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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 Diffusion bonding
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Why Cu and Nb? ) i,

Atomic Percenl Niobium
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Difficulties 1 i 1080208°
-Limited solubility 2
-Dlﬁerent meltlng temperatures - 005 01 015 0z 025 03 035 04

Cu Weight Percent Niocbium
Enlargement of the Cu-rich portion of the Cu-Nb system.

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



Material properties: Cu and Nb ) .

Crystal structure and physical properties for Cu and Nb !5 16

I T T

Crystal structure
128 146

Cell parameter
‘a’, [pm 361.49 330.04
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CTE, [um/m/K
Melting point, [°C

16.5x106 7.3x106

T (Cu) << 0.5 T..(Nb)




Cu-Nb diffusion bonding research @&

= The diffusion bonding of Cu to Nb has not been presented in
any research

= The diffusion of Cu into Nb or Nb into Cu has not been
presented or observed in any research.

= Research on ARB (accumulative roll bonding) of Cu to Nb, and
annealing nanolayerd Cu-Nb stacks
= No diffusion was observed or presented in either
= ARB demonstrated tensile strengths of the Cu-Nb stack both parallel
and perpendicular to the rolling direction; tensile strength:1 GPa
= QOther diffusion bonded materials
= Cu-alumina

= Nb-alumina




What is diffusion bonding? )i

= Solid state joining of similar or dissimilar components

= Mechanisms during diffusion bonding
= Deformation mechanisms

= Dijffusion mechanisms

(1)

. ou av
Maxwell relation® (_) = (a_N)
T,N T)p

Derived from
Gibbs free energy eq.”

S
u=—odl + vdp;ﬁ = o,

Unevenness

(14)

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



Parameters that affect bonding ) .
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* Plots for a Cu-Ti diffusion bond
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Sample preparation for diffusion ..

bonding and brazing
= Diffusion bonding

= Cut samples
= Degrease samples in a Lenium vapor degreaser

= Vacuum anneal Nb 1400°C

= Brazing
= Wire EDM Cu-Nb washers from bonded substrates (image a)
= Bake Cu-Nb substrates (800°C) to remove machining oils
= Punch Nicoro®+2%Ti braze washers 9image b)

16.130+0.07 mm
©9.960+0.07 mm

»15.870+0.07 mm

10.210+0.07 mm

|
|




Sample analysis for diffusion bonding

and brazing
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Braze samples with Nicoro®+2%Ti

Alumina alignment pin\

Stainless Steel Weight— /_N
Helium leak check with 7
ile Button 7— 9
He mass spec leak detector e # % | /-
SEM, EDS, and TEM e {@é B

Mechanical testing
= Hardness test

Alumina spacer ing— —Rf_,,‘?ﬁ

7

. Peel test Stainless Steel base ‘
" Tensile test

Peel test sample

B 50mMm N
E — E—
CE) Bonded region

*% H B 5.50mm

-Tests diffusion bonded interface

Tensile button sample
-Tests braze assembly

DETAIL B
SCALE30: 1




Experiments ) i,

= Design of experiments to determine best bonding parameters

oC Mpa (KSI Hours oC

Run 1 10.3 (1.5) 127 508 950
Run 2 950 4.1 (0.6) 3 127 508 950
Run 3 1000 6.9 (1.0) 1.5 127 508 1000
Sample 1 1035 4.1 (0.6) 3 50.8 1016 1035
Run 4 1035 4.1 (0.6) 3 127 508 1035
Sample 2 1050 4.1 (0.6) 3 50.8 254 1050
Run 5 1050 4.1 (0.6) 3 127 508 1050
Run 6 1050 10.3 (1.5) 0.5 127 508 1050

Samples 1 and 2 were initial experiments
Sample 1: SEM, and tensile buttons
Sample 2: SEM

Run 1,2,4: SEM

Run 3,5,6: SEM, and tensile buttons

Run 1, 3, 5, 6: TEM




Optimization experiments

= Experiments to determine optimal bonding parameters

= Based on SEM results from initial experiments

oC Mpa (KSI Hours oC

Run 7 1050 10.3 ( 0. 25 508 1050
Run 8 1050 4.1 (0.6) 1.5 127 508 1050
Run 9 1050 4.1 (0.6) 0.5 127 508 1050

Run 7, 8, 9: SEM

Sandia
National
Laboratories
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Recap: Experiments ) .

= Design of experiments to determine best bonding parameters

oC Mpa (KSI Hours oC

Run 1 10.3 (1.5) 127 508 950
Run 2 950 4.1 (0.6) 3 127 508 950
Run 3 1000 6.9 (1.0) 1.5 127 508 1000
Sample 1 1035 4.1 (0.6) 3 50.8 1016 1035
Run 4 1035 4.1 (0.6) 3 127 508 1035
Sample 2 1050 4.1 (0.6) 3 50.8 254 1050
Run 5 1050 4.1 (0.6) 3 127 508 1050
Run 6 1050 10.3 (1.5) 0.5 127 508 1050

Samples 1 and 2 were initial experiments
Sample 1: SEM, and tensile buttons
Sample 2: SEM

Run 1,2,4: SEM

Run 3,5,6: SEM, and tensile buttons

Run 1, 3, 5, 6: TEM




Diffusion interface formation ) s,

= Diffusion interface formed by Cu surface self diffusion

= Cu conforms to Nb surface

= Surface self diffusivity for Cu and Nb at 950°C
= Cu: 5.2x10>cm?/sec
= Nb: 7.7x101%cm?2/sec
" Dyp<<Dg,
= Cu has a much higher surface self diffusivity rate than Nb
= Positively effects Coble creep mechanisms
= Leads to the closure of microvoids

= Uniformly voidless diffusion interface is formed




Results: SEM analysis of sample 1~ @

= Cu-Nb diffusion bonded interface.
= Bonding parameters: 1035°C, 3 hours, 4.1MPa




Results: SEM analysis of sample 2 @

= Cu-Nb diffusion bonded interface.
= Bonding parameters: 1050°C, 3 hours, 4.1MPa

Niobium Niobium

,:@; 5/13/2013 HV curr HFW w
° | 11:16:45AM | 15.00 kv | 1.6 nA 51.2 ym | 3.9 mm




Results: Interface comparison ).

Bonding temperature: 1035°C Bonding temperature: 1050°C

Niobium

o | 116/ H [ curr WO [ det | mode | tit curr | HAW | WD
S : 1 | 15.00kV | 1.6 nA 51.2|m 41mm | CBS AI] ° n 512pum |39nm CBS AII Magellan

Constant bondlng parameters 3 hours, 4MPa




SEM analysis: Run 5 and 6 h .

No interfacial voids present at Cu-Nb interface

Niobium

. 10
v WD =101mm - Signal A B0 MRS 20120 i |—|um E 00 WD=119mm  Signal A =BSD Wicth = 76.22 m

—| EHT = 20,00k : HT = 2000 kv =119mm - =
Run 5: 1050°C, 4.1 MPa, 3.0 hour Run 6: 1050°C, 10.3 MPa, 0.5 hours

-Back scatter detection SEM micrographs
-Scratches from polishing




SEM analysis: Run 3 and 4 ) .

Interfacial voids present at Cu-Nb interface

Niobium
|m“m—| EHT = 20 00 k¥ WD = 8.0mm Signal A =BSD Width = 76.22 pm el EHT = 20 00 k¥ WD =123 mm Signal A =BSD Width = 76.22 pm
Run 3: 1000°C, 6.9 MPa, 1.5 hours Run 4: 1035°C, 4.1 MPa, 3.0 hours

-Back scatter detection SEM micrographs
-Scratches from polishing




SEM analysis: Run 1 and 2 ) .

Interfacial voids present at Cu-Nb interface

Niobium Niobium

H
|—| EHT = 2000 kv WD =10.9mm Signal A = B3D Wyidth = 76.22 um |—| EHT = 2000 kY WD = 8.6mm Signal A =B3D Wvidth = 76.22 pm

Run 1: 950°C, 10.3 MPa, 0.5 hours Run 2: 950°C, 4.1 MPa, 3.0 hours

-Back scatter detection SEM micrographs
-Scratches from polishing




Diffusion interface comparison ).

10m o 1
m
— EHT = 2000 KV WD =123 mm Signal A = BSD Width = 76.22 um

— EHT =2000 KV WD =119mm Signal A = BSD Width =76.22 um

-
— [ 3
/
(%
0 um s
EHT =2000kV WD = 80mm Signal A = BSD Width = 76.22 um 10 um R =
—_— T EHT=20.00 kv WD = 96mm Signal A = BSD Width = 76 22 pm 10 pm
= P EHT =2000 kV WD =109mm Signal A = BSD Width = 76.22 um

-No interface voids in Run 5 and 6
-Small 1 to 2 ym interfacial voids in Run 3
-Large 30 to 60 uym interfacial voids in Run 4, 2, and 1



Recap: Optimization experiments

= Experiments to determine optimal bonding parameters

= Based on SEM results from initial experiments

oC Mpa (KSI Hours oC

Run 7 1050 10.3 ( 0. 25 508 1050
Run 8 1050 4.1 (0.6) 1.5 127 508 1050
Run 9 1050 4.1 (0.6) 0.5 127 508 1050

Run 7, 8, 9: SEM

Sandia
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Optimization experiment results @

Run 7
Nb Nb

WD=95mm  Signal A =BsD Wi 1143 um

hours

Run 7: 1050°C, 10.3 MPa, 0.25

- Optimization experiment samples contained interfacial voids from ~1uym to ~40um.

- Voids indicate the bonding time was insufficient.

- Results from optimization experiments indicate parameters used in Runs 5 and 6
are ideal for bonding Cu to Nb.




Summary: SEM analysis ) .

= Samples from runs 5 and 6 did not have interfacial voids,
while all remaining samples had interfacial voids. Thus

parameters used to bond runs 5 and 6 were ideal for bonding
Cu to Nb.

= Run 5:1050°C, 4.1 Mpa, 3.0 Hrs.
= Run 6: 1050°C, 10.3 Mpa, 0.5 Hrs.

= Diffusion was not observable using SEM imaging

= Electron interaction volume was too big

= TEM was used to observe diffusion




TEM analysis: determine interdiffusion
characteristics

Sandia
|I1 National

Laboratories

" |nterdiffusion coefficients for Cu into Nb and Nb into Cu at
1000°C
= Cuinto Nb: 1.7x1013cm?/sec
= Nb into Cu: 4.57x10°cm?/sec
= Cuinto Nb << Nb into Cu
= Diffusion depth estimates {depth=(Dt)%/2}:
= CuintoNb:0.17um
= Nbinto Cu: 30.0um

= TEM indicated Nb diffusion into Cu and no Cu diffusion into
Nb.

= Nb diffused along grain boundaries and dislocations with in the Cu.
= Nb diffusion was observed in all the samples subjected to TEM (Run 1,
3,5, and 6)

= Nb interdiffusion estimate suggorted bx TEM



TEM analysis: Run 1(950°C, 0.5 hrs) @&.

Elemental map of Run 1

HAADF iMAG: 14.0kx HV: 200kV

- Nb diffusion along grain boundary
and dislocations, forming needle-like precipitates.
- Nb diffused 5-6um from interface




TEM: Elemental map of run 1 1) .

Nb
=~ Cu Grain boundary

680 91

HAADF MAG: 14.0kx HV: 200kV | HAADF MAG: 14.0kx HV: 200kV

29
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TEM analysis: Run 3(1000°C, 1.5 hrs).

Elemental map of Run 3

- Nb diffusion along dislocations forming more
compact elongated Nb precipitates.
- Nb diffused 5 to 6um from interface




TEM: Elemental map of run 3 ) .

680 90
HAADF MAG: 14.0kx HV: 200kV
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TEM analysis: Run 5(1050°C, 3.0 hrs ).

‘Elemental map of Run 5

- Nb diffusion along dislocations forming compact
Nb precipitates.
- Nb diffused 5 to 6um from interface




TEM: Elemental map of run 5 ) .

680 89
HAADF MAG: 14.0kx HV: 200kV ADF MAG: 14.0kx HV: 200kV
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TEM analysis: Run 6(1050°C, 0.5 hrs ).

699
HAADF MAG: 14000 x HV: 200.0 kV_WD: -1.0 mm HAADF MAG: 14.0kx HV: 200kV

- Nb diffusion along dislocations forming larger
Nb precipitates.
- Nb diffused 5 to 6um from interface




TEM: Elemental map of run 5

680 88 1 pm _
HAADF MAG: 14.0kx HV: 200kV 1 QI HAADF MAG: 14.0kx HV: 200kV
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TEM analysis: magnified Nb grain boundary, run 6 () i,

00.0 kV WD: -1.0m

- No Cu diffusion along Nb grain boundary
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Summary: TEM analysis ) .

= Nb diffusion depth of 5-6 um into the Cu supports the
interdiffusion estimate

= Nb diffused along fast diffusion paths: Dislocations, and grain
boundaries

= Nb diffusion in Cu was seen in all samples, even when large interfacial
voids were present

= Cudiffusion in Nb was not seen in any samples
= Does not support interdiffusion estimate




Mechanical testing ) .,

= Knoop hardness test

= Performed on:
= Asrolled Cu
= Annealed Cu (1000°C, 1.5 hours, in vacuum)
= Diffusion bonded samples 1, 3, 5, and 6
= Asrolled Nb
= Annealed Nb (1400°C, 0.25 hours in vacuum)
= Test was conducted about 0.5 mm from Cu-Nb interface

= Peel testing

= Performed on diffusion bonded samples

= Tensile button testing
= Performed on diffusion bonded samples brazed to alumina



Hardness test: Knoop Hardness )i

Knoop Hardness

170
OFHC hard Cu
as rolled ND, a\s rolled
150
1< N
130 Avg. grain size: 1uym Avg. grain size: 9um l
1
"3
T 110
g Avg. grain size: 16um
T 9 + x
T . .
Cu-Nb diffusion bonded Nb, annealed 1400°C
20 samples (1, 3, 5, 6)
grain size between 10 and 127um
- annealeg\ i _I_J
J_-f grain size between 10 and 127um
30

Cuasrolled Cu1000,1.5hrs Cu950 (1) Cu 1000 (3) Cu 1050 (5) Cu 1050 (6) Nb as rolled Nb 1400, 0.25 hrs

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




Hardness testing h) .

2 90
z Cu-Nb diffusion bonded Nb,
o samples (1,.3.5_6)
OFHC Cu ( 1 -I- l W
anneale grain s
50 q\ iy }/
.I. grain size between 10 and 127pm

Cuasrolled Cu1000 1.5hrs Cu950(1) Cu 1000 (3) Cu 1050(5) Cu 1050 (6) I

- The difference in hardness between annealed Cu and diffusion bonded Cu
indicate the Nb precipitates hardened the Cu

- This increase in hardness supports the Nb interdiffusion depth (~30um)
- Test was performed ~0.5mm from Cu-Nb diffusion interface
- Cu in that area was harder relative to the annealed Cu
because of the Nb precipitates
- This suggest Nb diffused more than 30um into the Cu



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
annealed Cu outside the Cu-Nb diffusion bond

= The diffusion bond did not fail.

50mm

Bonded region

Sandia
National
Laboratories

5.50mm
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Peel test continued )

= Additional attempts at testing the bond strength were inconclusive due to the
failure in the annealed Cu. Again, the diffusion bond did not fail in any test.

= Cu-Nb strips were brazed to Cu using Cusil™ (brazing temp ~810°C), failure of the
braze joint occurred around 50Ibs.

= Cu-Nb strips were glued (Gorilla® super glue; JB weld®) to a stainless steel plate;
failure occurred around 10lbs.




Tensile button test results ) e

= 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 alumina, remaining 1/3 failed on the Nb side

= Failure of tensile buttons initiated at or near braze fillets, due
to associated stress concentration

DETAIL B

SCALE30:1




Fracture of tensile button ) i

= All tensile buttons had primary failure occur in the alumina
= Samples failed due to the size of braze fillets

= Braze fillets cause location of high stress

Initial Sample 1
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Tensile button test results ) i

20
18
17.5
16
15.55
14 13.936 14.007
* 13.5
12 w1212 & 42.041 | 12.295 - 12.234
*5 11.254
£ 10 10.133 10.292 10.509 10.5
=2 Sample 6: Sample 5: Sample 3: Nb-alumina-
2 8.91 1050C, 1.5 KSI 1050C, 0.6 KSI 1000C, 1.0 KSI Nicoro+2Ti
? 0.5 Hr 3.0 Hrs 3.0 Hrs (CW, 2014)
Int1:
1035C, 0.6 KSI
6 3.0 Hrs
4
2
0

*Surface area: 0.179873 sqr in
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SEM of tensile button fracture ) o

= Cu-Nb diffusion bonded interface remained voidless after
tensile testing
= Tensile buttons failed within the alumina

= Crack initiation occurred at large braze fillets

C +Ni +2%Ti
opper+hNicoro+z7 Alumina

: S Niobium
, Nicoro+2%Ti\ S

Alumina

Braze fillet, and crack initiation

EHT = 2500 k¥ WD =129 mm Signal A = BSD Width = 3.154 mm




Dissolution of Cu in braze joint )iz

Original thickness

*
1100-Hsss 1 1 L 1 L 1 ! A . o
" 1035°C i
10004 T L = 3
9004 Y T M 1
‘3- 800- 2
3
Li’ O 7004 3
3 ] (Cu,Au) —
+g g 600 E T 3
(S} = £
z : : © 5 2
Copper + Nicoro+2%Ti 3 5004 : < ]
e 5 3 2 ;
o 4004 _ 5 3
i =
‘g' 3004 2
5 7240/ -
O : RETE PU e St PG . S (P S S g 5 200 -:::_:::_‘_j__,.-‘-' ‘ 3
T T e Rt AEns " CuAus rt
100+ ' E
Niobi
um 0 T T T L T T T T Iﬂ 3
I EHT=2500kv WD =138mm Signal A=BSD File Name = 01022013F401_side-B_33 tf 0 10 20 30 40 50 80 70 9 100
. P .
SEM of run int 1-sample 2 Au at. % u
i 80at%
Tensile strength: 107.21 Mpa I
riginal thickn ; " .
org gu- 5% Se?nses Initial Final
' ' O wgw ngw
Nb: 1016“ m 1055°9 composition compositions
Ni ' ®+go/ Ti: 50.8 ! of braze alloy | of braze joint
oo el S 85 at %Cu 93 at% and
B 95 at %Cu

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



Dissolution of Cu: e
127pum Cu vs 50um Cu

Laboratories
Original thickness

Original thickness

Alumina

Final composition: 95 at% j Final composition: 93 at%

Alumina

b
}

Nicoro+2%Ti
Nicoro+2%Ti 50.8um

Copper+Nicoro+2%Ti

Copper + Nicoro+2%Ti

Copper 127um
Copper 50.8um

i

e

= 194.0 um =57.07 pm

Niobium

20 pm

Niobium
EHT=2500kv WD =138mm Signal A=BSD File Name = 01022013F401_side-B_33 tif

30
u EHT = 25.00 kY WD =139 mm Signal A = BSD Width =432.9 um

SEM of run int 1-sample 2
Tensile strength: 107.21 MPa
Original thicknesses:

Cu: 50.8um

SEM of run 5- sample 2
Tensile strength: 76.9 MPa
Original thicknesses:

Cu: 127 pym .
Nb: 508 pm Nb: 1016um

Nicoro®+2%Ti: 50.8um Nicoro®+2%Ti: 50.8um
-
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Conclusions ) &

Cu-Nb has not been previously researched, nor has Nb

diffusion into Cu been observed.

1. The diffusion OFHC Cu to Nb was accomplished using different diffusion
bonding parameters, including bonding temperatures less than half the
melting temperature of Nb (the highest melting point of the two materials).

2. Nb diffused into Cu along fast diffusion paths, even when large interfacial
voids were present, and the processing temperature was at 950°C (<<0.5T ,
of Nb).

3. The location of failure during mechanical testing, which did not occur at the
diffusion interface, indicated that a strong mechanical bond was formed
between the Cu and Nb through Cu-Nb surface diffusion.



Future work ) &

= Cuis soft and has large grains after diffusion bonding

= Problematic during peel testing
= All samples failed in the bulk Cu, outside the diffusion bond

= Develop reliable and reproducible testing method to
determine the failure strength of Cu-Nb diffusion bonds

= Start with ASTM standards to determine baseline data for Nb,
Cu, and Cu-Nb diffusion bond

= Compact tension (CT) sample (notch at Cu-Nb interface)
= Single and double lap shear: Nb bonded to thick Cu

= Torsional shear test with gauge section centered on Cu-Nb diffusion
interface

= Tensile test using samples with a rectangular cross section and
samples with a circular cross section, both with gauge sections
centered on the Cu-Nb diffusion interface



Sandia

Future work continued ) tes,

= Once baseline data has been established, tests will be
modified

= CT samples: modify stack so that Cu is bonded between two
pieces of Nb, with notch at either of the Cu-Nb interfaces.

= adjust size and location of notch
= Adjust size and geometry of gauged sections
= Adjust strain rate
= Cyclically loading and unloading of samples, while adjusting
the cycle rate
= Mode and location of failure will be identified for each
test sample, leading to a reliable testing method.




References )

1. G. Zouy, 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, ). 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-Al,0, and Cu-Al,O, joints-the role of
welding temperature and sputter cleaning, Acta. Metal. Mater. 40, suppl., pp S59-566 (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 AlSI 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)



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)



Sandia

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




Questions and Comments ) i




