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Soft layers are of great interest for the joining of dissimilar materials like beryllium, tungsten or carbone base 
refractory tiles for plasma interface and cooled structures made of copper or molybdenum. Sojl layers reduce 
eke residmsl and iit^serviee stress'strain level without reducing the thermal capability. Thin soft layers 
interfaces are produced during the brazing or HIP bonding cycles. However, the numerical modelling of the 
mechanical effect of such sojl layers remains largely inaccurate. 
The camber of fCFC tiles (AQ5, Nil, NU2)/Ag-Cu-Ti fdler metal/OFHC or T7M substrate] assemblies is 
recorded during the whole brazing thermal cycle and subsequent thermal fatigue cycles using a special 
vertical dilatometer. An inverse method based on Finite Element modelling of the samples is used to determine 
the joint constitutive law. Then, by comparing experiments and FEM calculations, the effects of distributed 
damage of the CFC and of the strain hardening and thermal softening ofOFHC on the in-service stress/strain 
state of the component are observed. 

camber vs. temperature records of simple 
assemblies. This method is applied to the study of 
CFC components. 

1. INTRODUCTION 

Due to CTE mismatch between refractory materials 
(Be, W, CFC) and structural alloys (Cu alloys, 
TZM, SS), residual stresses are generated during 
joining and in-service thermal cycling of first wall 
and divertor components [1]. Prediction of these 
stress fields is necessary to avoid immediate 
cracking and to expand in-service life of such 
bonded parts. 
Numerical models currently used for the calculation 
of such stresses are commonly inaccurate by a factor 
of two (or more) due to several unresolved 
problems, mainly the knowledge of material 
constitutive laws from room to joining temperature 
and especially for the joint e.g. interlayers and filler 
metal. 
After bonding, the joint is the result of complex 
physico-chemical reactions which occurred between 
the filler metal, the refractory and the metallic 
substrate in liquid and solid state. Its thickness (10-
100 urn) does not enable any accurate direct 
measurement of its mechanical properties. 
To overcome this problem, experimental and 
numerical methods have been developed. An 
inverse numerical method has been applied to 

2. EXPERIMENTAL 

2.1.Materials and preparation 
Three materials have been considered in the studied 
assemblies: 

-the substrate: 
OFHC : polycristalline pure copper, or 
TZM: Mo-0.5%Ti-0. l%Zr from PLANSEE; 

-the filler metal: 
TiCuSil: Ag-26.7%Cu-4.5%Ti from WESGO, or 
CuSilABA : Ag-35.25%Cu-1.75%Ti (WESGO); 

-the tile is a carbon fiber-carbon composite with 
ex-PAN fibers. The densification is done by 
CVD of pyrocarbone by a pitch impregnation. 
A05: 2D (felt-type materials with the fibers 

randomly distributed in the plane) from 
CARBONE LORRAINE. 

Nil: 3D needled in theZ direction, from S.E.P. 
Nil2: same as Nl 1 but with more CVD steps. 

For brazing operations, the main fiber planes of 
both composites are oriented perpendicular to the 
plane of the joint. Before the brazing operation, 
substrates as copper or TZM and filler metal were 
cleaned. A dust removal treatment was applied to 
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CFC materials. The thickness of the filler metal 
foil was 100 jim forTiCuSil and CuSH ABA. 

2.2.In-situ recording of camber 
A vertical dflatometer is used For ïn-sïtu 
measurement of the camber of flat bi-material 
specimens during the whole brazing [hernial cycle 
(Fig. 1 & 2). 

Figure 1: View of the specimen and of the alumina 
probes out of the dilatometer furnace. 
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Figure 2 : Principle of in-situ measurement of the 
camber of bi-material specimen in ths dilatometer. 

A computer controlled differential dilatometer with 
a graphite furnace has been modified to work on 
large specimens under vacuum (10"^ mbar). The 
displacement accuracy is better than 0.2 pjn. 

Numerical records of temperature and displacement 
vs. time are obtained (Fig. 3). During heating up to 
the melting of the braze, the dilatometric signal 
corresponds to the thermal expansion of the 
materials and to the flattening of the filler metal 
foil The beginning of the melting of filler metal is 
observed at 78Q°C, which corresponds to the Ag-Cu 
eutectic temperature. During melting, the braze 
thickness decreases from lOOum to SOjim. This 
thinning is enhanced by filler capillarity and fillet 
formation due to the reactivity of titanium. 
During the cooling down, two phenomenons are 
superimposed: 

-inverse thermal expansion of the substrates, 
-camber formation due to the CTE mismatch. 
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Figure 3: Dilatometric record of an brazed joint 
C/C NI12/CuSiI ABA/OFHC Cu. 

A change in the slope of dilatometric records is 
observed near 450°C. Before 450°C, camber 
formation is lower than inverse thermal expansion, 
and below 450°C the magnitude of both effects are 
inverted. Moreover, subsequent heating is showing 
that this effect is partially reversible. 

^IDENTIFICATION OF JOINT 
CONSTITUTIVE LAW BY INVERSE 
METHOD 

3.1.Thermomechanical modelling 
Stresses generated during the brazing process are 
estimated from 2D plane strain thermo-elasto-
viscoplastic analysis by the finite elements method 
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(FEM) software ZcBuLoN 121. with 8-nodal points 
axisymrnetric elements. The deformed structure 
after cooling down from 780°C to RT is shown in 
Fig. 4. 
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Figure 4: FEM mesh of the dilatometric specimen. 

3.2.Principlc of the inverse method 
After the building of a numerical model of the 
physical problem, as was described in 3.1, the 
identification of the coefficients (discretized flow 
stress of the joint vs. temperature) is made by 
solving an "inverse problem", which consists in 
finding the parameter set realising the best fit 
between experimental data and the model response 
[3]. This is performed with a code acting together 
with ZéBuLoN, called SiDoLc. SiDoto and 
ZéBuLoN are linked by an interface, which has 
three tasks: 1-Read the new coefficients proposed by 
the optimisation code; 2-Update the data file for the 
external code and make the run; 3-Read the results 
of the simulation code and compute the new values 
of the "observable" variables used by the following 
of the optimisation procedure. 

3.3.Identified joint constitutive law 
In another work [4], we carried out the 
identification of joint constitutive law bv inverse 
method on TZM/InCuSil ABA/AISI 316L 
specimens. Fig. 5 shows the joint yield stress vs. 
temperature compared with the one given by LEVY 
[5] for the initial foil. 
This result indicates that the joint material is softer 
than the initial filler metal. This effect is due to the 
coarsely solidified microstructure of the joint and to 

the reaction of the components (especially titanium) 
with the bulk materials. This large difference in 
flow stresses is responsible for large errors on final 
stress/strain fields when the LEVY law is used. 
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Figure 5: Flow Stress vs. temperature of an InCuSil 
ABA soft joint determined by inverse method 
compared with the one given by LEVY [5] for the 
initial foil. 

4. MECHANICS OF CFC BRAZED JOINTS 

Fig. 6 and 7 are showing comparative results with 
the considered CFC and substrate materials. These 
results are correctly described by adequate FEM 
modelling. 
In Fig. 6, the differences in CTE and elastic 
properties between the three CFC materials induce 
significant variations in final camber (and 
consequently stress level) in the following order 
N11>A05>N112. Comparison between Fig. 6 (a) 
and (b) shows the effect of the substrate material 
(high CTE. low YS for OFHC, and low CTE and 
high YS for TZM). 
In Fig. 7, the thermal cycling of the specimens is 
exhibiting large differences in behaviour between 
the two substrates. The viscoplastic behaviour of 
OFHC (creep) even at low temperature induces a 
rapid loss of camber when the specimen is reheated, 
while strain hardening occures during cooling 
down. On the contrary, the high yield stress and the 
high stiffness of TZM induce high stresses which 
promote distributed damage in the CFC material, 
reducing the stress level. 
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Figure 6: Dilatometric records of the cooling down 
from the solidification (point S) to RT during 
brazing with CuSil ABA of the three CFC materials 
onto (a) OFHC and (b) TZM substrates. 
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