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Abstract

An internationally recognized best practice for the permanent
disposal of used nuclear fuel is to store them in specially
designed containers in a deep geological repository. Copper,
as an excellent corrosion-resistant material, has been applied
to a carbon steel canister by the means of cold spray (CS)
coating in the Canadian design of the used fuel container. In
order to provide a basis for future optimization and process
control, we experimentally studied the impact of various
factors on ductility of the CS copper coatings. The current
investigation shows that there can be significant variability in
ductility when the feedstock powder properties (e.g., chemical
composition and particle size) are changed while keeping the
spray and heat treatment conditions constant. Testing results
show that the nitrogen-cold sprayed copper coatings’ ductility
decreases with increasing hardness in a linear relationship, and
can be improved with annealing temperature rising from
300°C to 600°C. The effects of substrate geometry and the
variability of the process are also discussed.

Introduction

The Nuclear Waste Management Organization (NWMO) was
established in 2002 for the long term management of the
Canada’s wused nuclear fuel [1]. The organization is
undertaking a major effort to develop a confinement and
isolation method of the Canadian used nuclear fuel in an
underground Deep Geologic Repository (DGR). A major
engineered component of DGR design is the Used Fuel
Container (UFC), which is a steel vessel designed and
fabricated to ensure safe long term fuel storage. A minimum 3
mm thick copper coating covering the whole container surface
is required to protect the steel from corrosion over the service
period [2].

In the UFC manufacturing concept, the steel components will
be pre-coated with electrodeposited Cu prior to delivery at the
Used Fuel Packaging Plant (UFPP). The container is to be
loaded with fuel and the hemispherical head seal welded in the
radioactive “hot cell” of the UFPP. Subsequent copper cold

spray of the weld closure zone will complete the container
corrosion barrier[3].

A crucial step in the development of the copper cold spray
coating process is to confirm the coating capability to exhibit
sufficient properties to remain integral to the UFC under the
pressures that may developed in the DGR environment.
Mechanical modeling studies have shown that a coating
ductility of at least 10% elongation and preferably 20%
elongation as a target is needed to meet the above requirement.

In general, cold sprayed copper coatings in the as-sprayed state
are brittle and need to go through a post-spray annealing heat
treatment in order to regain ductility [4-8]. For example, Boyle
et al. [6] showed that the ductility increased from 0.22+0.04%
in the as-sprayed condition to 23.22+3.03% when the samples
were heat treated at 350°C for one hour in an inert argon
atmosphere. In this work we aim to define the parameters that
enable a minimum 10% ductility of cold spray copper
coatings. First, we studied the effect of the heat treatment
temperature and atmosphere on a coupon level. Afterwards,
and having in mind the industrialization of the process, we
investigated how different spray configurations and powder
lots influence the ductility.

Experimental Procedure

1) Coating preparation and heat treatment

Coatings were prepared on two types of substrates: ASTM
A516 Grade 70 steel plates (152.4 mm X 152.4 mm X 38.1
mm) and on Al6061 rods (25.4 mm diameter), using the PCS-
800 cold spray system from Plasma Giken Co. (Toshima-ku,
Tokyo, Japan). The plates were placed side by side and the rod
was rotating while spraying. Prior to any copper coating
deposition, the substrates were first degreased with alcohol and
then manually grit blasted using a Canablast Model M101P
unit. The grit blasting material and size were alumina (Al>Os)
grit 24 for steel or grit 60 for Al6061. In order to insure a
proper adhesion on steel plates, an adhesion layer (~200 um)
was sprayed on the grit blasted substrate using helium gas (4.9
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MPa, 800°C) and low powder feed rate (10-12 g/min). The
adhesion layer is not required to ensure sufficient adhesion
when spraying on the Al6061 substrates. This is the reason
why Al6061 was chosen as a substrate, as it would eliminate
the use of costly He. For both substrates, coating buildup was
achieved using N» gas (4.9 MPa, 800°C) and high powder feed
rate (75-80 g/min). The coating final thicknesses were ~3 mm
in 10 passes. Gun traverse speed and standoff distance were
300 mm/s and 30 mm, respectively. An equivalent linear
traverse speed was chosen when spraying with the cylindrical
fixture and with the Al6061 rods.

For the heat treatment, coupons were cut from the coated
plates (114.3 mm length X 63.5 mm width x full coating
thickness + 9.525 mm substrate), and from the coated rods (6
mm X 6 mm X 68 mm, coating only). Heat treatments were
done in a quartz tubular furnace with a constant flow of argon
or air. All heat treatments were performed for one hour at the
target temperature (in the range 300-600°C). The heating ramp
was 10°C/min and the samples were furnace cooled to room
temperature.

2) Materials Characterization

Four different lots of feedstock gas-atomized copper powder
were used, namely, EDL143, CEF221 and EEI052, from 5N
Plus (Montreal, Quebec, Canada), and 7G17F1 from Plasma
Giken Co. The average particle size and the volume-weighted
particle size distribution were measured via a laser diffraction
particle size analyzer (LS320, Beckman Coulter, Miami, FL,
USA). For the chemical composition of the feedstock powders,
the oxygen content was measured in accordance with the
LECO method (LECO TCH600, Model 631-300-500), while
the purity of the powder was made using ICP analysis.

For metallographic observation and microstructural analysis,
coatings were sectioned with a coolant-assisted wheel.
Sectioned coatings and as-received powders were then cold
vacuum mounted in an epoxy resin and ground then polished
using standard metallographic preparation procedures. The
following etchant was used for copper: 5 g iron (III) chloride,
25 mL HCI, and 70 mL deoinized water. Cross-sections of the
coatings and feedstock powders were observed using a field
emission gun scanning electron microscope Hitachi S-4700
(FEG-SEM) in backscattered electron imaging mode
(YAGBSE).

3) Mechanical testing

Through-thickness ~ microhardness  measurements  were
performed on cold vacuum mounted and as-polished samples
with a Clemex MMT-X7B s/n MM6095X microhardness
tester according to a modified ASTM standard E384-10. All
tests were performed using 300 gf (coating) or 10 gf (powder)
loads for 10 s penetration time (hold time). For each specimen,
10 indentations were performed and the average value and
standard deviation are reported.

Tensile tests were performed according to ASTM E8/E8M-16
(Standard Test Methods for Tension Testing of Metallic

Materials) to generate engineering stress-strain curves. In this
work, the % elongation (or the ductility) is defined as the %
engineering strain at failure. EM test specimens were electric
discharge machined (EDM) following the standard’s subsize
specimen dimensions. These samples were extracted from the
heat treated cold sprayed coating with the tensile direction
perpendicular to the spray lines, and approximately at the
coatings’ mid-thickness. The specimens extracted from the
coatings prepared on plates were flat (gage dimensions 25 mm
length X 6 mm width x 1.5 mm thick), while the specimens
extracted from the rods were cylindrical (20 mm length and 4
mm diameter).

Results and Discussion

1) Powders Characterization

The as-polished and etched cross sections of the feedstock
powders were observed with SEM in BSE mode. Images were
taken at 500X magnification and are shown in Figure 1. For the
four feedstock powders that were used, the polished cross
sections reveal spherical dense particles. The etched cross
sections display an equiaxed microstructure in all the four
powders.

7G17F1

EDL143

CEF221

EEI052

Figure 1: SEM BSE images (as-polished and etched) of the

cross sections of the feedstock powders.

The average particle size (D50) of the feedstock powders
varies between 22 to 43 um (Figure 2 and Table 1). Powder
lots EDL143 and 7G17F1 are very similar in terms of particle




size (except that lot EDL143 does not display particles below
~20 pm), and both have the largest D50 the four powders.
Powder lot EEIO52 displays the smallest D50. The oxygen
content (Table 1) varies between 111 and 409 ppm, being
highest for EEI052 powder and lowest for EDL 143 powder
lot. Within the experimental variation, the hardness values that
were measured are all very similar for the different powders.
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Figure 2: Particle size distribution of the four feedstock
copper powders.

Table 1: D10, D50, D90, oxygen content (LECO analysis) and
micro-hardness of the four feedstock copper powders.

Powder D10 D50 D90 (07 Hardness
(um) | (um) | (um) | (ppm) | (HVoo1)
+
EEI052 (5N+) 8 22 45 409 5197 N
7G17F1 55.7
(Plasma Giken) 19 38 > 282 8.5
48.6 =
CEF221(5N+) 25 32 46 185 24
+
EDL143 (5N+) 28 43 60 111 571% N

The chemical composition of the feedstock powders was
verified with ICP analysis. Several elements were analyzed
and are listed in Table 2. The three experimental lots from
5SNPlus were prepared specifically for this study with varying
compositions and size distributions. The level of impurities is
highest for powder lot EDL 143 (2344 ppm), while the other
three powder lots have comparable impurity levels (2334, 60,
54 and 93 ppm, for EDL143, 7G17F1, CEF221 and EEI052,
respectively).

Table 2: ICP analysis of the four feedstock copper powders
EDL143 | 7G17F1 | CEF221 | EEI052

ng/g ng/g ng/g ng/g
Ag 14 11 15 13
Al 688 20 0.8 0.8
Co 0.2 0.2 <DL 0.2

Cr 0.5 0.3 0.2 <DL

Fe 43 7 6 6
In <DL <DL <DL 11

Mg 8 0.4 <DL <DL
Mn 2 0.2 0.2 0.1
Na 2 2 2 2
Ni <DL 3 3 3
Si 1550 5 14 13
Sn 7 8 14 35

Ti 19 <DL <DL <DL

Zn <DL 3 <DL <DL
Total 2334 60 54 93

<DL (below detection limit): As, Au, Bi, Cd, Hg, Pb,
Sb, Se, V

2) Characterization of the As-sprayed Coatings

An etched cross section of a representative as-sprayed copper
coating is shown in Figure 3. The etchant allows clear
observation of the particle boundaries of very deformed splats.
Overall, a dense coating was obtained. Within the deformed
splats, pancaked grains are visible. This is similar to results
published in the literature (for example [4, 5]). The micro-
hardness of the as-sprayed coating was 119.9%5.7 HVq 300,
higher than the micro-hardness of the powder (55.7 = 8.5
HVo.300, Table 1), indicating that strain hardening occurred, as
it is typical in cold spray ([5] and references therein).

Figure 3 — Optical microscope image of the cross-section of
an as-sprayed copper coating, etched to reveal inter-particle
boundaries. The coating was prepared with powder lot
7G17F1 from Plasma Giken.



3) Effect of the heat treatment temperature and
atmosphere on the ductility, microstructure and
micro-hardness

Cold spray copper coatings were heat treated in Ar or in air for
one hour at the target temperature (in the range 300-600°C).
Specimens for tensile testing, five for each heat treatment
condition, were machined only after the heat treatment.
Representative stress-strain curves for the heat treatments at
350°C in Ar and in air are shown in Figure 4.
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Figure 4: Representative engineering stress-strain curves for
the samples that were heat treated at 350 °C for one hour in Ar

and in air. Coatings were prepared with powder lot 7G17F1
from Plasma Giken.

As seen in Figure 4, the two curves, one for the heat treatment
under an Ar atmosphere and the other one in air, practically
overlap, with similar yield strength (128 vs. 126 MPa, 0.2 %
offset), tensile strength at break (203 vs. 202 MPa), strain at
break (16 vs. 16%), and Young’s modulus (124 vs 114 GPa)
(all values are for Ar and air, respectively). The measured
Young’s moduli are close to literature value: 129.6 GPa [9].

The elongation values for the remaining heat treatment
temperatures are summarized in Figure 5. At each temperature,
there is no significant difference between the heat treatments
performed in Ar or in air. This is extremely important to the
application, because it simplifies the large scale process as no
inert atmosphere is required. Also, as the heat treatment
temperature increases, so does the elongation, going from
9.4£1.1 % to 29.1£2.3% at 320 and 600°C, respectively.
These results are comparable to other reports in the literature
[5-7]. For example, for the heat treatment at 600°C, Gértner et
al. [7] reported 24% ductility for coatings prepared with He;
Boyle et al. [6] reported 27% ductility for coatings prepared
with No. As mentioned earlier, in this application we aim to
obtain minimum 10% elongation. Our target can be met by
heat treating at a minimum of 350°C.
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Figure 5: Influence of the heat treatment temperature and
atmosphere on the elongation of cold sprayed copper

coatings. Coatings were prepared with powder lot 7G17FI
from Plasma Giken.

The fracture surface of representative samples heat treated at
350 and 600°C were observed under the SEM (Figure 6).
When heat treated at 350°C, the limited amount of dimples
and the relatively smooth surface seems to indicate that the
sample fractured in-between the cold spray splats. At 600°C,
dimples are present in the fracture surface, indicating a more
ductile failure. The evolution of the fracture surface indicates
that the mechanism of fracture evolved from a mostly brittle
one to a ductile one for the samples treated at 600°C. This may
indicate that in the as-sprayed and heat treated at low
temperature conditions, the cohesion of the coating is mostly
governed by mechanical interlocking of the different splats. By
increasing the temperature, sintering of the splats occurs, as
implied by the presence of dimples and ductile tearing in the
sample heat treated at 600°C; however, sintering at 600°C is
not complete and some evidence of the original splat structure
is still visible (indicated by the arrow in Figure 6B). The
observations made of the fracture surface are consistent with
the increased ductility at higher heat treatment temperature, as
previously shown in Figure 5.
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Figure 6: SEM images of the fracture surfaces for samples (A)
HT 350°C/1h/air, and (B) HT 600 °C/1h/air. Coatings were
prepared with powder lot 7G17F1 from Plasma Giken

The micro-hardness was also measured after heat treatment
(Figure 7). A decrease in micro-hardness was observed after
heat treatment, and the higher the heat treatment temperature
the higher the decrease. Overall, the micro-hardness decreased
from ~120 HVo300 (as-sprayed coating) to 55 HVo300 (heat
treatment at 600°C). A similar behaviour, that is a continuous
decrease in micro-hardness with increasing heat treatment
temperature, is described in the literature [5, 10]. For example,
Calla et al. [5], showed a decrease from ~175 HV (as-sprayed
coatings) to ~65 HV (heat treatment at 600°C). As seen
previously in Figure 5, the elongation of the coating also
increased with the heat treatment temperature. In fact, there is
a linear relationship (R?=0.9), between the elongation and the
micro-hardness (Figure 8), for the current coatings that were
prepared with the same experimental conditions and powder.
This indicates that micro-hardness measurements could
potentially be used as a quality control technique to estimate
ductility.
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Figure 7: Variation in micro-hardness with heat treatment
temperature. Coatings were prepared with powder lot
7G17F1 from Plasma Giken.
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Figure 8: Elongation vs. micro-hardness. All samples were
prepared with the same spray parameters and powder lot
7G17F1 from Plasma Giken. Results are given for samples HT
in Ar or in air in the temperature range 300-600 °C for 1h.

Optical micrographs of the etched cross sections of the
samples after heat treatment at 350 and 600°C are shown in
Figure 9. Similarly with the as-sprayed sample (Figure 3), the
particles of the deformed splats are clearly visible. When heat
treated at 350°C, recrystallized grains are observed within the
particles. At 600°C, the particles are also fully recrystallized,
but with larger grains. Splat boundaries remain visible in the
microstructure of both samples. The recrystallization that
occurs at 350°C explains the decrease in micro-hardness
observed after heat treatment. Furthermore, grain growth and
full intra-particle recrystallization at 600°C also justifies the
further decrease in micro-hardness. In this sense, the increase
in ductility at 350°C would be due to the
recovery/recrystallization in regions next to splat-splat
boundary defects, hindering crack propagation. At 600°C,
partial sintering results in increased ductility.




thure 9: Etched cross sections of the coatzngs (A) HT
350°C/1h/air, and (B) HT 600°C/lh/air. Coatings were
prepared with powder lot 7G17F1.

4) Effect of powder properties and spray
configuration/substrate dimensions on the ductility

The results presented in the previous section were obtained
from coatings that were prepared on plates placed side by side;
however, in this application we aim to spray cylinders of 56
cm in diameter. Also, when in production, the use of more than
one powder lot is expected. In a first stage, we aimed at
verifying the effect that powder lot has on ductility. For this,
coatings were prepared with the same spray conditions on 2.54
cm diameter Al6061 rods, using a different powder lot each
time. The elongation and micro-hardness are listed in Table 3.
The elongation is lowest for powder lot EDL143 (7.6+0.5%),
followed by 7G17F1 (21.9+1.5 %) and finally, EEI052
(36.0£2.9%) and CEF221 (39.2+1.4 %). As presented above,
the four powder lots display dense spherical particles with
similar microstructures; however, they have different particle
size distributions and different levels of chemical impurities.
From the current experiments, the particle size distribution and
oxygen levels of the powder particles do not have a significant
effect on the ductility. For example, powder lots EEI052 and
CEF221 display different particle size distributions and
different oxygen levels, but show similar elongation values.
The most significant effect observed was from the presence of
impurities: the higher levels of impurities in powder lot
EDL143, namely the higher levels of Si and Al, resulted in a
lower ductility. Further investigations are being carried out to
better understand the effect of powder on the ductility, namely
at which level of impurities we start observing a lowering of
the ductility.

Table 3: Micro-hardness and elongation (before and after HT
at 350°C/1h/Ar) for coatings prepared on Al6061 rods and on

6”%x6" plates
Elongation As;]i.pcl:)yed
Powder lot Substrate (%) after 1ero-
HT hardness
(HVo.300)
EDL143 Al6061 rod 7.6%£0.5 139.9+5.5
EEI052-0053 | Al6061 rod 36.0+£2.9 99.444.5
CEF221-
+ +
2553 Al6061 rod 39.2+1.4 89.5+2.5
7G17F1 Al6061 rod 21.9+1.5 87.5£3.0
7617F1 | 8Ost 160k 119.9+5.7
plates

Also listed in Table 3 is a comparison between two different
substrate types and dimensions. Two sprays were performed
with the same spray conditions and powder lot 7G17F1. The
spray configuration/substrate type had a significant impact on
the ductility: higher (21.9+1.5 %) when spraying on the
A16061 rod, compared to the ductility obtained on the 6”x6”
plates (16.0£1.8 %). At least two parameters can be affected
by changing the spray configuration, the thermal mass and the
time required to return to a point on the surface to be coated.
The thermal mass is lower for the rod than for the plates while
for the time to re-spray, it is the reverse. From this we can
assume that during spray, surface temperature is different in
the two configurations; higher for the coating sprayed on the
2.54 cm rod (the smaller size of the sample could result in
higher heat accumulation) and lower for the plates. For the
higher surface temperature during spray, particles could
deform more upon impact, promoting better particle-particle
cohesion and hence higher ductility[11]. Interestingly, the
micro-hardness of the as-sprayed coatings is lower for the
coating prepared on the rod (87.5£3.0 vs. 119.9+5.7 HVy300)
and this could be an indirect evidence that the higher
temperature on the rods is favoring the occurrence of recovery
and recrystallization during spraying and hence a higher
ductility [4,8]. Currently, further investigations are ongoing to
better elucidate the influence of the spray configuration in the
ductility.




Conclusions

In this study, the microstructure, particle size distribution of
feedstock powders, and impurities were characterized. The
microstructures of resulting as-sprayed coatings were also
characterized. Tensile tests were performed to measure the
ductility (% elongation) of the coatings produced and heat
treated under several conditions. The effects of these
conditions on the ductility are noted,

(1) Heat treatment:
a. Ductility increases while micro-hardness decreases
with increasing temperature
b. A linear relationship between % elongation and the
micro-hardness is observed
(2) Spray configuration / substrate dimension: substrate
temperature or its respective thermal mass may influence
the ductility, i.e., a lower substrate temperature promotes
lower ductility
(3) Feedstock powder properties: early evidence suggests
that impurity levels may affect the ductility

As a result of these findings, further investigations specifically
for (2) and (3) are required. The outcome of these
investigations  will  contribute  significantly to the
industrialization of this process and ensure that the required
target ductility is reliably achieved for the current application.
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