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Abstract: The factors that influence the formation of helium blisters in copper were studied, including
crystallographic grain orientation and thermomechanical conditions. Helium implantation exper-
iments were conducted at 40 KeV with a dose of 5 x 10! ions/cm?, and the samples were then
subjected to post-implantation heat treatments at 450 °C for different holding times. A scanning
electron microscope (SEM) equipped with an electron backscatter diffraction (EBSD) detector was
used to analyze the samples, revealing that the degree of blistering erosion and its evolution with time
varied with the crystallographic plane of the free surface in different ways in annealed and cold rolled
copper. Out of the investigated states, rolled copper with a (111) free surface had superior helium
blistering durability. This is explained by the consideration of the multivariable situation, including
the role of dislocations and vacancies. For future plasma-facing component (PFC) candidate material,
similar research should be conducted in order to find the optimal combination of material properties
for helium blistering durability. In the case of Cu selection as a PFC, the two practical approaches to
obtain the preferred (111) orientation are cold rolling and thin layer technologies.

Keywords: plasma-facing components; helium blistering; thermo-mechanical state; crystal orientation;
dislocations and vacancies

1. Introduction

The increase in worldwide population and demand is producing a massive increase in
energy consumption. Most of the energy used today is obtained from finite resources, and
some of them are very polluting. One of the most promising technologies to confront these
challenges is nuclear energy, especially fusion reactors. Nuclear fusion is a non-polluting
physical reaction in which two light nuclei unite to form a heavier nucleus and a lighter
particle. The reaction results in energy release by the two nuclei, which is distributed
among the products in a way that is inversely proportional to their masses, as derived
by the conservation of momentum and energy [1,2]. In particular, for the deuterium and
tritium fusion reaction, helium and highly energetic neutrons are released, with energies
of ~3.5 MeV and ~14 MeV, respectively. This energy is dissipated into thermal energy,
which can be converted into electric power. However, there are technological challenges
that must be overcome. In the existing technological concepts, the fusion reaction occurs
in plasma at a very high temperature (108 °C), which is needed to overcome the repul-
sive forces between the nuclei [3,4]. Impurities (atoms of different natures) in the plasma
impede the process, thus, the reaction should take place in a vacuum vessel, which is an
essential component in the fusion power plant [5-7]. Plasma-facing components (PFCs)
suffer from helium bombardment and highly energetic neutrons, which can result in the
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following. (1) The absorbance of the recoil energy by the lattice atoms. If this energy
is higher than the threshold energy for displacement, a vacancy /interstitial is produced.
(2) The production of high concentrations of foreign elements by nuclear reactions, such
as the production of helium by (n, «) reactions within the PFC material. These reactions
create structural defects, which tend to bind helium and act as traps. The type of trap
(dislocations, vacancy, etc.) depends on the trapping energy. The bombardment of he-
lium and its accumulation in the metal result in the sputtering, blistering, and erosion
of the material’s surface and ultimately the degradation of its structural and mechanical
properties [8-11]. Thus, it is important to select a material for the PFC that will be able to
withstand these processes. Dosages of 5 x 10'7-10!° He/cm? can induce the formation of
blisters on metal surfaces. This phenomenon is attributed to the release of helium atoms
from traps and their coalescence to form bubbles with large enough pressure to deform
the metal surface [12-15]. Two main mechanisms for blister formation are known. The
first mechanism was suggested by Behrisch et al. [16] on the basis of the assumption that
blisters tend to form from the lateral stress at the interface between the implanted zone
and the helium-free zone. A second mechanism suggested by Evans [17] assumes that a
fracture takes place between over-pressurized helium bubbles that cause blister formation.
Both models assume that the driving force for helium blister formation is the internal
liberation of helium and its accumulation in the near-surface region [18]. Blister formation
depends on the composition of the implanted material and its crystallographic orientation,
thermo-mechanical history, and the experimental temperature [19-23]. Studies on different
metals have been performed to understand the dependence of blister formation on the
crystallographic orientation. Xiao et al. [21] revealed the formation of the largest helium
blisters with the maximum areal fraction in tungsten on surfaces oriented close to (001).
Surfaces close to (111) and (110) showed higher helium blister resistance. Li et al. [22]
showed that helium implantation into W at 950 °C caused the formation of the largest
blisters on (100)-oriented grains. It was observed that different Cu single crystals exhibited
a variety of blister sizes after helium implantation. While no blisters were found on the
(110) free surface, the largest blisters were formed on (100) faces. This phenomenon is
explained by the depth reached by helium ions below the surface, which is influenced by
the stopping power of each grain orientation [23]. Microstructural defects, such as disloca-
tions, vacancies, and grain boundaries, can significantly affect the behavior of helium in a
material [24,25], particularly in terms of its ability to form bubbles and blisters, as detailed
in the discussion. It seems that metallurgical variables may have an important contribution
to the performance of the material as a PFC. To estimate the significance of these variables,
we chose to study the influence of crystallographic orientations and the thermo-mechanical
states of copper as representatives of FCC metals on helium blister formation. Copper was
selected since copper and copper-based alloys have excellent thermal conductivity, making
them a potential divertor heat sink material in fusion reactors [26,27].

In the present research, ion implantation experiments of annealed and cold-worked
polycrystalline copper were undertaken, followed by heat treatments to produce helium
blisters. The heat treatments were performed at 450 °C since this is the upper limit of
the operating temperature range of Cu-based materials in divertor components [28]. The
samples were investigated by electron microscopy, nanoindentation tests, and theoretical
calculations made with the finite element method (FEM).

Blistering phenomena were investigated in four combinations of crystallographic
orientation and the metallurgical history of copper to understand the interrelations between
these two variables. Their effect on blistering was found to be subtle.

2. Methodology
2.1. Experimental

Samples were cut from a purchased high-purity (99.997%) cold rolled copper rod with
a final reduction of 60% and a ~10 mm diameter by electrical discharge machining (EDM)
to a thickness of ~4 mm. First, part of the samples was annealed at 400 °C in an air furnace
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covered with boron nitride powder to reduce the surface oxidation. Then, the as-received
and annealed samples were mechanically polished to a 1-micron particle size diamond
suspension to a mirror-like surface finish, and then the samples were electro-polished using
25 mL of phosphoric acid, 25 mL of ethanol, 5 mL of propyl alcohol, and 50 of mL water for
~60 s at room temperature at 5 V in order to obtain a compatible surface finish for electron
backscatter diffraction (EBSD—Oxford Instruments, Abingdon, UK) analysis. Both samples
were analyzed by scanning electron microscopy (SEM) and X-ray diffraction (XRD) using a
RIGAKU-2100H X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a
Cu-Koa radiation source. The parameters for the diffraction analysis were 40 kV /30 mA,
scattering angles of 20-100°, and a scanning rate of 2° /min. Selected regions of interest
were marked by SEM attached with a focused ion beam (Dual Beam FIB, FEI Helios G4
UC, FEI company, Hillsboro, OR, USA). Pictures were taken of the marked regions to make
a quantitative comparison of the same areas at different experimental stages. In addition,
cross-sections were made by the FIB and inspected under SEM to understand the formation
process of helium bubbles and blisters. Finally, orientation maps of the marked regions
were acquired by an SEM (FEI Verios XHR 460L) equipped with EBSD (Oxford Instruments).
The ion implantation experiments were performed at the Helmholtz-Zentrum Dresden
Rosendorf Ion implantation Center with a 500 kV ion implanter system with an ion energy
of 40 KeV up to a dose of 5 x 10! ions/cm? in a vacuum environment. The implantation
temperature was kept at 27 °C using a water cooling system. This dose lies in the interval
prone to blister formation [12]. The helium depth profile was performed by elastic recoil
detection analysis (ERDA) using a 43 MeV Cl’* ion beam.

Prior to the helium implantation, SRIM [29] calculations were used to predict the
helium depth distribution in the samples as a function of the energy of the implanted ions
(Figure 1). The calculations were performed using a displacement energy of 25 eV, a lattice
binding energy of 3 eV, and a single-layer calculation model [30]. The maximum helium
density was predicted to be at a depth of 160 nm.

[ Helium concentration|

3.5%10%2 4

3.0x10%2

2.5%10%2
2.0%1022 4
1.5%10%2 -

1.0%x10% o

Helium concentration [atoms/cm?]

5.0x10%" -

0.0
0 50 100 150 200 250 300

Target depth [nm]

Figure 1. SRIM predictions of 40 KeV helium implantation depth profile in Cu. The red area represents
the total helium concentration in the sample.

To accelerate blister formation after implantation, all samples were heat-treated at
450 °C for 5, 10, 20, and 40 min in a quartz tube furnace (NaberTherm B180, Nabertherm,
Lilienthal, Germany) evacuated to 10~ torr by a turbo vacuum system. The samples were
then characterized by SEM STEM (FEI Helios G4 UC) and TEM (JEOL JEM 2100F) following
each treatment. The presence of helium in the samples was determined by TEM equipped
with an EELS detector (JEOL JEM 2100F, Tokyo, Japan). After the heat treatment, top-
view SEM micrographs were analyzed for surface blisters in accordance with the relevant
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orientations using Image] version 1.54d and ATEX version 2.20 computer software. To
understand the elastic—plastic behavior of the blisters on different crystallographic planes,
nanoindentation experiments were conducted with a scanning probe microscope (SPM)
from Asylum Research (Oxford Instruments) including an ORCA-Nano indenter head with
a geometry of a cube corner with a defining angle of 35.26° and a tip radius of ~50 nm.
Hundreds of indentations were performed in arrays of 8 x 8 points with a distance of
10 microns between each point.

2.2. Numerical Modeling

Finite element analysis using NASTRAN.MSC [31] software (version 2021.3) was
performed in the elastic regime. To simulate the formation of blisters, the connection
between facing elements along a disc marked by the red line in Figure 2 was eliminated,
and pressure was applied on the free faces below the free surfaces. Fine mesh was adapted
in the vicinity of the blister and gradually made coarser. A few meshes were tested up to
the convergence of the elastic energy. Two finite element models were constructed for (100)
and (111) Cu single crystals subjected to the same applied pressure of 1 MPa (Figure 2).
Three mesh refinements were performed to check the convergence of the solution. The
finest mesh contained an average of 85,000 Hex8 elements.

Figure 2. Side view of the 3D finite element model. Crack diameter to crack depth ratio of 5:1. The
red line represents the disconnected region in which pressure was applied.

The boundary conditions were zero displacements in the vertical z dimension at the
basal plane and zero tangential displacements of all the nodes. A sector of the specimen with
an included angle of 90° was used for the (001) surface orientation; a sector of the specimen
with an included angle of 120° was used for the (111) orientation; and the coordinate
axis was rotated correspondingly to reflect the crystallographic orientations. The elastic
constants in the principal crystallographic axes were Cy1 = 151.5 GPa, C1, = 113.5 GPa, and
C44 = 63.6 GPa [32].

3. Results
3.1. Helium Depth Profile in Cu

The experimentally determined helium dose was 4 x 107 ions/cm?, aligning well
with the anticipated value (5 x 10! ions/cm?). According to SRIM calculations, the
helium peak concentration was predicted to take place at a depth of 160 nm below the free
surface. However, the ERDA analysis revealed the peak at around 265 nm (Figure 3). The
discrepancies between the anticipated and experimental outcomes arose from the inherent
assumptions in the SRIM-based calculations. The cross-section for displacement of copper
by helium was obtained by [33]. In the range of 0 to 40 KeV, the cross-section was nearly
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constant and equals 10~!7 [cm?]. Therefore, the actual displacement per atom (dpa) was
calculated with the following equation [34]:

!
Ny = N; / o4dl = Nyl = 8.47-1022 [?}?] 1077 [cmz] 450-10 7 [em] = 38 dpa
0

where N; is the atomic density of Cu, 7j is the average displacement cross-section, and ! is
the total path length of helium in copper calculated by ERDA experiments.

\— Helium depth profile\
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Figure 3. Helium depth profile obtained from the ERDA analysis.

3.2. Microstructure Characterization

To determine the degree of the preferred crystallographic orientation, XRD analysis
was conducted on both rolled and annealed copper samples. The XRD patterns are shown
in Figure 4. The rolled copper sample shows a textured pattern with the preferred (111)-and
(200)-oriented planes in the cross-section of the rod. By contrast, the annealed copper
sample shows peak intensities close to the random orientation reference appearing in ICDD
PDF card number 00-004-0836.

Annealed Copper

jm
350 - 8 3 Rolled Copper
- et Reference
300 & .
3 250 |
© 7] N
“2\ t N
‘o 200
C
Q
£ 1504
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N 1001
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5 501
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Figure 4. X-ray diffractograms of rolled and annealed copper.
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To determine the distribution of grain orientations, several tens of regions (hundreds
of grains) from rolled and annealed copper samples were analyzed using the SEM-EBSD
method. The results of this analysis are shown in Figures 5 and 6.

001 101

Figure 5. Inverse pole figure (IPF) Z EBSD orientation map (a) and the corresponding SEM SE
micrograph of rolled copper (b) with the IPF color code triangle.

001 101

Figure 6. Inverse pole figure (IPF) Z EBSD orientation map (a) and the corresponding SEM SE
micrograph of annealed copper with window marking by FIB (b) with the IPF color code triangle.
The Roman numeral II represents a serial number of the marked region.

The EBSD maps of the rolled copper sample show two main crystallographic orien-
tations: near (111)-oriented grains, which are colored blue, and near (100) free surfaces,
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which are colored red. By contrast, the annealed copper sample shows a random grain
distribution consistent with the XRD analysis presented above.

The surface morphology of rolled and annealed copper before and after helium im-
plantation is shown in Figures 7 and 8, respectively. The micrographs for both samples
show no apparent surface changes after helium implantation. The electropolish parameters
were selected to reveal the grain boundaries, which also resulted in a side effect of surface
pitting. However, this did not interfere with the identification of blisters in the following.

-

BRI 4

Figure 7. Top view of SEM SE micrographs of cold rolled Cu region before (a) and after (b) helium
implantation.

Figure 8. Top view of SEM SE micrographs of annealed Cu region before (a) and after (b) helium
implantation.

In order to accelerate the formation of blisters, the samples were heat-treated for
5-40 min at 450 °C. The appearance of blisters after heating was consistent with the findings
of Yamauchi et al. [35], who observed a helium release peak at around 450 °C that was
attributed to blister formation. The SEM micrographs of the surface morphology of the
rolled sample after heat treatment for different time intervals are illustrated in Figure 9.

Heating the sample for 5 min at 450 °C resulted in the formation of single blisters.
As the heat treatment continued, new blisters appeared; some of them grew, and others
ruptured. After heat treatment for 40 min, some grains experienced a high density of
blisters, while only a few blisters were formed on other grains (marked by arrows in
Figure 9d). The SEM micrographs of annealed copper after heat treatment for 5-40 min at
450 °C are presented in Figure 10.
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Figure 9. Typical top view of SEM SE micrographs of rolled Cu region after heat treatments at 450 °C
for (a) 5 min, (b) 10 min, (c) 20 min, and (d) 40 min. The arrows indicate a (100) grain with high blister
density and a ruptured blister on a (111) grain.

(b) V

Figure 10. Top view of SEM SE micrographs of annealed Cu after heat treatments at 450 °C for
(a) 5 min, (b) 10 min, (c) 20 min, and (d) 40 min.
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A few blisters, which were typically smaller than those that appeared on rolled copper,
formed on the surface of the annealed copper after heating the sample for 5 min. Continuing
the heat treatment, the number of blisters increased; some blisters grew and others ruptured.
Some blisters preferably formed on grain boundaries.

3.3. Blistering Kinetics
3.3.1. Rolled Copper

Image processing was applied to evaluate the blisters” mean area, the blister num-
ber density, and the blister areal fraction as a function of the heat treatment time for
(100)- and (111)-oriented grains of the cold rolled specimens. The results are presented in
Figures 11 and 12. Each experimental point is based on blister counting in the total grain
area varying between 109,000 and 567,000 um? (hundreds of grains).
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Figure 11. Blister development as a function of post-implantation heat treatment time for two orien-
tations of the free surfaces: (a) mean blister area and (b) blister number density.
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Figure 12. Blister areal fraction of two crystal orientations as a function of post-implantation heat
treatment time of cold rolled copper.

As illustrated in Figure 11a, larger blisters were created on (100) surfaces compared
with (111)-oriented grains at all heat treatment time intervals, which agrees with the results
of Moreno et al. [23] for a copper single crystal. The (100) orientation also exhibited a higher
blister number density compared with the (111) orientation (Figure 11b), indicating that
(100) surfaces are more susceptible to blistering. The decay in the mean blister area, together
with the increase in the blister number density for up to 20 min of heat treatment for both
orientations, implies that the nucleation rate is the dominant mechanism that influences



Metals 2024, 14, 260

10 of 18

the population of the blisters. After 20 min of heat treatment, the mean blister area and
the blister number density of the (111) plane reached a plateau, which was probably due
to the equality of both the nucleation and growth rates. The blisters on the (100) planes
showed a slightly different tendency after 20 min of heat treatment; the mean blister area
reached a steady state, and the blister number density continued to rise, indicating that the
nucleation of blisters still proceeded. Figure 12 allows for a comparison between the blister
areal fraction on the (100) surfaces to their fraction on the (111) surfaces.

It is observed that blisters tend to form preferentially on (100) surfaces rather than
on (111) surfaces. During the heat treatment, the blister areal fraction of (111) surfaces
reaches a plateau after around 20 min. However, the blister areal fraction on the (100)
surfaces continues to increase up to 40 min. This observation supports the above conclusion
that while blister nucleation and growth rates become equal on the (111) plane, the blister
nucleation rate is still higher than the growth rate on the (100) plane.

3.3.2. Annealed Cu

The results of the post-implantation heat treatment of annealed copper for different
holding times at 450 °C are presented in Figure 13. It shows the blister number density
(Figure 13a) and the mean blister area (Figure 13b) as a function of the heat treatment time
for three crystal orientations. Figure 14 shows the blister areal fraction developed on the
three types of surfaces as a function of the heat treatment time.

—
Q
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Figure 13. Blister development on three crystal surface orientations as a function of post-implantation
heat treatment time: (a) mean blister area and (b) blister number density. Each experimental point is
based on blister counting in the total grain area varying between 18,000 and 38,000 um? (hundreds
of grains).

The two surface orientations ((100) and (111)) of annealed copper show an increase in
the mean blister area for up to ~20 min of heat treatment followed by a plateau (Figure 13a),
contrary to the decreasing blister area on rolled copper. Even though the blister number
density also increases for up to 20 min of heat treatment for all orientations (Figure 13b), it
seems that blister growth dominates during this period. After 20 min, the mean blister area
of all orientations reaches a plateau, with (100) grains experiencing the smallest blisters
and lowest number density. Notably, while the blister number density of the (100) and
(111) orientations shows the same behavior, the (110) planes continue to rise. After heat
treatment for 20 min, the blister nucleation rate catches up with the growth rate on the (100)
and (111) planes, but the blisters formed on the (110) plane are mainly influenced by the
nucleation mechanism.
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Figure 14. Blister areal fraction of annealed copper as a function of post-implantation heat treatment
time. Each experimental point is based on blister counting in the total grain area varying between
18,000 and 38,000 umz (hundreds of grains).

The blister areal fraction of the three orientations of the annealed copper shown in
Figure 14 conforms with the controlling mechanisms deduced above. It is interesting that
while the blister areal fraction of the (100) plane is higher than that on the (111) plane for
rolled copper, annealed copper shows the opposite behavior: after 40 min of heat treatment,
the rolled copper experiences ~5 times greater blister areal fraction on the (100) oriented
surfaces relative to the (111) surfaces, while the annealed copper shows superior blister
areal fraction for the (111) surfaces. It is also observed that (110) grains experienced the
most severe blister erosion shown by the highest blister areal fraction.

Table 1 summarizes the blister number density, mean blister area, and blister areal
fraction for (100) and (111) crystal planes after 40 min of post-implantation heat treatment.
It is observed that on rolled copper, larger blisters with a smaller number density were
formed, whereas on the surfaces of annealed copper, smaller blisters with a higher number
density were formed. As for blister areal fraction, it appears that (111)-oriented grains of
rolled copper are the most blister-resistant, while in annealed copper, the (100) orientation
is the most blister-resistant.

Table 1. Summary of the experimental results for the two crystal planes and thermal states of the
material after 40 min heat treatment. The red and blue colors represent blisters on (100) and (111)
surfaces, respectively.

Thermal State Crystal Blister Number Average Blister Blister Areal
Plane Density (10* 1/pm?) Area (um?) Fraction (%)
(111) 11 6.4 0.7%
Rolled (100) 26 9.0 2.3%
Annealed (111) 67 3.8 2.6%
(100) 50 3.6 1.8%

4. Discussion

Our results show that some orientations are more sensitive to blister formation. Previ-
ous research has shown the preference of certain surfaces in polycrystalline tungsten [36]
and in Cu single crystals [23]. A comprehensive explanation of all the phenomena observed
in this work appears to be challenging, and more work needs to be conducted. In the
following section, a probable explanation is suggested on the basis of broad considerations.
The more sensitive crystallographic plane depends on the material history, i.e., dislocations
and vacancy content.
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4.1. Dislocations

According to previous work [37-40], dislocations play two competing roles in helium
blister formation. The first role of dislocations is to act as diffusion pipes for easy helium
diffusion and to promote the formation of big He-V clusters, bubbles, and, finally, blisters. It
can be assumed that helium and vacancies could accumulate and agglomerate more easily
to form big He-V clusters in areas with a high dislocation density. Rolled copper shows
higher hardness compared with annealed copper due to a higher dislocation density [41].
Thus, rolled copper should exhibit larger blisters, while annealed copper that contains a
low density of dislocations would probably experience smaller helium bubbles and blisters
(Figure 15a).

(b)

Vacancy,

¢ ®He

Figure 15. Possible interactions between dislocations and He-V clusters: (a) dislocations are diffusion
paths for He to the clusters and (b) at a high dislocation density, it may serve as a sink for vacan-
cies and helium. Black filled circle with green circumference is the He-V cluster, and blue strings
are dislocations.

The second role of dislocations may be observed in areas with a very high dislocation
density. Gong et al. [40] suggested that very high dislocation density in a metal can inhibit
the formation of large helium bubbles. Dislocations can promote the release of helium from
He-V clusters to the metal’s surface. As a result, the amount of helium available in the
metal for bubble and blister formation is reduced, as illustrated in Figure 15b.

4.2. Vacancies

The formation of helium bubbles and blisters in materials is closely related to the
presence of vacancies. When helium atoms are implanted into a material, they tend to
migrate and cluster around vacancies. As more helium atoms accumulate around vacancies,
they can form clusters, which eventually coalesce to form bubbles and blisters. The rate
at which vacancies are produced in a material depends on a variety of factors, including
the thermo-mechanical state of the material and the crystal planes involved. For example,
high temperatures and irradiation with energetic particles can increase the production of
vacancies in a material. Rolled copper typically has a higher density of vacancies compared
with annealed copper due to the plastic deformation during rolling. The crystallographic
orientation of the material also influences the production of vacancies during helium
implantation since different crystal planes have different stopping powers, which affect the
energy deposition and damage to the material. For example, the (111) plane of copper has
a higher stopping power than the (100) plane [23]. As a result, the (111) plane is likely to
produce more vacancies during helium implantation compared with the (100) plane.

4.3. Rolled vs. Annealed Cu

A comparison was made between rolled and annealed copper by means of blister
size and number density. Vickers hardness tests performed on rolled and annealed copper
showed that the hardness of rolled copper was 110 HV, compared with 47 HV for the
annealed sample. This is obviously the result of the strain hardening of the rolled copper
by a higher dislocation density compared with the annealed one. “Pipe” diffusion along
dislocations is expected to be faster in the rolled material [37-39] to form larger blisters. The
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results in Table 1 conform with these expectations and show that rolled copper experienced
the formation of larger blisters with a lower number density, while smaller blisters with
a higher number density were formed on the annealed sample on both crystallographic
planes. Figure 16 presents cross-section observations under SEM, illustrating one of a few
large blisters with small bubbles in rolled Cu (Figure 16a) and one of many small blisters
with large bubbles in annealed copper (Figure 16b). These observations are in accordance
with the above considerations.

3um i , a 2 um

Figure 16. SEM SE images of cross-sections in (a) rolled and (b) annealed copper samples after helium
implantation and heat treatment at 450 °C for 10 min. White arrows show copper surface and yellow
arrows mark helium bubbles.

4.3.1. Rolled (111) Cu vs. Rolled (100) Cu

FEM analysis was performed to determine the mechanical behavior of different crystal
planes in the elastic regime. A pressure of 1 MPa was applied to blister faces, which was
introduced on both (100) and (111) surfaces, to compare the developed tensile and shear
stresses under the same applied pressure. The maximum principal stress produced at the
periphery of the blisters on both surfaces (Figure 17) were ~9.94 MPa and ~10.30 MPa
for the (100) and (111) planes, respectively. These stress values are very close and cannot
explain the different blister formation behavior on the two planes.

Figure 18 illustrates two typical blisters on grains with (111) and (100) orientations,
which may indicate the plastic behavior of each plane. It seems that while blisters on the
(111) plane tend to exhibit brittle-like behavior, blisters created on the (100) surface present
blister caps with a slip-line-like structure.

To test the plastic behavior of the planes, nano-indentation experiments were per-
formed on both surfaces. Figure 19 illustrates a typical 8 x 8 array of indents. Hundreds of
indents were performed both on rolled and annealed specimens.

Larger craters were formed under similar loads on the (100) planes compared with
the (111) planes, with sizes of 3.89 £ 0.09 um? and 3.65 + 0.04 um?, respectively. It can be
deduced that the (100) planes have a lower resistance to plastic deformation due to lower
dislocation density compared with the (111) planes [41].

Gong et al. [40] showed that a very high density of dislocation inhibits the formation
of large He-V clusters and blisters due to the escape of helium atoms from He-V clusters.
In accordance with these phenomena, the (111) slip planes, which are more populated with
dislocations relative to the (100) planes, show a lower areal fraction of blisters compared
with the (100) planes.

In summary, the elastic behavior cannot explain the differences in the blister formation
mechanism on both surfaces; however, both the available helium for blister creation and
the resistance to plastic deformation may indicate that the (100) plane is more prone to
blister formation.
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T.DEFAULT, A1
C1.DEFAULT, A1

Figure 17. The FEM elastic analysis of the developed maximum principal stress of a blister on (a) (100)
and (b) (111) crystal planes for the same applied gas pressure of unit magnitude. The white arrows
indicate blister edges. The stress bar units are MPa per 1 MPa of internal pressure.

Figure 18. SEM SE micrographs of blisters created on (111)- and (100)-oriented grains of rolled copper
after 20 min of heat treatment.
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Figure 19. SPM image of a typical 8 x 8 array of indents, which covers a few grains.

4.3.2. Annealed (111) vs. Annealed (100)

In contrast to rolled copper, the (111) plane of annealed copper showed a higher blister
areal fraction compared with the (100) plane. This may be explained as an outcome of
the low dislocation density in the annealed material. Nanoindentation tests were also
performed on different grains of pre-implanted annealed copper. The results showed that
all the planes had almost the same crater size, implying that all orientations had almost
the same dislocation density and resistance to plastic deformation. Thus, the formation of
blisters in the annealed copper appears to be mainly controlled by the vacancy density. The
vacancy density on the close-packed (111) surface is expected to be higher after implantation
due to its higher stopping power. This is possibly the reason for the creation of blisters
with a higher number density on the (111) plane, but with almost the same average blister
size as that of the (100) surface.

5. Conclusions

Samples of rolled and annealed polycrystalline copper were implanted with 40 KeV he-
lium ions up to a dose of 5 x 10'” ions/cm?, followed by post-implantation heat treatments.
The experimental results demonstrated a strong orientation dependence of blister formation
that varied with the metallurgical history of the copper. Rolled samples experienced the
formation of larger blisters with a lower number density relative to the annealed sample. By
contrast, the (111)-oriented grains of annealed copper showed the highest blister sensitivity
with a 2.6% blister areal fraction; the same plane of rolled copper demonstrated the greatest
blister durability with a 0.7% blister areal fraction (Table 1). Dislocations and vacancies
are suggested as the main microstructural factors that affect the blister formation process.
Dislocations play two competing roles in the blister growth process. The first is as He-V
cluster growth inhibitors, and the second is as diffusion pipes for helium. Vacancies, by
contrast, are the initiation sites for helium bubbles and blisters; therefore, the larger the
number of vacancies, the greater the blister formation probability. Blisters formation on
annealed copper are mainly affected by vacancies: (111) planes are closed-packed planes
with a large cross-section for helium impingement. Thus, they have a higher probability
for the vacancy formation process than (100) planes; therefore, fewer blisters are formed on
(100) planes. Blister formation on rolled copper is mainly affected by dislocations: (111)
planes contain a large number of dislocations, which serve as helium release paths outside
the metal, and (100) planes contain slightly fewer dislocations, which serve as inward



Metals 2024, 14, 260 16 of 18

diffusion pipes that facilitate helium blister growth; therefore, more blisters are formed on
(100) planes. While the cross-section for helium impingement is well-established, the dual
role of dislocations is peculiar, and further investigations are needed. It is suggested to
study blistering phenomena for different degrees of metal reduction in order to assess the
dual role of dislocations. Future work may extend the present research by conducting finite
element elasto-plastic analysis according to the increasing yield point with the reduction
degree, characterizing helium trapping sites using thermal desorption spectroscopy, and
studying blistering phenomena for different post-implantation heat treatments.

The future selection of materials and processes for optimal blister-resistant PFC mate-
rial is a multivariable problem that is sensitive to the crystallographic orientation and the
thermo-mechanical state of the metal. This research was focused on Cu and identified the
optimal combination of variables. Similar work should be performed in order to find the
best combination of variables for other PFC candidate materials. Cold rolling of copper
generates the preferred orientation of the grains. The normal plane contains preferable
(111) grain orientations at certain degrees of reduction, as shown by, e.g., [42,43]. The
normal plane of the rolled plate is the broad plane of the plate; therefore, it may be desir-
able to select copper plates with these degrees of reduction to obtain the highest helium
blistering durability.
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