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Electron-beam (EB) welding is an important joining
rechnique for fabricating and assembling blanker and
first-wall components in fusion reactors. A numerical
modeling of the EB procedure of a selected part of a
DEMO fusion reactor blanker is presented. Stress and
temperature distributions during and after EB welding
are analyzed with the help of nonlinear finite element cal-
cularions, including phase transformations of MANET
stainless steel. Residual stresses are discussed. Their mag-
nitude and distribution may stimulate the initiation and
growth of surface cracks parallel ro the weld. Analysis of
postweld hear treatment shows that the residual stresses
can be neglected if appropriate postweld heat treatment
is performed.

The main drawback of this analysis seems to be the
lack of appropriate material data for high temperaiures
close to the melting point. Despite this, qualitative state-
ments on the feasibility of joints are possible, and im-
proved analyses of welding stresses are expected to make
a valuable contribution to future studies thar address the
safety and reliability of blanker structures.
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L. INTRODUCTION

The electron beam (EB)-welding procedure has sev-
eral attractive properties: The heat input in the material
is comparatively low, very precise fabrication is possi-
ble, and nondestructive (ultrasonic) examination of the
welds is rather uncomplicated when compared with other
welding procedures. This makes EB welding an attrac-
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tive process for joining the different parts of the bianket
and first wall in a DEMO fusion reactor, irrespective of
the choice of the final:design and the breeding and cool-
ing media (for further information on blanket functions
and designs, see, for example, Ref. 1). In this paper, we
focus on the dual-coolant-blanket concept.” This is a self-
cooled, liquid-metal breeder blanket with a helium-
cooled first wall made of MANET martensitic stainless
steel. The usc of similar welds s also under consider-
ation in.other blanket concepts.

An important step ir fabricating blanket segments is
the joint between the poloidal sections of the box (see
Fig. 1). According to safety and reliability criteria, no
single welds between plasma and helium or liquid metal,
respectively, are allowed. This suggests the use of an EB-
welding procedure that is capable of producing a double
weld in a single pass. The gap between the two welds
additionally serves as part of a leak-detection system.

I.A. Objectives and Scope of the Paper

The lifetime of the blanket structure is expected to
be governed by thermal fatigue in connection with the
radiation-induced changes of the mechanical properties
caused by operating the reactor. The useful life of the
whole structure will be essentially defined by the useful
life of the welds. We therefore initiated an analysis to
estimate the temperatures and stresses during and after
the welding. We consider estimating the residual stresses
of welding in a complex geometrical shape to be a pri-
mary objective of our investigation. Our secondary ob-
jective has been to explore the potential of numerical
simulation techniques to support forthcoming design fea-
sibility and safety studies. Both objectives are further sup-
ported by the following facts:
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Fig. 1. Detaiis of a double weld.

stresses caused by EB welding are available.?

2. There is a known tendency toward different forms
of hot cracking* of EB-welded steels of all grades, which
is accelerated by high-tensile strains during solidification.

3. Welded martensitic stainless steels are known (o
be prone to stress corrogion cracking (SCC) in airat room
temperaures if subjected o tensile stresses (e.g., weld-
ing residual stresses).

The dual~coolant-bianket concept? is addressed by
the present investigation, whichi is described in some de-
tail in Ref. 5. Experience with this referénce case facil-
itates generalization and addressing specific features of
other design concepts.

1.B. A Survey of Compitational Weld Machanics

Considerable effort has already been devoted o the
numerical simulation of welding. The main resuits sought
by such simulations concern time-dependent temper-
ature and displacement fieids in welded specimens. Re-
views of work already done are given in Refs. 6, 7,
and 8.

Goldak et al.” suggested that the continuum mechan-
ics can and should be dircctly applied to the analysis of
welds. Further, the finite element method was suggested
to be the most flexible and powerful tool, To date, it has
already been applied to various problems, including con-
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ventional arc welding.’ flame cutting of plates.” and heat
treatment of surfaces by means of laser beams.'® Goldak
etal.” also identified some aspects that-are typical for the
weld mechanics. These include

1. richness of interaction between various phenom-
end (thermal, mechanical, and microstructural)

2. large range of analyzed temperatures {from room
emperdture to temperatures well above the melt-
ing point)

3. large range of length scales (details of the order
of 1 mm or less in the workpieces of the order of
1 m or mere should be aralyzed).

Appropriate. research of the foregoing specific points is
€ssential to obtain reasonably accurate and computation-
ally feasible solutions. Further, appropriate experimen-
tal support and verification of the simulation results is
recommended.
1.C. Spacifics of EB Welding
Electron-beam welding utilizes about three orders of
magnitude higher power densities (10 o 10* Wrm?)
than conventional-arc-welding procedures (10 to 102
Wrm?) (Ref. 11). Increasing the power density decreases
the time for.the heat obtained the welding tool to be
conducted into the workpiece. The consequence of con-
cern to our analysis is a significantly faster and rather
FUSION TECHNOLOGY

VOL. 31 AUG. 1997



FT8-2148 3/9 04/21797 13:41 pm

Page: 3

Cizelj 2nd Riesch-Oppermann  STRESSES DURING ELECTRON BEAM WELDING

localized thermal transient. Additionally, the vaporiza-
tion of the welded metal significantly increases the range
of temperatures to be analyzed. In summary, all aspeets
pectiiar to weld mechanics (Sec. [.B) are even more pro-
nounced in the case of EB welding. Therefore, in the ab-
sence of evidence to the contrary, the finite element
methods used in the analysis of arc welding are cousid-
ered. adequate to be-used as a first approximation of EB
welding. This is in agreement with published practice.'*

Il. MODEL OF THE DOUBLE WELD

The following analysis employs a nonlinear tran-
sient solution of uncoupled thermal and displacement
fields. The ABAQUS finite element—based code'® was
used in the analysis. Only the temperatures and displace-
msnzsmthesecaansfarawayﬁomthemlendafthe
weid were investigated. This was assumed in order to al-
low for the computationally more simpie two-dimensional
models.

IL.A. Finite Elament Mash

A two-dimensional mesh was deveioped, as shown
in Fig. 2. The weld was located in the y-z plane, which is
also the plane of symmetry of the model. The assump-
tion was made of solidification lines paratlel fo the y axis
that might result in neglecting some rotations around the
out-of-piane z axis. The details of the geometry are given
in Ref. 5.

Generalized plane strain conditions were assumed in
the stress analysis. This allowed for limited thermal ex-
pansion in the direction of the 2 axis. A linear variation
over elements was assumed for temperatures and was qua-
dratic for displacements. Stress analysis was carmied out
using hybrid elements with reduced integration. The thick-
ness of the layer that we analyzed (z axis) was set to
| mm. An approximation of the heat-affected zone (HAZ)
was included in the model to enable us to simulate local
phase transformations (see Sec. [L.B). We manually gen-
erated the approximation using resuits of heat transfer
analysis: All nodes where the. temperature exceeded the
austenitization temperature of 870°C were assumed to be
members of HAZ (sce Fig. 3).

II.B. Leading

The only loading considered in the analysis was the
hea: flux transmitted from the EB 10 the workpiece. The
EB was modeled as a body heat source of appropriate
uniform density. The heat source affected a 0.8-mm-

‘wide layer of elements along the weld centerline (shaded

in Fig. 2) to simulate the oscillatory motion (in the di-
rection of x in Fig. 2) of the EB during welding. The heat
source was suddenly turned on at the beginning of the
analysis and completely tamed off after 0.25 s. This titme
corresponds to the time needed by an EB with a velocity
of 4 mm/s to pass the 1-mm-thick layer that we ana-
lyzed. This is based on the assumption that the diffusion
of heat in the direction of welding is negligible com-
pared with diffusion in the direction perpendicular to the
weld.

‘ - heat source

symmetry plane

———— radiation

Plasma side
' " —1"] J
———
i JEEN
ii . — 568 elements
’ N 1882 nodes
L
‘ ; — T
Liquid metal side

Fig. 2. Layout of the finite element mesh.
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Fig. 3. Size and position of HAZ.

The heat losses of the workpiece in the vacuum cham-
ber were modeled through thérmal radiation with an emis-
sivity of 0.5 on both free surfaces. Cavity radiation in
the. coohng channels was considered to be negligible,
which is reasaonable at the beginning of the transient but
may result in slightly overestimated temperatires in the
later stages of the transient. The temperature fields ob-
tained by thermal analysis were used to generate thermal
strains in the stress analysis. A cutoff temperatare of
1000°C was introduced to maintain thermal strains at 2
constant level at higher temperatures (Fig. 4). This im-
proved the numerical stability at higher temperatures
where the tensile stiffness of the material was essentially
vanishing. According to Nésstrdm et al..'* the error in
residual stresses caused by this simplification is of the
order of 5%.

4
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The heat treatment after the welding was modeled in
the following way. A prescribed uniform temperature field
wis steadily increased from 20 to 760°C with an in-
crease rate of 4°C/min. After 2 holding time of 2 h (at
760°C), uniform cooling at the rate of 4°C/min took place

IL.C. Material Mode]

During the welding phase, a ime-independent plas-
ticity model with von Mises yield function, the associ-
ated flow rule, and isotropic hardening were assumed.
All. material parameters were assumed to be temperature
dependent. The database on the material properties of
the MANET martensitic stainless steel was sufficient 1o
describe the behavior of the material up to ~700°C
(Ref. 17). At temperatures close to the melting point, the
parameters that describe strength (¢.g., yield strength, and
Young's and hardening moduli) were assumed to vanish
while Poisgon’s ratio was set at 0.5. A relatively smooth
transition was provided in the temperature range be-
tween 700°C and the melting point (consistent with data
published by Karlsson®).

The constitutive laws valid for solid state were as-
sumed 1o be valid in the entire range of temperatures an-
alyzed. This was justified to some extent by the extremetly
smail masses of molten and vaporized metal compared
with the workpiece analyzed. Also note here that the con-
stitutive models that we used essentiaily neglected many
effects, which may be important at high temperatures (e.g.,
strain rate, dynamic recrystallization, different behavior
in tension, and compmsswn) The main reason leading
to these assumptions is the lack of specific data that de-
seribe the response of material at high temperatures. Thus,
the constitutive mode! is considered to be the weakest
point of the present anajysis and may significantly in-
fluencethe accuracy of ourresults. However, the model and
its results: are considered to be at least qualitatively cor-
rect. Refined experimensal supportofthe. high-temperature
behavior of the material is crucial in order to obtain more
accurate results.

Creep was assumed to be the main residual stress re-
laxation mechanism during the postwelding heat treat-
ment. A simpic Norton creep was modeled, as supported
by available dara.'”
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Fig. 5. Time history of temperatures in the vicinity of the weld (liquid-metal sids),
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f1l. RESULYTS

Some selected results on temperatures, stresses, and
residual stresses are given hiere. A more comprehensive
discussion is given in Ref. 5.

{ILA. Temparaturss

A time history of the temperatures in the vicinity of
the weid is shown in Fig. 5 as a function of the distance
from the centm'hne of the weld. The d;stancc was mea-
weki (see P“;_g 2). After the heat source was tumed on,
the melting point (1400°C) was reached in-~0.05 s. This
may cause thermal strain rates of the order of 1/s. The
vaporization temperature (~3000°C) was reached in
~0.2 5. At 0.25 s, the heat source was turned off, which
caused cooling of the workpiece. The effect of latent heat
is clearly shown as a platean between 0.5 and 1.3 s.

The liquidus front propagated slightly more than
1.5 mm apart from the weld centerline: Temperatures at
points located more than 3 mm from the weld centerdine
remained. below 800°C. The time between the initiation
of welding and final solidification was estimated to beé
~1.5 s. The lorigest exposure to the temperatures exceed-
ing the austenitization temperature was ~3 s, The time
of cooling from 800 to 500°C (Asgs) was 8.5 s.

The extent of the HAZ is shown in Fig. 3. Note here
that about cne-half of the load-carrying ligament be-
tween the welds was subjected to sgvere microméchan-
ical chenges. This may have affected its load-carrying
capabilities. The spatial distribution of temperatures at
0.267 s (0.017 s after the heat source was tuined off) is
shown in Fig. 6. The paraile] and rather dense isotherms
show rather localized heat conduction and virtually neg-
ligible radiation fluxes at this early stage of the thermal
transient.

IN.B. Strassas Ouring Weiding

‘The stresses that developed during welding were of
course a strong function of tme. It is beyond the scope
of this paper to give a full development. A typical pattern
of equivalent von Mises stresses is, however, given in
Fig. 7. The majority of the strésses that developed during
welding ‘were concentrated in a very natrow zone close
to the weld centetline: The highest stresses excesded the
yield strength during the entire thermal wansient.

L.C. Residual Stresses

The residual strosses presented here were ‘obtained
as siteady-state stresses following a compiete time-
dependent simulation of the welding stresses. Only the
trangverse {in thé direction of the x axis) residual stresses
are addressed in this-paper (Fig. 8) because those streésses
tend to accelerate the cracks that are parallel to the weld

8
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Fig. 6. Spatial distribution of temperatures (heat source turned
off ); time = 0.267 s.

and are therefore the niost significant comporient of re-
sidual stresses.

The range of transverse residual strésses was rather
large: from —500 to 860 MP4, which exceeds the yield
strength of the material 4t Toom temperanire (614 MP4).
This shionld be at least partiatly attributed to the rather
crude simulation of the volurme expansion during austen-
ite to martensite transformation. The tensile residual
strosses tended to concentrate at bosh surfaces.of the first /
wall and at the leakrde;ecﬁon.slgiuch distribution and
magnitude of stresses combined with a rough surface in-
side the leak-detection siot may enhance the initiation

FUSION TECHNOLOGY

VOL. 31 AUG. 1997




FT 8-2148 7/9 04/21/97 13:41pm

Stress (Pa]
£ .bES
B .5ES
C .4EQ
x B .2E9
A . 1ES
MODEL: FW@MM
L1: ELEMENT-POINT-RESULT
VT STEP: 15 LOAD: .25
NODAL INV-STRE MISES
¢ MAX = , 7E3 MIN = .558Eb
LL , /
r\\ B\ \

Fig. 7. Equivalent von Mises stressas during heatup (0.25 s,
plasma side weld up, liquid-metal side weld down).

and propagation of fatigae or stress corrosion cracks. Such
problems, especially air-assisted SCC, which is typical
for martensitic steels, may be significantly reduced by
relieving the stress immediately after the welding.

11.D. Pastweiding Huat Trestment

Relaxation of the residual stresses during the post-
welding heat treatment was modeled through creep.
Simple Norton creep was utilized, as supported by the
available material database. The thermal cycle simulated
is described in Sec. II.B. The relaxation of equivalent (von
Mises) residual stress with incréasing temperature is
AUG. 1957
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shown in Fig. 9 together with the yield strength of the
base material before welding. Note here thar the major-
ity of residual stresses vanished during the heatup phase.
The final value of the equivalent (von Mises) residual
stress was estimated to be of the order of 1 MPa, which
is considered negligible.

IV. CONCLUSIONS

The primary task of the research presented in this
paper was to analyze the residual stresses in an EB-
welded double weld of a dual-coolant, liquid-metal

Foy
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Fig. 8. Transverse (o) residual stresses (piasma side weld up,
liquid-metal side weld down).
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Fig. 9. Relaxation of residual stresses during postwelding heat treatment.

breeder-blanket segment. A nonlinear finite element
soliation of the uncoupled thermal and displacement
fields was utilized. Our results mainly concerned time-
dependent temperature and stress fields, but, we also ob-
tained distributions of residual stresses, The magnitude
(up to 860 MPa) and distribution of tensile residual
stresses may stimulate the initiation and growth of sur-
face cracks paralle] 1o the weld, at both the surfaces and
inside the leak-detection siot. A special concern may be
air-assisted SCC, which is typical for martensitic steels.
We: aisc analyzed postwelding heat treatment. The re-
sults indicare that residual stresses vanish doring the
heatup phase Thus, residual stresses may be neglected if
appropriate postwelding heat treatment is performed.

Qur resalts provide useful information abeout the
welding process as weil as important hints about the fab-
rication feasibility of geometrical configurations as pro-
posed by different design concepts. The constitutive
model, which is limited by a lack of data on high-
temperature behavior, is considered to be the weakest
point of the present analysis, This may significantly in-
fluence the accuracy of our results. However, we con-
sider the model and its resalts to be at least qualitatively
correct. Experimental support in the furure is necessary
in order to obtain more accurate resuits. Improved anal-
yses of welding stresses are expected to make a consid-
erable contribution to funre studies that address the safety
and reliability of blanket structures.
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