect of electron beam power on micro crack percentage
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Fig. 11 Effect of welding speed on micro crack percentage

with Hastelloy X and Inconel 617 do not show any
correlation. However the relatively large horizontal and
vertical crackes (200 um or more) generated only for the
welding conditions of maximum beam power of 6 KW
(Vp = 150KV, Iy = 40 mA) in this experiment.

Relation between horizontal crack percentage and
welding speed is shown in Figure 11. As for the combi-
nation of Incoloy 800H and 2.25Cr-1Mo, crack percent-
age shows the tendency to decrease as the welding speed
increases, and no correlation is observed for other combi-
nations.

In summary, correlation between micro crack and
welding conditions, which will generally be applied to all
the combination of dissimilar materials, could not be
observed. Though, as described in section 4.3, a sort of
correlation can be found when micro crack generation
zone is obtained for each combination of dissimilar
materials changing a@p as a parameter, while fixing the
other welding parameters.
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4.3 Adequate Welding Conditions

It is found that such weld defects as described in
section 4.2. will generate in dissimilar welded joints of
superalloys welded by the electron beam welding. In order
to obtain region of adequate welding condition where no
weld defects generate for each dissimilar welded joint,
defect generation area is illustrated in correlation diagram
of ap value and penetration depth for each welded joint.

As example of this area, area for combination of
Incoloy 800H/2.25Cr-1Mo is shown in Figure 12, that for
Incoloy 800H/SUS304 is shown in Figure 13, and that for
Hastelloy X/Incoloy 800H is shown in Figure 14. Though
weld defect (R-porosity and micro crack) generation areas
are different from one combination to another combi-
nation of dissimilar materials, the followings are described
in general.

T T T v I I T

Vp=150kV
30} Ib=40mA

R-porosit

251 Vb=60cm/min .

Vp =100cm/min

151

hp (mm)

0 800/Cr-Mo
201 vp =100kV 1
Ib= 30mA

Penetration depth,

Vp =60cm /min
15 ]

1ok VH=160cm /min|

Micro crack

07 08 09 10 11 12 13
ap value

Fig. 12 Effect of ap value and penetration depth on weld defects
(Incoloy 800H/2.25Cr-1Mo steel)

Vol. 12, No. 2 1983

R-porosity will generate in the specific zone of ap
value, provided that Vy x Ip/ vy is constant, and will not
generate for the value which is lower or higher than the
specific value. Also it is clear that the smaller Vi x Ip/0p,
the narrower the ap value zone where R-porosity will
generate. On the contrary, micro crack (horizontal and
vertical crack) will generate lower than the specific ap
value or higher than the value, provided that Vi x I/
is constant, and will not generate between this specific
value. This specific value ap, which decides the generation
of micro crack, differs for the value of Vi x Ip/ vy, but
there is no particular correlation between ap value and
Vp x Ip/vp. Accordingly, the region of adequate welding
condition, where neither R-porosity nor micro crack will
generate, becomes pretty narrow. Though, it is clear from
Fig. 12 to Fig. 14 that the region of adequate welding
condition, which covers the thickness of 15 mm, will exist

T T T T T T T

Vb =150 kV
30l Ib: 40mA

25

[N
o
T

-
(3]
T

hp (mm)

—
[=]
T

Vp=160cm/min

Micro crg__c__k_/

n
i

o

800/304
Vb =100kV 7
1b= 30mA

Penetration depth,
N
o

15}

ap, value

Fig. 13 Effect of ap value and penetration depth on weld defects
(Incoloy 800H/SUS304) '
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Fig. 14 Effect of ap value and penetration depth on weld defects
(Hastelloy X/Incoloy 800H)

for either combination of dissimilar materials under the
condition of this experiment.

In applying the electron beam welding to manufactur-
ing the products, underlip structure is used, and the
underlip is usually removed at final stage, resulting the
removal of R-porosity. As a result, the region of adequate
welding condition becomes fairly wide.

Other combinations of dissimilar materials except the
combination with Inconel 617 has similar tendency as
above, and can cover the thickness less than about 15 mm.
As for combination with Inconel 617, nail-head crack
generates on bond of Inconel 617 side without respect to
ap value, and can not get non-defect welding condition.

5. Conclusion

In this paper, for various welded joints of dissimilar
materials for nuclear plant welded by the electron beam
welding, the effect of welding conditions on the gener-
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ation of weld defects is studied, and the region of ade-
quate welding condition is obtained for each combination
of dissimilar materials. The result obtained are as follows.
(1) For every combination of dissimilar materials in this

()

(3)

“

(%)

)

experiment, the almost symmetrical weld bead is
obtained by locating the center of electron beam on
the center of square butt welded joint. Under the
same welding condition, nearly same penetration
depth and bead configuration are obtained for either
combination.

Defects generated at weld zone are R-porosity and
micro crack, and the latter is composed of nail-head
crack, which generates at nail head, and solidification
crack (horizontal and vertical crack), which generates
along the dendrite boundary of weld metal.
R-porosity occurres in all the combination with no
relation to the materials, and it generates within the
specific range of ap value. It does not generate lower
than that value nor higher than that value. As the
smaller the value of Vy x Ip/vb, the range of ap
value, within which R-porosity will generate, becomes
narrower.

Most of nail-head crack occurres in the combination
with Inconel 617, and runs almost normal to bond at
nail head of Inconel 617 side, existing between weld
metal and heat affected zone. The nail-head crack
occurres at any welding condition, almost without
respect to welding condition.

The solidification crack (horizontal and vertical
crack) is observed mostly in the combination with
Incoloy 800H, and is seldom observed in that with
Inconel 625. In contrast to the generation area of R-
porosity, this crack generates at lower or higher than
the specific ap value, and does not occur between
these values. No specific effect of Vi x I/ ¥ on the
occurrence of this crack is obserbed.

For each combination of dissimilar material, defect
generation area is illustrated in the correlation
diagram between penetration depth and ap value to
obtain region of adequate welding condition. As
results, the region of adequate welding condition,
which covers the thickness less than about 15 mm, is
found to exist except for the combination with
Inconel 617, though the region of non-defect is
narrow. In welding the product, the underlip struc-
ture is used, and this underlip is usually removed at
the final stage. And so R-porosity becomes no prob-
lem, and the region of adequate welding condition
becomes fairly wide. On the other hand, the nail-head
crack runs the wide area and non-defect area can not
be observed for the combination with Inconel 617.
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