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1. UltRODUCnoll 

dve p e s s  for joinins the different parts of the blankor 
and fkst wall in a DEMO fusion sactor, irrespective of 
h choice of the Anal @ga and t4e breeding 

coolad first wall madt of MAEfEF marlcasitic st- 
steel. The USG of sidw welds is also under consider- 
&a in ofher hlaaket macepts. 

Aa inrportaer stop in fabricating blanket segments is 



ET8-2148 2/9 04/21/97 13:41 pm 

Cizclj and Ricsch-Oppe-n STRESSES DURING ELECTRON BEAM WELDING 

Fig. 1. Details of a double weld. 
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1. on lyvny l imi t ed~n ta lda t awres idua l  
suesses caused by EB welding am available." 

2. There is a kwwm tendency toward diffmnt forms 
of hot nacking" of EB-wdded steels of all grades. which 
is accelerated by high-tensilestrains dwingsolidification. 

3. Welded martcttsitic stainless stwls ate known to 
be prone to stress wmsion aracking (SCC) in air at room 
temperatures if subjected to teasile stnsses (e.g.. weld- 
ing residual suesss). 

The dual-coolant-blenket concoptZ is addrwed by 
the present investigation, which is described in some dc- 
rail in Ref. 5. Experience with this rdenace casa facil- 
itates geneializarion and addressing specific features of 
other design concepts. 

1.6. A Sumv of Compumtinarl w.M Medmaiu 
considerabie effm has already b n  devowl to the 

nwnerical simulation of ddins. ThC main results sought 
by such simnlatio~~~ concern time-depndent temper- 
a m  and displwenmt ficlds in wekded speeimeas. Re- 
views of work already done are &ven in Refs. 6, 7, 
and 8. 

Gold& et d.7 suggested that the continuum mcchan- 
ics can and should be dirrctly applied to the d y s i s  of 
welds. Further. the finite e l e m  method 
to be the most flexible and powerful tool. 
already been applied to various problems, including m- 

- 

2 

ventional arc dding! flame cutting- of p W 9  and heat 
Watmat of surfaces by means of laser beams.'' Gold& 
et d.' dso identified some aqects that ate typicd for the 
weld mhaaics. These include 

1. richness of interaction between various phmom- 
ena (thermal, mechanical, and minosrmcmral) 

2. large range of analyzed tempera- (from room 
temperature to temparatuzes well above the melt- 
ing point) 

3. large range of length scales ( d e d  of the order 
of 1 mm or less in the workpicees of the order of 
1 m or more should be analyzed). 

Appropriate resaarch of the fongoing specific point6 is 
essential to obtain reasonably accurate and computation- 
ally f w i l e  solutions. Further, appropriate 
tal support and verification of the simal 
recommended. 

I.C. Specifier of EB Wdiog 

Electron-bcarn welding utilizts about three orders cf 
msgnitude higher power densities (lolo to loJ3 W / d )  
than conventional-arc-welding procedums (W to ion 
W/m') (Ref. 11). Incmssiag the power density decrww 
rhc time f o r k  heat obtained h m  the welding tool to be 
conductad into the workpiece. "he consequence of con- 
cern to our analysis is a significantly faster and rather 

PUSION TECHWUXY VM. 31 AUG. 1997 



FTS-2148 319 04/21/97 13:41 pm Page: 3 

STRESSES DURING ELECTRON BeAM WELDlffG Ciielj and Riesch-Oppnmm 

localized thmnal msient .  Additionally. the vaporiza- 
tion of the welded metal significantly inrrurrks the range 

peculiar to weld mechanics (Sec. 1 3 )  are even more pro- 
nouneed in tbe case of EB welding. Thedore, in thc ab- 
sence of evidence to the conanuy, the finiee element 
methods used in the analysis of ace welding an consid- 
end adequate to beusedas afirst appximruion of EB 
welding. This is in agmement with published practice.” 

of temperaNm to be analyzed. In summary, all aspecfs 

Generalized plane strain conditions w m  assumed in 
the stress analysis. This allowed for limited thermal ex- 
pansion in the direction of the L axis. A linear variation 
over elements was assumed for empemures and was qua- 
dratic for displacements. S u e s  MdySiS was carried out 
using hybrid elements with reduced integration. The thick- 
ness of the layer char we analyzed (z axis) was set to 
I mm. An approximation ofthe heat-a&cted zone (HAZ) 
was included in the model to enable us to simulate local 
phase transformations (see Sec. EB). We manually gen- 
mated the approximation using results of heat uansfer 
andysk All-;rodss when the krnpmame exceeded the 
austGniaizntion tempertuure of 870°C were assumed to be 
membem of HAZ [see Fig. 3). 

II. MODEL OF THE 04lUBLE WELD 

Thc fullowinn analysis emdovs a nonlinear =an- 
sienr solution of k~oou&.d the% and displacemenr 
fields. The ABAQUS finite element-based code” was 
used m rhe analyJis. Only the temperawes and displace- 
m ~ n n  in the sectiona away from the m d e a d  of the 
weld were invwtigawi. This wa8 assamod in orda to 4- 
low for the computstioeslly mom simple twodimensiond 
modclS. 

ILA. Pinif. Element Moth 

A two-dimensional me& was developed. 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 asmp 
tion was mack of solidification tines paraual to mC y axis 

the 
out-of-plane z axis. Thedetails of the ven 
in Ref. 5. weld 

Lardzag 

The only loading cansided in the audysis was the 
hat f l ~ x  trammittod from the = to tip workpiece. The 
B ww modefed b&y @ souice of appropfi~e 
unifow density. heat sowe affected a 0.8.m- 
wide layer of elements abng the wddcentefie (shaded 
in Fig. Z) to simulate the osdhtmy motion (in tip di- 
rection of x in Fig. 2) of fhe EB during welding. The heat 
some was suddenly turacd on at the begbhg of ths 
maiysis and com nnned off after 0.25 s. This time 
comsgonds to needed by an= with a velocity 
of 4 m / s  to I-mm*chick layer that we ana- 
I@. This is based on the a8aumptiOn mat the diffusion 
of bat in the direction of wel&ng i s  negligible corn- 
paced with diffusion in the direction perpendicular to the 

U 

FUSION 

I 

Fig. 2. Layout of the finite elertltnc mesb. 
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The heat matmeat after the welding was modeled in 
the following w a y . A p d b e d  uniform tempramre field 
was steadily i from 20 to 760'C with an in- 
crease fate of 4*C/mia. After a holding time of 2 b (at 
76LPC). un i fm cooling at the raw of4'C/min took p l a c ~  
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. 
Fig. 3. S i  and position of HAZ. 

The heat losses of the worlrpiece in the vacuum cham- 
kweremodekditnoughmermalradiationwith~nemis- 
sivity of 0.5 on both fne surfaces. Cavity radiation in 
the omling channels was conaidsied to be negligible. 
which is reasonable at the begimiq of the transient but 
may result in slightly ovdmaced temperawes in the 
later stages of the transiem. The temparaatra 5e& ob- 
t W b y  thermal analysis werewed to gmeratc t h e d  
strains in the stress analysis. A cutoff tempsrarare of 
loooOC was introduced to &tab f4ennaI StFains at a 
constant level at h i g h  ttmprrarures (Fig. 4). Tfiis im- 
proved the numer id  stability at higher tMlpcrannur 
where the tedsile stiffness of the al was essGntiauy 
vanishing. According to NflsStctSm et d.)' the error in 
residual messes cawed by this simplification is of the 
order of 5%. 

U.C. MMlirl Model 

During the welding phase, a time-indcpcndenr plas- 
ticity model with von Mises yield function, the asmi- 
aced flow rule. and isompic hardening were assumed. 
All material paramet- were assumed to be temperatltre 
dqmtbnt. The database OR the maccdal properties of 
the MANET marrtasitic stainlaps sml was sufficient to 
describe the behavior of the materia up to -700°C 
(Ref. 17). At tenqexanws close to the melting point. the 
pawmen that desa i i  strength (e& yield strength, and 
Young's aad hardening moduli) wen  assumed to vanish 
while Poiisson's ratio was set at 05. A relatively SIIIOotb 
transition was provided in the temperature raage be- 
tween 7 W C  and the melting point (consistent withdata 
pubfished by Kadsson6). 

The constitutive laws valid for solid state were as- 
sumed to he valid in the entire range of temperatunts an- 
alyzed. This was jwtiticd to some extent by the extremely 
small masses of molten and vaponzed metal compared 
with thc workpiece anplyzed. Alsr, note hen that the con- 
stitutive models that we used w many 
affects, which may he important (e.g.. 
main rate, dynamic rcerystallizarion, different bshavior 
in tension, and compression). The main teason leading 

om is the lack of spipic data that de- 
e of marerid at high temperawes. Thus, 

the constimtive model is considered to b dle weakest 
point of the present analysis and may significantly in- 
Bucncatheaceumcyofwrmdts.%mvm, themmieland 
its msul!s are cMtsidcred to be at Ieast qualitatively cor- 
~ . ~ ~ e d e x ~ ~ ~ s u p p o r t o f t h t h i g h - t e r o p r r a t l l r e  
bGhavior of the material is mc ia l  inorder to obtain more 
aCCUrattrtsuitS. 

Gce-p was assumed to be the msim midud stress re- 
€axation mechanisrn during tkc postwelding heat mat- 
m a t .  A simple N o m  cncp was modeled, as supported 
by avaikbie 

4 
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111. ICEWUS 

Some seiected results on temperatures, SPTWSCG. and 
midual stresses are given here. A more compdmsive 
discussion is given in Ref. 5. 

IIIA. Temponttlru 

A time history of the t e m p e r a m  in rhe viciaity of 
the weld i s  shown in Fig. 5 as a function of the distauce 
from of tfrc weld. The distancc was mea- 
s u d  face on the liquid-metal side of the 
weld (see Fig. 2). After the hear source was turned on, 
th+ melting point ( 1400°C) was reached in -0.05 s. Tbis 
may cause thermal &a ra&s of the order of Us. Tht 
vaporizgtion temperature (-3000°C) was reached in 

heat source was fumed OE which 
wo&phe. The effect of latent heat 
p b a u  bcovetn 0.5 and 1.3 6. 

The liquidus front propagated sli@tly more than 
15 mm apart from ttte weId centerline. Texqemm at 
points l m e d  more than 3 mm from &e weld cea 
remained below 800%. The time bctwssn the ini 
of welding and 6nal solidification was estimated to - 1 .S s. The longat exposura to the temperamns exceed- 
ing the austenitization ternparatwe was -3 s. The time 
of cooling from 800 to 5WC (Airsm) was 8.5 s. 

Tho extent of the 

cwwn the welds was 
ical changes. This  mey have dfected its load-carrying 
capabilities. The spacial distribudon of tempemmes at 
0.267 s (0.017 s after the heat some was turned off) is 
shown in Fig. 6. The pmdlel and rather dense isotbenns 
show rather localized hear conduction and virmplly ncg- 
ligible radiation fluxes at this early stage of the tbermd 

- 

that about OtIB-hdf 

- aansienl 

111.B. Jtnner During WeMnq 

The swses that during w e b g  w m  of 
course a s m g  function . It is beyond the seep 
of this papcr to give a full dtvsfopmeat. A typical panGm 
of equivalent von Wses srrmes is, however, given in 
Fig. 7. The majority of the swesses that developed dming 
welding were coacentF8*cd in a very nmow a m  close 
to the weld cenferiine. The highest stcesscs exceeded the 
yield strength during the entire thclmal wnsient. 

1II.C. Rs.idorl stremr 

The resW stress= y t e d  here were OM& 
as steady-s ses following a complete time- 
dependent 8 on of the welding messes. W y  the 
transvbrsc (in the direction of the% axis) midud s 
amaddre-sgcbin tbispqer(Fig. 8) btoausethose 
tend to accelerate the mcks that an parallel to the weld 
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and are therefore the most significant component of re- 
sidualsaessos. 

The range of tfilllsvgse midud suesses was rather 
large: from -500 to 8M) hap, which e d  the yietd 
suength of the maraid at mom mipatwe (614 Ma). 
This should be at least partially amibutcd to the mer 
crude simularion of the vdume expansion during amten- 
ite to martmsite tcansfomtion. The tensile rwidual 
s(mss*1 tended to concentme at surfaces of the first 
W d  and at the kak-detectioII d$UCh distrib&On and 
magnitude of sh'cs~cs combined d aropgfi d a c e  in- 
side the Ieak-dmction slot may dance the inidation 

6 
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Fig. 7. 4uhalm wn h(ises sttesma during heamp (0.25 8. 
plasma side weld up liquid-acdsl sick weld down). 

a o d p r o p a g ~ ~ o f f ~ ~ e o r ~ e o r r o s i o n c r a c k s . S p c h  
problems, especially air-&trd SCC, whioh is typical 
for mensiric stesk, my be sisoificooty &ed by 
relieving the SUWB immediately sftu the welding. 

111.0. Fmtwtdiw H a t  TmosMpt 

Relaxation of the rusiduaI s m w  during the past- 
welding hear uentmeni waa modeled through creep. 

available marcrial datobars. 
is 6escrihed in Sec. IX.3. Ths rdaration of +dent (von 
Mises) residual stress with increasing temperature is 

s h p b  NOITOQ Emep 

showa in Fig. 9 together with the yield strengCh of the 
base material before welding. Nore here thar the major- 
ity of residual stresses vanished dazing the heatup phase. 
The final vdue of the equivdent (vm Mises) residual 
stress was estimated to be of the order of 1 MPa, which 
is consided negligible. 

The primary rask of the mearch presented in this 
paper was to analyze the residual stresses in an E3- 
welded double weld of a dual-coolant. liquid-metal 

I .  
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breedar-blanket segment. A nonlinear finite element 
solution of the uncouped thermal and displacemenr 
fields wa3 urtlized. Onr results mainly conoerned t he -  
depriun$ent temperam and sucss fields, but, we also ob- 
rained disrributions of residual stresses. The magnitude 
(up so 860 m a )  and distri$utioa of tensile residual 
strwses may &mulate the initiazion md p w r h  of sur- 
face cnscks pmdk.1 to rhe weld, at barb the surfaces and 
inside the leak-detection slot. A special con~eta may be 
air-assisted SCC, which is @cal for mmasiric neels. 
We also analyzed posrwelding heat trc11III(EN. The re- 
sults indicate thar residual supsses vanish during the 
heatup phase. Thus, nsidual messes may be neglected if 
BppGoprate postwelding heat treatment is perfowed 

Our results provide ugeful information about the 
welding process as well as important bints &ut the fab- 
rication feasibility of geometrical configurations as pm- 
posed by different design co . The constitutive 
model, which is limited by 

t 
point of the present analysis. This may significantly in- 
fluence the accuracy of ow results. Emever, we coo- 
sider tbt model and its results to be at h t  qualitativdy 
c0nuc.t. Expcrimsntal support in the future is necessary 
in order to obtain mom accurate results. Improved anal- 
yses of welding sussst8 are expetxed to m& a consid- 
erablecoowibudonmfutuns&es~addrcssrbesafcty 
and reliability of blanker s m n u e s .  

- 

temperacure behavior, is considered to bc rb 
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