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Introduction
 Join two ceramic components

 Current method multiple braze cycles

 Alumina to Nb, Cu to Nb, Cu to alumina

 Goal: Join two ceramic components 

with an optimized diffusion bonded 

Cu-Nb substrates
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Why Cu and Nb?

4
T. Massalski, Binary alloy phase diagrams, 1, 938-939, (1986)

Advantages
-Braze ability
-No intermetallic formation

Difficulties
-Limited solubility
-Different melting temperatures



Properties: Cu and Nb

Cu Nb

Crystal structure FCC BCC

Atomic radius, [pm] 128 146

Cell parameter

'a', [pm] 361.49 330.04

Space-group Fm-3m Im-3m

CTE, [µm/m/K] 16.5x10-6 7.3x10-6

Melting point, [oC] 1084 2469

Crystal structure and physical properties for Cu and Nb 15, 16
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Tm(Cu) << 0.5 Tm(Nb)



What is diffusion bonding?

 Solid state joining of similar or dissimilar components

 2 sets of mechanisms during diffusion bonding

 Deformation mechanisms

 Diffusion mechanisms

(14)

(11)
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Maxwell relation*

Derived from 
Gibbs free energy eq.

*K. Stowe, Introduction to statistical mechanics and thermodynamics, John Wiley and sons, New York, 209-231, (1984)



(11)

Diffusion bonding parameters
 Surface preparation

 Surface roughness

 Cleanliness

 Temperature

 Pressure

 Time
(11)

(11)

Pressure
Temperature

Surface roughness

7* Plots for a Cu-Ti diffusion bond
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a) b)

Sample preparation for diffusion 
bonding and brazing
 Diffusion bonding

 Cut samples

 Degrease samples in a Lenium vapor degreaser

 Vacuum anneal Nb 1400oC

 Brazing
 a) Wire EDM Cu-Nb washers from bonded substrates 

 Bake Cu-Nb substrates (800oC) to remove machining oils

 b) Punch Nicoro®+2%Ti braze washers

9



Sample analysis for diffusion bonding 
and brazing
 Braze samples with Nicoro®+2%Ti

 Helium leak check with

He mass spec leak detector

 SEM, EDS, and TEM

 Mechanical testing

 Tensile test

 Peel test

10

Peel test sample

-Tests diffusion bonded interface

Tensile button sample
-Tests braze assembly



Experiments

 Experiments conducted to determine best bonding 
parameters

11

Temperature
[oC]

Pressure
[Mpa (KSI)]

Time
[Hours]

Material thickness Load applied 
[oC]Cu [µm] Nb [µm]

950 10.3 (1.5) 0.5 127 508 950

950 4.1 (0.6) 3 127 508 950

1000 6.9 (1.0) 1.5 127 508 1000

1035 4.1 (0.6) 3 50.8 1016 1035

1035 4.1 (0.6) 3 127 508 1035

1050 4.1 (0.6) 3 50.8 254 1050

1050 4.1 (0.6) 3 127 508 1050

1050 10.3 (1.5) 0.5 127 508 1050

Sample 1

Sample 2

Sample 1: SEM, and tensile buttons
Sample 2: SEM
Run 1,2,4: SEM
Run 3,5,6: SEM, and tensile buttons

Run 1

Run 2

Run 3

Run 5

Run 4

Run 6



Optimization experiments

 Experiments to determine optimal bonding parameters
 Based of SEM results from initial experiments
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Temperature
[oC]

Pressure
[Mpa (KSI)]

Time
[Hours]

Material thickness Load applied 
[oC]Cu [µm] Nb [µm]

1050 10.3 (1.5) 0.25 127 508 1050

1050 4.1 (0.6) 1.5 127 508 1050

1050 4.1 (0.6) 0.5 127 508 1050Run 9
Run 8

Run 7
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Experiments

 Experiments conducted to determine best bonding 
parameters
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Temperature
[oC]

Pressure
[Mpa (KSI)]

Time
[Hours]

Material thickness Load applied 
[oC]Cu [µm] Nb [µm]

950 10.3 (1.5) 0.5 127 508 950

950 4.1 (0.6) 3 127 508 950

1000 6.9 (1.0) 1.5 127 508 1000

1035 4.1 (0.6) 3 50.8 1016 1035

1035 4.1 (0.6) 3 127 508 1035

1050 4.1 (0.6) 3 50.8 254 1050

1050 4.1 (0.6) 3 127 508 1050

1050 10.3 (1.5) 0.5 127 508 1050

Sample 1

Sample 2

Sample 1: SEM, and tensile buttons
Sample 2: SEM
Run 1,2,4: SEM
Run 3,5,6: SEM, and tensile buttons

Run 1

Run 2

Run 3

Run 5

Run 4

Run 6



Results: SEM analysis of sample 1

 Cu-Nb diffusion bonded interface. 

 Bonding parameters: 1035oC, 3 hours, 4MPa (0.6 KSI), <2x10-6Torr 

Copper Copper

Niobium Niobium
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Results: SEM analysis of sample 2

 Cu-Nb diffusion bonded interface. 

 Bonding parameters: 1050oC, 3 hours, 4MPa (0.6KSI), <2x10-6Torr 

Copper

Niobium

Copper

Niobium
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Results: Interface comparison

Copper

Niobium

Sample 1
Copper

Niobium

Sample 2

Bonding temperature: 1035oC Bonding temperature: 1050oC

Constant bonding parameters: 3 hours, 4MPa (0.6KSI), <2x10-6Torr

17

Cu grain size difference was observed:
Sample 1: >10µm
Sample 2: <1µm



SEM analysis: Run 5 and 6
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Run 5: 1050oC, 4.1 MPa, 3.0 hours Run 6: 1050oC, 10.3 MPa, 0.5 hours

Copper

Niobium

Copper

Niobium



SEM analysis: Run 3 and 4
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Run 3: 1000oC, 6.9 MPa, 1.5 hours Run 4: 1035oC, 4.1 MPa, 3.0 hours

Copper

Niobium

Copper

Niobium

38 micron1 micron



SEM analysis: Run 1 and 2
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Run 2: 950oC, 4.1 MPa, 3.0 hoursRun 1: 950oC, 10.3 MPa, 0.5 hours

Copper

Niobium

Copper

Niobium

55 micron

42 micron



Interface comparison
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Run 5Run 6 Run 4

Run 3 Run 1Run 2



TEM analysis: Cu-Nb diffusion bond

 TEM indicated Nb 
diffusion into the Cu and 
no Cu diffusion into the 
Nb.  
 Nb diffused along grain 

boundaries (high or low 
angle), and dislocations 
with in the Cu.

 Nb diffusion was 
observed in all the 
samples subjected to TEM 
(Run 1, 3, 5, and 6)

22

6000 nm field of view

Nb component
0 0.2 0.4 0.6 0.8 1

Cu

Nb

Elemental map of Run 1



TEM analysis: Run 1(950oC, 0.5 hrs)
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Nb

Cu

0 0.2 0.4 0.6 0.8 1

Cu

Nb

Elemental map of Run 1

6000 nm field of view

Nb component

Cu Grain boundary

- Nb diffusion along grain boundary
and dislocations.
- Nb diffusion 5-6µm from interface

Cu Grain boundary



TEM analysis: Run 6 (1050oC, 0.5 hrs)
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NbCu

0 0.2 0.4 0.6 0.8 1

Nb Component

6000 nm field of view

Nb

Cu

Nb Grain boundary

0 0.2 0.4 0.6 0.8 1

Cu Nb

Nb

Cu

- Nb diffusion
about 5µm
from interface.

- No Cu along 
Nb grain 
boundary



Optimization experiments

 Experiments to determine optimal bonding parameters
 Based of SEM results from initial experiments
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Temperature
[oC]

Pressure
[Mpa (KSI)]

Time
[Hours]

Material thickness Load applied 
[oC]Cu [µm] Nb [µm]

1050 10.3 (1.5) 0.25 127 508 1050

1050 4.1 (0.6) 1.5 127 508 1050

1050 4.1 (0.6) 0.5 127 508 1050Run 9
Run 8

Run 7



Optimization experiment results

26

Nb

CuCu

Nb

- Optimization experiment samples contained voids from ~1µm to ~40µm.
- Voids indicate the bonding time was insufficient.

Run 7



Characterizing diffusion bond strength 
via peel testing

 Failure occurred in Cu between 18 and 20 pounds of force
 All samples tested with the following orientation failed in the Cu at 

the Cu-Nb interface

 The diffusion bond did not fail.

27



Peel test continued

 Additional attempts at testing the bond strength were 
inconclusive.  Again, the diffusion bond did not fail.

 Cu-Nb strips were brazed to Cu using Cusil™ (brazing temp 
~810oC), failure of the braze joint occurred around 50  PSI.

28



Hardness test: Knoop Hardness

29

30

50

70

90

110

130

150

170
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Knoop Hardness

Avg. grain size: 1µm Avg. grain size: 9µm

Avg. grain size: 16µm

grain size between 10 and 127µm

grain size between 10 and 127µm

- 100gf used on all samples except ‘Cu 1000, 1.5 hrs’ where 50gf was 
used.



Experiments

 Experiments conducted to determine best bonding 
parameters
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Temperature
[oC]

Pressure
[Mpa (KSI)]

Time
[Hours]

Material thickness Load applied 
[oC]Cu [µm] Nb [µm]

950 10.3 (1.5) 0.5 127 508 950

950 4.1 (0.6) 3 127 508 950

1000 6.9 (1.0) 1.5 127 508 1000

1035 4.1 (0.6) 3 50.8 1016 1035

1035 4.1 (0.6) 3 127 508 1035

1050 4.1 (0.6) 3 50.8 254 1050

1050 4.1 (0.6) 3 127 508 1050

1050 10.3 (1.5) 0.5 127 508 1050

Sample 1

Sample 2

Sample 1: SEM, and tensile buttons
Sample 2: SEM
Run 1,2,4: SEM
Run 3,5,6: SEM, and tensile buttons

Run 1

Run 2

Run 3

Run 5

Run 4

Run 6



Tensile button test results

 Tensile button test
 All tensile buttons were hermetic except one, which had a lopsided 

braze joint

 Roughly 2/3 of samples failed on Cu side with crack initiation in 
ceramic, remaining 1/3 failed on the Nb side

 Failure of tensile buttons initiated at or near braze fillets/blobs

31*Surface area: 0.179873 sqr in

Avg. Load [lbs] Avg. KSI* Avg. MPa

Run 6 2296.58 12.77 88.03

Run 5 2024.28 11.25 77.59

Run 3 2160.43 12.01 82.81

Initial (sample 1) 2180.50 12.12 83.58



Tensile button test results
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Results: Fracture of tensile button

 All tensile buttons had primary failure occur in the ceramic

 Sample tensile strength 107.21 MPa (15.5 KSI)

Sample 1-2

Initiation

33



SEM of tensile button fracture

 2/3 of the run 3, 5, and 6 samples tested had crack initiation 
(A) on the side opposite the primary failure (B).

 75% of buttons with
primary failure on Nb
side exhibited cracks 
on Cu side.

 64% of buttons with
primary failure on Cu
side exhibited cracks
on Nb side.
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A

B

Niobium
Copper

Copper+Nicoro+2%Ti
Alumina

Nicoro+2%Ti

Alumina



Results: Dissolution of Cu in braze joint

1035oC

Initial
composition
of braze alloy
85 at %Cu

Final
composition
of braze joint
93 at %Cu

Cu-alumina braze joint after brazing

*

35*W. T. Zheng, Study on phase diagrams for Ag-Au, Au-Cu binary alloys at high temperature, 36, 75-79, (1991)

SEM of sample 1-2
Tensile strength: 107.21 Mpa
Original thicknesses:

Cu: 50.8µm, Nb: 1016µm
Nicoro®+2%Ti: 50.8µm
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Dissolution of Cu: 
127µm Cu vs 50µm Cu
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SEM of sample 1-2
Tensile strength: 107.21 Mpa
Failure occurred in ceramic
Original thicknesses:

Cu: 50.8µm, Nb: 1016µm
Nicoro®+2%Ti: 50.8µm

SEM of run 5- sample 2
Tensile strength: 76.9 Mpa
Failure occurred in ceramic
Original thicknesses:

Cu: 127 µm, Nb: 508 µm
Nicoro®+2%Ti: 50.8µm



Conclusions: Diffusion Bonding

 Diffusion bonding of Cu to Nb has been successfully 
demonstrated
 Robust diffusion bonds of Cu to Nb can be formed under different 

conditions, given the conditions allow material creep to close all the 
voids

 Optimal diffusion bonding parameters are: 1050oC, 10.3 MPa, 0.5 
hours.

 However, if the load required to achieve 10.3 MPa exceeds the limits 
of the hot press, then the following conditions can be used to achieve 
similar results: 1050oC, 4.1 MPa, 3.0 hours. 

 It has been demonstrated through tensile testing that the Cu-Nb 
diffusion bond is robust, withstanding tensile loads of at least 2200 lbs. 
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Conclusions: Brazing

 The complete dissolution is prevented when a thicker 
piece of Cu is used, intern increasing the amount of Cu 
in the braze joint.

 The complete dissolution of Cu in the braze joint and 
premature solidification at the braze temperature did 
not affect the braze strength.

 The partial dissolution of Cu in the braze joint did not 
cause the diffusion bonded interface to fail during 
tensile testing.

38



References

1. G. Zou, J. Yang, A. Wu, G. Huang, D. Zhang, J. Ren, Q. Wang, Diffusion bonding of tungsten to copper and 
its alloy with Ti foil and Ti/Ni/Ti multiple interlayers, J. Mater. Sci. Technol.  19, No 1, pp 189-192 (2003)

2. J. Li, X. Fang, J. F. Fang, G. J. Qiao, Influence of different interlayers metals on properties of diffusion 
bonding joint of tungsten to copper, Mater. Sci. Forum., 620-622, pp 65-68 (2009)

3. R. A. Marks, D. R. Chapman, D. T. Danielson, A. M. Glaeser, Joining of alumina via 
copper/niobium/copper interlayers, Acta mater, 48, pp. 4425-4438 (2000)

4. J. D. Sugar, J. T. Mckeown, T. Akashi, S. M. Hong, K. Nakashima, A. M. Glaeser, Transient-liquid-phase and 
liquid-film-assisted joining of ceramics, Journal of the European Ceramic Society, 26, pp. 363-372 (2006)

5. B. Gibbesch, G. Elssner, Ultra high vacuum diffusion bonded Nb-Al2O3 and Cu-Al2O3 joints-the role of 
welding temperature and sputter cleaning, Acta. Metal. Mater. 40, suppl., pp S59-S66 (1992)

6. R. M. Crispin, M. G. Nicholas, Ceram. Eng. Sci. Proc., 10(11-12), 1827 (1989)

7. C. Beraud, M. Courbiere, C. Esnouf, D. Juve, D. Treheux, J. Mater. Sci. 24(12), 4545 (1989)

8. O. R. Bagnato, et. Al, Development of diffusion bonding joints between oxygen free copper and AISI 316L 
stainless steel for accelerator components, IPAC 2010, pp 3975-3977 (2010)

9. H. Mizuhara, E. Huebel, T. Oyama, High reliability joining of ceramic to metal, Ceramics Bulletin, 68(9), 
pp 1591-1599 (1989)

10. W. W. Basuki, O. Kraft, J. Aktaa, Optimization of solid-state diffusion bonding of hastelloy C-22 for micro 
heat exchanger applications by coupling of experiments and simulations, Mater. Sci. Eng. A, 538, 
pp 340-348 (2012)

39



References

11. N. Orhan, M. Aksoy, M. Eroglu, A new model for diffusion bonding and its application to duplex alloys, 
Mater. Sci. Eng A, vol 271, pp 458-468 (1999)

12. ASTM F19-11, Standard Test Method for Tension and Vacuum Testing Metallized Ceramic Seals.

13. AWS C3.2M/3.2:2008, Standard method for Evaluating the Strength of Brazed Joints. American Welding 
Society. pp 17-23 (2008)

14. M. G. Nicholas, Joining Processes.  Kluwer, Boston (1998)

15. M. E. Straumanis, L. S. Yu, Acta Crystallogr., 25A, 676, (1969)

16. M. E. Straumanis, S. Zyszczynskil, J. Appl. Crystallogr., 3, 1, (1970)

17. A. Misra, J. P. Hirth, R. G. Hoagland, J. D. Embury, H. Kung, “Dislocation mechanisms and symmetric slip in 
rolled nano-scaled metallic multilayers,” Acta Mater. 52, 2387-2394, (2004)

18. A. Misra, R. G. Hoagland, “Plastic flow stability of metallic nanolaminate composites,” J. Mater. Sci., 42, 
1765-1771, (2007)

19. A. Misra, R. G. Hoagland, H. Kung, “Thermal stability of self-supported nanolayerd Cu/Nb films,” 
Philosophical Magazine, 84 (10), 1021-1028, (2004)

20. A. Misra, R. G. Hoagland, “Effects of elevated temperature annealing on the structure and hardness of 
copper/niobium nanolayered films,” J. Mater. Res., 20 (8), 2046-2054, (2005)

21. J. Wang, R. G. Hoagland, J. P. Hirth, A. Misra, “Atomistic modeling of the interaction of glide dislocations 
with ‘weak’ interfaces,” Acta Mater., 56, 5685-5693,m (2008)

22. J. Wang, A. Misra, “An overview of interface-dominated deformation mechanisms in metallic multilayers,” 
Current Opinion in Solid State and Material Science, 15, 20-28, (2011) 

40



Acknowledgments

 Greg Bishop, Sandia National Laboratories, NM 

 Chuck Walker, Sandia National Laboratories, NM 

 Dr. Deidre Hirschfeld, Sandia National Laboratories, NM, 
Academic Advisor

 Dr. Don Susan, Sandia National Laboratories, NM

 Aaron Wildberger, Vacuum Process Engineering, CA

 Dr. Paul Kotula, Sandia National Laboratories, NM

 Bonnie McKenzie, Sandia National Laboratories, NM

 Tom Crenshaw, Sandia National Laboratories, NM

 Mike Saavedra, Sandia National Laboratories, NM

 Dick Grant, Sandia National Laboratories, NM

41



Questions and Comments

42


