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@!b Aim of this study

The aim of the experimental program on the diffusion bonding process is to study the influence of

the applied pressure on:
* The quality of the final bonded joint
* The residual deformations at the end of the heating process

In parallel it is important to develop a theoretical model to predict the thermo-mechanical

deformations.




@B Diffusion Bonding \

~

T Diffusion bonding is a process that produces a solid-state coalescence when temperature is below
the melting point (T,)) of the materials to be joined by applying a pressure. Such pressure could
potentially cause macroscopic deformation of the parts to be joined.

o
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) Assembled disk stacks inside the oven ready

d for the bonding procedure
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0.06 MPa

0.04 MPa

No

pressure

Applied pressure - Conﬁguration

SIMPLE DISKS: & = 48 mm

No drawing: CLIATLAS0186

Pads material: graphite;

Pads diameter: (J48 mm and (J52 mm,

Quantity for each pressure: 8 copper disks:

4 stacks

Graphite pads 48 mm

Graphite pads 52 mm

RF DISKS: & = 80 mm

No drawing: CLIAAS120108

Pads material: graphite;

Pads diameter: (J85 mm,

Quantity for each pressure: 4 copper disks :

2 stacks

Graphite pads 85 mm

Gmphire 2191
Tm = 3650 °C

CTE=0.42x10"%/°C



https://edms.cern.ch/file/1232242/0/cliatlas0186-v0.pdf
https://edms.cern.ch/cdd/plsql/c4w.retrieval_dispatch

Grain size

Workflow

Etching

CMM (accuracy 0.3 pm;
repeatability 0.1 fm)
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Degreasing Cutting
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Etching control bonding . control Ultrasound
R W —— Degreasing — 1
(SLAC) (D, flatness, (pressure, H,, (D, flatness, test
thickness) 1040 °C) thickness)
Cutting
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Crossing
Grains
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Disks transferred to the

furnace for the bonding

cycle.

Ultrasound testing
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0.28 MPa

dn Simple disks
=
A
=
N Pressure Weight
[MPa] [kg]
0.28 51.6
0.1 18.4
0.06 11.1
0.04 7.4
RF disks
Pressure Weight
[MPa] [kg]
o, 0.28 114.2
£
& 0.1 40.8
=
O 0.06 245
(|
O 0.04 16.3

s

0.1 MPa
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Pictures of the assemblies

0.06 MPa
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Heating Cycle

0.95 -Tm

i E Bonding: i

i b T=1298 K i

| ' | t= 5400 sec |

i Heating i i

| up to E |

! 1298 K i !

: : | Slow cooling

! i Tkskitod bF starts at 750 °C up
Vac<:5um il i H 20 : N2 and fast Te Teor
10~ mbar ' 2 ati20-H | |

i BLULLL : cooling kod temperature

: E i \——\____~

E K = ;

5000 10000 15000 20000 25000 30000 35000 40000

Time (sec)
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@b Theoretical background: Diffusion Creep m

g
—  Creepisatime dependent deformation of a material while it is subjected to a constant load and at
MUNIE high temperature (T>0.4Tm). Depending on the range of temperature and stress different
creep mechanism is activated:
TEMPERATURE () At high temperature and low stresses, deformation
o 2290 o 200 ©wo 800 800 1000
- R = - | PURE cOPPER of fine-grained materials proceeds by:
— . . {N.
' il v " accommodating grain-boundary sliding
37 * o || .
F z " transport of matter, diffusion creep.
¥ T a. Transport of matter occurs by lattice
. 4 | J o
% ¥ diffusion: Nabarro- Herring creep
2 ‘ ot &
2 st s __oursysnciuu’_noiv\_ -
| :\fﬂ\o-ol Y\ b. Transport of matter occurs by grain-boundary
{BOUNDARY AV IR N e T I .
ol o]z e { :i. o diffusion: Coble creep
HOMOLOGOUS TEMPERATURE, ¥,
o
£
=4
2
9
]
(B}
* Deformation-Mechanism Maps,The Plasticity and Creep of Metals and Ceramics, by Harold | Frost, Dartmouth College,

QSA, and Michael F Ashby, Cambridge University, UK. H




@b Theoretical background: Diffusion Creep ™

n Grain boundary diffusion (Coble creep) Lattice diffusion ( Nabarro—Herring creep)
8
~
Coble creep (T <0.7°T))) Nabarro-Herring creep (T > 0.7°T )
Vacancies flow along the grain 1 vaconcy Vacancies flow through the
boundaries i ’ J;');' "1\"‘\\‘{ 7 grains
N = o
S S Dhes 1!‘ - . ]
6D,, 00 | D,Qo
ALY e i Lo | Enn = A
Co Co d3kT """" * """" NH NH dsz
Ag, 150/1 - Coble's constant ANl [12-40] - Nabarro-Herring's constant
Qb 3 Coefficient for grain Coefficient for lattice
_=b R 2
8ng Db ' e( R'T) e boundary diffusion D, D, e( R'T) m*/s diffusion
D, 5e-15 m3/s Pre-exponential D, 20e-6 m?/s Pre-exponential
Q, 104€3 J/mol Activation energy Q 1973 J/mol Activation energy
R 8.314 J/(K-mol) Gas constant R 8.314 J/(K-mol) Gas constant
=3 Q 1.182e-29 m? Atomic volume Q 1.182e-29 m’ Atomic volume
-~
% d m Grain size d m Grain size
Qo
% k 1.3806505e-23 J/K Boltzmann's constant k 1.3806505e-23 J/K Boltzmann's constant
d T K Absolute temperature T K Absolute temperature

*Values taken from the Deformation-Mechanism Maps,The Plasticity and Creep of Metals and Ceramics, by Harold |
kFrost, Dartmouth College, USA, and Michael F Ashby, Cambridge University, UK.
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@b Comparison Between

Analytical solution 30 :

Considering the uniaxial compression at the Generalised 20

Hooke’s law. ..

H
‘1’ 9y _ oy §_
. o ||||11 7 S o
il ) L S
SX Tmir V.gy FU _10
1\ o
y
Deformation of external diameter 20 |

AB = 81w GOOT [T Edol (1] love i A | ewted |1 1 8NEY | ([T

Dgformation gf thickness 30
A | = (Tor T ed ol 1 A Yames | el T A e 1l
10

Where:

*  Tax= bonding temperature 7=

. Ty, = melting temperature of copper (1356 K) g_

* A0 and Ah is the variation of the diameter and of the thickness =
respectively é ™

*  Vis the Poisson ratio
*  &¢oand gy are the strain rate predicted by Coble and Nabarro-
Herring respectively.

. At is the time step used for the discretization of the curve. -30

Simple disks

experimental and theoretical results

EDMS#1279671

\

10 [

¢ do theor. (1Um)
B do exp. (Lm)

0.28 Mpa

0.1 Mpa 0.06 Mpa  0.04 Mpa

2 3 4

4 dh theor. (Um)
M dh exp. (um)

0.28 Mpa

0.1 Mpa 0.06 Mpa 0.04 Mpa

2 3 4
Pressure (MPa)



https://edms.cern.ch/document/1279671/10
https://edms.cern.ch/document/1279671/10
https://edms.cern.ch/document/1279671/10
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@

Finite Element Analysis

Using both formulas from Coble and
Nabarro—Herring the creep constant for the full
Heating cycle is calculated:

A-D-(Q)
Cereep = dn -k -T

* where n= 2 or 3

Ccreep

Ccreep -T(K)

7.00E-07

6.00E-07 [
5.00E-07 [
4.00E-07 [
3.00E-07 [
2.00E-07 [

1.00E-07 [

0.00E+00 | . .
0 500 1000 1500

T(K)

dh (pm)

60 |

60 |
40 |

20 |

20 [

40 |

Comparison Between experimental and theoretical results

RF disks

EDMS#1391276
EDMS#1409813

T,

¢ do theor. (J1im)
B do exp. (Um)

[ |
*
* N W
]
L m
0.28 Mpa 0.1 Mpa 0.06 Mpa 0.04 Mpa

1

2 3 4

¢ dh theor. (1m)
B dh exp. (Lm)

$

0.28 Mpa

0.1 Mpa 0.06 Mpa 0.04 Mpa

1

2 3 4
Pressure (MPa)



https://edms.cern.ch/document/1279671/10
https://edms.cern.ch/document/1391276/1
https://edms.cern.ch/document/1391276/1
https://edms.cern.ch/document/1409813/1

7 Finite Element Model i

Aim: the aim of the development of the FEA model is to compare the outcome of the simulations
with the experiments.

27-Jan-15

* Nonlinear material model
* Material properties as function of the temperature (20 - 1040 °C): Density,

Isotropic Elasticity (Young’s Modulus), Isotropic Thermal Conductivity, Specific Heat,
Thermal expansion

10221

* Symmetry: Symmetric to both lateral faces o
* Contacts: Frictional contacts in the interface of the disks .
. Boundary conditions: Simply supported on the lower fac =

20, T T T T T T T T T T T T T T T T

° LoadS: Pressure Value On the upper face 600, 4200, 7800. 11400 15600 159800 24000 25200 32400 38600 43800

* Thermal condition: thermal cycle

o

=

o

©] z .

g

L’_‘) &) &0 ey

] — 1 _—

O nm

A: applied pressure, B: zero Element size 0.8 mm Displacement result of the x axis
K displacement on the 7 axis. Nodes: 249.247, Elements :64979
13




27-Jan-15

CLIC Workshop

s

Ultra-sound results
EDMS #1459904

EDMS #1414269

Simpliskisks

| STACK#26 STACK=27 STACK=#28

No pressure

Only small imperfections were observed.

The pressure doesn’t seem to affect the final result of the bonded joint. = The only variable that

may affect is the flatness in the interface =2 A targeted test was performed afterwards.

T



https://edms.cern.ch/document/1459904/1&p_message=
https://edms.cern.ch/document/1414269/1

/ Additional test i

Flatness dif. (um) in the

Flatness dif. (um) in the
interface

interface

27-Jan-15

4 cases without

=
N

pressure

CLIC Workshop

Cutting is needed to:

* Quantify the indicated imperfections

. Verify the crossing grains in the interface.

s




m Conclusions ™

Deformations Bonded joint

27-Jan-15

* The model developed in ANSYS is able to

predict the permanent deformations

* The bonded joint doesn’t seem to depend on
the pressure or the flatness in the interface, at
the tested temperature. Further verification

* The behavior of the deformations verifies is needed by cutting and observe the crossing

the two creep laws of Nabarro—Herring and

Coble.

grains.

* The higher the pressure the bigger the
absolute deformations on the external

diameter and the thickness.

* A shrinkage is observed in most of the cases
which can be explained at some point by the
sublimation due to the high temperature.
Where another explanation could be the

rearrangement of the microstructure.

CLIC Workshop
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Thank you for your attention!

Many thanks for their valuable contribution to: S. Lebet, A. Perez
Fontenla, D. Glaude.
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MK Simple disk drawing I
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7 RF disk drawing I
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0 pressure applied
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plied pressure: 0.06 Mpa
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Applied pressure: 0.06 Mpa
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@Material properties as function of temperature: OFE copper I
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@b Calculations m

: : Sy — Gy/E
||/ 8= g,
T o
. 6ng.QO'L
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Where g, €y /At D, 0, bl co(T)

Sy = A gz
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@p Tooling for alignment
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Before Bonding

Dimensional Control

After Bonding
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@P Copper properties

Coefficient e 1.7*%10 1 /°C

thermal expansion

Thermal 401 W / m °C

conductivity

Specific heat 385 ]/ kgeC




