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Context

« Alarge amount of R&D work is available on cold spray
physics and equipment

» There is a rising interest to understand the effects of
powder characteristics on powder cold sprayability and
coating quality.

« Successful coatings are achieved from powders controlled
in terms of shape, size and metallurgy.
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Case Study: Cu Powder for Nuclear
Waste Canister Application
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The Nuclear Waste Management Organization (NWMO)

« NWMO is responsible for designing and implementing Canada's
plan for the safe, long-term management of used nuclear fuel.

» NWMO Deep Geological Repository Approach
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Corrosion Protection of Used Fuel Containers (UFCs)
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e 2.7 tonnes when filled
3 mm thick Cu

» significant reduction in copper
contribution costs « 1 mm nominal gap between the

« Elimination of creep concern copper and steel due to copper
creep consideration — challenging

« Qver 25 tonnes when filled

» Cu extra thickness required due to
manufacturing considerations



Cold Sprayed Copper Coating

« The bulk of the UFC components (i.e., head and body) is copper coated using
electrodeposition.

« A portion of the head and body openings remain uncoated in order to facilitate the final
assembly closure weld process after fuel loading.

« Cold spray is a particularly promising technique for applying the coating at the weld
closure zone of the UFC since it has the capability of being fully automated which will
be necessary in a radioactive environment.
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Cold Sprayed Copper Coating - Requirements

 Powder

e Surface preparation Elongation (%) 10 =215
. Cold spray process parameters ~ Adhesion (MPa) 20 =60
- Post-heat treatment Porosity (%) n/a =

* Do not miss Jean-Gabriel's presentation tomorrow on the process development work!



Current Presentation

Presentation Objective:

 To outline how the Cu powder features were tailored to achieve the
coating requirements in terms of adhesion, density and composition for
the specific application of a corrosion barrier coating to UFCs.

Presentation will cover:

* Results
 Powder Bulk Characteristics
- Powder Geometry
 Powder Surface State
* Discussion
« Lot Variability
 Powder Characterization Protocol
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Metallurgical Characteristics Physical Characteristics Cold Sprayability

ulk Characteristics  Bulk Properties » Powder general
» Composition « Mechanical properties deformability

« Bulk microstructure " Uoiitical
* Phases
+ Grain size
« Geometry « Geometry - Feeding/clogging
 Particle size distribution  Particle velocity and * Impact energy _
. Particle shape inertia « Deformation mechanism
. Temperature (deformation efficiency)
« Surface State « Surface State - Feeding/clogging
» Oxide/hydroxide layer « Chemical « Bonding quality
compositions Reactivity/affinity - Surface deformability
» Oxide/hydroxide layer » Surface mechanical
thicknesses/structure properties



Copper Composition for UFCs

 For this project, copper powder purity selected according to corrosion
performance expectations & achievability in production.
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Copper Composition & Cold Sprayability

 No significant effect expected from variation in impurity
levels on powder cold sprayability (excluding surface state).

160 /‘
140 s /
E120
Cu Type Purity State UTS Yield §
(%Cu) (MPa)  (MPa) s
C10200 99.95 Annealed 250 160 g
C11000 99.9 Annealed 254 147 g-so — =
* Davis, J.R., Copper and Copper Alloys (2001) b - O
= -— -—
29,999 99.99 Purity, % 99.00 90.00
[ty e TS wwlm=ardness |

Figure 32 Hardness and strength of aluminum as functions or purity.

* Totten G.E. & MacKenzie, D.S.,
Handbook of Aluminum vol.1; Physical
Metalllurgy and processes (2003)



100 um

* Pure Cu — only one FCC phase.

e Some variation in grain size — possibly Powder NHgg
contributing to variation in powder RA~ 0.81+0.09
hardness. H=H,+Ky "  PLL 1.2+0.2

_ N PLS 1.340.2
* |t is known that for a specific alloy TES  0.61+0.07

composition, change in microstructure can
result in variation of X4-5 in strength —
huge impact on deformabillity. In general,
powders are atomized, e.g. in a “quench”
condition.
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Particle Shape/Size & Flowability

« Spherical and coarse powders typically present
better flowability.

Powder D10 D50 D90 Mean size Sphericity* Flowability

NRCID (um) (um) (um) (um) (Hall flowmeter)
RA 14 31 43 30 0.84+0.34 11.9 s/50¢

PLL 12 29 92 31 0.76+0.13 No flow

PLS 14 23 35 24 0.78+0.16  22.4 s/509g

TE S 12 26 36 25 0.90+0.12 33.2 s/509g

* Sphericity index (OM image analysis) |, = Shape perimeter/(mean shape diameter*m)




Particle Shape & Cold Sprayability

» Change in v, due to change in drag coefficient
« Change in deformation mechanisms

Powder D10 D50 D90 Mean Sphericity
NRC ID size
(um)  (Um)  (um)  (um)
RA 14 31 43 30 0.84+0.34
PL L 12 29 52 31 0.76+0.13
PLS 14 23 35 24 0.78+0.16
TES 12 26 36 25 0.90+0.12
1000 m 400C/2MPa
m 600C/3MPa
800 - 800C/4MPa
600 -

400 -

200 -

Particle Velocity (m/s)




Particle Shape & Cold Sprayability Il
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Particle Size Distribution - Screening

« High process sensitivity to coarse particles first noticed during a
lot switch (same supplier, same size spec of -55 um).

« Confirmation through powder screening (-63 pum).
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16
Powder D10 D50 D90 Adhesion 14 — TL3
NRC ID (um)  (um)  (um) (MPa) 512 TL3
TL2 16 40 61 n/a g 10 -63 um
TL3 19 49 72 39 +8 g ©
3 6
T3 35, 52 67 61+14 > 4
-63 um ,
0
0 20 40 60 80 100

Particle Diameter (um)




Particle Size Distribution - Coarse

Lower particle speed is detrimental to coating adhesion —
max D90 of 60um is recommended with current spraying
conditions to achieve 60MPa.

80 -

o \ *e

E 60 - Bond strength

E— 50 - . requirement of 60MPa

%ln 40

E 30 - y=-1.2096x+ 129.66

E 2o R2=0.6018 \
* There is still some variability in 10
the results which make us . | | | . |
believe powder hardness 40 50 60 70 80 90 100
and/or powder surface state Powder D90 (um)

also impact coating adhesion.



Particle Size Distribution - Fine

« Smaller particles are more strongly affected (deceleration) by
the bow shock present immediately in front of the substrate.

* Very fine particles can stick to the cold spray system nozzle
and/or injector, causing clogging.

« Among the various powders tested, powders with 1vol% or less
of their particles below 5 pm (D01>5 um) have not shown any
powder clogging issues.
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Characterization of the Fines in CS Powders

12 | — NP
« D10 is not sufficient £ — PL
 Particle size distribution S
displayed in volume tendto  °
“hide” the fines 0 .
° ! Particle Size (;u?';a) ) °
Powder %below D10 D50 D90 |
NRCID  5ym  (@m) @m) @m) e
NP 2.4 18 33 49 £
PL1 1.3 18 36 50 5
z:c//, : ‘\/.—\\

Particle Size (um)



Powder Characteristics

Metallurgical Characteristics ~Physical Characteristics

» Bulk Characteristics » Bulk Properties
« Composition * Mechanical properties

e Bulk microstructure
 Phases
« Grain size

Cold Sprayability

« Powder general
deformability

l)critical

« Geometry « Geometry
 Particle size distribution  Particle velocity and
inertia

» Particle shape
» Temperature

» Feeding/clogging

* Impact energy

« Deformation mechanism
(deformation efficiency)

« Surface State

« Chemical
Reactivity/affinity

» Surface mechanical
properties

urface State

» Oxide/hydroxide layer
compositions

« Oxide/hydroxide layer
thicknesses/structure

» Feeding/clogging
« Bonding quality
« Surface deformability




Effect of Oxygen Content on Powder Sprayability — Cu Powder

- » 600 W %
= 500
D50: 42 um D50: 43 pm il NS X Owsuay Refsi0
= B —8— Cu
0O,: 0.060+0.016% 0,:0.011£0.012% ;f 007 —B— 3160
= L, 300 - ._..--. —W— Monel
: - : _
3 Literature:
= * C
= L u (Ref 4)
il =8 | <4 Cu(Ref2)
L B Cu(Ref7)
oy i ®  316L (Ref8)
P | L L TR R T S e 2 | 1 n Lot opiy iroy
¢ 0.01 0.1 1

Oxygen content (mass%)

* Li et al, Significant influence of particle surface oxidation
on deposition efficiency, interface microstructure and
adhesive strength of cold-sprayed copper coatings (2010)



Scale-Up Work and Lot Variability

« Variability in powder cold sprayability observed from lot to lot

« Current practice: validate cold sprayability of every lot (coating
microstructure and bond strength)

80 -

*
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\o’
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Powder D10 D50 D90 nH CSM Bond Strength 0 : : : : - .
(um) (um) (um) (GPa) (m/s) (MPa) 40 50 60 70 80 90 100
PL1 18 36 50 1.00+-0.08 593 51+-9 (A) Powder D90 (um)
PL2 19 39 54 0.98+-0.12 542-580 >73 (G)




Powder Characterisation Protocol

* Current supply of cold spray powders: Powder
i Metallurgy Spec
« Spherical o
* “Fine” powder with narrow size distribution oo
« Low oxygen levels

« There is a need to_validate (is spherical powder
really better?), refine (what is the right particle size
distribution for a specific application? where is the

=] = =
cowonQ3 257

oxygen?) and expand those criteria (what about P szepn L
metallurgical state?) o
* There is a need to develop standard tests/indicators
to characterise powders intended for cold spray,
especially regarding:
» Powder microstructure/mechanical properties T s
« Surface state e e



Conclusions

Powder characteristics in term of bulk properties, geometry and
surface state are to be taken into account to produce optimized
coatings.

In the specific application of cold sprayed copper coating for
corrosion protection of nuclear used fuel containers:

- Composition specifications were selected to meet corrosion
performance expectations.

- Among the powders tested, spherical to semi-spherical powders can
meet coating density requirements.

- Control of fines is required to avoid gun clogging (D01>5 um) and
control of coarse to meet coating bond strength requirements
(D90<60 pm).

A better understanding of surface state could explain residual
variability in lot performance.

* An improved powder characterization protocol is needed to capture
key powder features through, preferably, simple tests.
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