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This study investigates the effect of purity of aluminum on the morphology of blisters formed on aluminum
plates. To this end, aluminum samples with 99 % and 99.99 % purities are prepared, and blisters are generated
on the sample surfaces through atmospheric heat treatment. Subsequently, the morphology of blisters on the
surface and within the samples are examined using an ion-milling method and field-emission scanning electron
microscopy (FE-SEM) with energy-dispersive X-ray spectroscopy. The FE-SEM images reveal that the shape and

number density of the blisters vary with the purity of aluminum. The voids under the blisters are spherical when
the purity of aluminum is greater than 99.99 % compared to flatter voids when the purity is 99 %. This
morphological change is attributed to the local stress caused by neighboring impurity precipitates, and this is
theoretically confirmed through Eshelby’s ellipsoidal inclusion analysis.

1. Introduction

Blisters are volume defects occurring on the surface of aluminum
sheets owing to the incorporation of hydrogen gas during melting and
casting processes [1-5]. The blisters that form during melting and
casting and subsequently precipitate during solidification are called
primary blisters, whereas those that form during post-casting heat
treatment are called secondary blisters. From an industrial perspective,
blister formation can be suppressed by reducing the hydrogen content
below 0.2 ml/100 g Al through degassing during the melting and casting
of aluminum [2]. Previous studies have identified several key factors
that contribute to hydrogen absorption and blister formation on the
surface of aluminum alloy sheets; these include heat treatment condi-
tions [2,4], elemental compositions [6,7], testing atmospheres [8-10],
and friction [11-13]. Controlling blister formation is an industrial
challenge and is important for the quality management of aluminum
sheets; therefore, it is crucial to understand the underlying blister for-
mation mechanisms. Generally, blisters are formed on aluminum sheets
when the internal pressure due to the hydrogen molecules within the
volume defect exceeds the strength of the material [2]. These blisters
often create flattened cavities in the vicinity of surface protrusions.
Recently, researchers have revealed that in the case of blisters occurring
on commercially available 99.999 % pure aluminum sheets, internal
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voids exist as spherical cavities deep within the material, several hun-
dred micrometers below the surface, rather than directly beneath the
surface [1]. Therefore, the morphology of aluminum blisters may vary
depending on the differences in aluminum purity and material strength.
Thus, this study aimed to investigate the relationship between internal
blister structures and aluminum purity in more detail by forcibly
inducing blisters through atmospheric heat treatment and by observing
the morphology of blisters on the surface and within the material from a
fundamental perspective.

2. Experimental

Aluminum sheet materials with 99 % purity (2 N) and 99.99 % purity
(high purity; 4 N) were used as test samples. Both materials were
recrystallized after cold rolling and subjected to degassing treatment.
The chemical composition of both 2 N and 4 N samples is presented in
Table 1. Test samples measuring 14 and 8 mm in length and width,
respectively, were machined from the sheets. All samples were subjected
to atmospheric heat treatment using a muffle furnace, wherein the
samples were heated to 520 °C for over 1 h, followed by subjecting them
to the same temperature for 2 h, and finally, cooling them to room
temperature in the furnace. The appearance of blisters on the surfaces
after the heat treatment was observed using a digital microscope

Received 14 November 2023; Received in revised form 21 December 2023; Accepted 26 December 2023

Available online 24 January 2024

2590-048X/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:k.horikawa.es@osaka-u.ac.jp
www.sciencedirect.com/science/journal/2590048X
https://www.sciencedirect.com/journal/results-in-materials
https://doi.org/10.1016/j.rinma.2023.100522
https://doi.org/10.1016/j.rinma.2023.100522
https://doi.org/10.1016/j.rinma.2023.100522
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinma.2023.100522&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Horikawa and A. Ishii

Results in Materials 21 (2024) 100522

Table 1
Chemical composition of the aluminum specimens used in this study (mass %).
Si Fe Cu Mn Mg Cr Zn Ti H* Al
4N 0.0004 0.00015 0.00001 0.0004 0.00001 0.00019 0.00046 0.00015 0.17 Re.
2N 0.04 0.07 0.001 0.001 0.001 0.001 0.001 0.010 0.16 Re.

* ml/100 g Al

Fig. 1. Examples of blisters generated after the heat treatment, 520 °C for 2h. (a)99.99 % purity aluminum, (b) 99 % purity aluminum. White squares indicate the

blisters in both cases which is showing in Fig. 2.
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Fig. 2. Side view of blisters generated after the heat treatment, 520 °C for 2h.
(a)99.99 % purity aluminum, (b) 99 % purity aluminum.
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Fig. 3. Relationship between longitudinal length and height of blisters gener-
ated in 99.99 % purity (4 N) and 99 % purity (2 N) aluminum.

(Keyence, VW9000). To compare the hydrogen content of the test pieces
before and after the heat treatment, temperature-programmed hydrogen
desorption analysis (TDA) was conducted using a semiconductor
hydrogen sensor-type gas chromatograph (SGHA-P2, FIS). After dry-
grinding with emery paper up to #2000, the test pieces were cleaned
with acetone (5 min) and dried prior to TDA. TDA was performed on two
types of samples: on samples that had not undergone prior heat treat-
ment (as-cast materials) and on samples subjected to heat treatment at
520 °C for 2 h (annealed materials). The heating rate for TDA was
300 °C/h, and the measurement temperature range was from room
temperature to 625 °C. To observe the shapes of the defects caused by
the blisters on the cross sections of the test samples without applying a
load, ion milling was performed using an ion milling apparatus (IM-
4000, Hitachi). In the ion milling process, the samples were continu-
ously swung +30° relative to the ion irradiation direction to create flat
surfaces. To avoid deformation of the blister shape during processing,
argon ion irradiation was performed from the side of the resin-filled
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Fig. 4. Relationship between aspect ratio and ratio of height/diameter of
blisters generated in 99.99 % purity (4 N) and 99 % purity (2 N) aluminum.

surface where blisters were generated. The blister cross sections were
observed using field-emission scanning electron microscopy (FE-SEM,
JSM-7600F) with energy-dispersive X-ray spectroscopy (EDX, JED-
2300).

3. Results

Fig. 1 shows photographs of the blistered surfaces of 4 N and 2 N
aluminum sheets after atmospheric heat treatment at 520 °C for 2 h.
Both aluminum sheets are rolled plates, thus the crystal grains elongate
in the direction of rolling. It is suggested that blisters also form in the
direction of rolling due to the elongation of the microstructure. Fig. 2
presents the surface profiles corresponding to typical blisters formed in
each sample. Regarding the shape of the blisters, those formed in 4 N
aluminum sheets were mostly circular when viewed from the top and
often had a mountain-like shape when viewed from the side. By contrast,
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the blisters in 2 N aluminum sheets were elliptical when viewed from the
top and had smaller variations when viewed from the side. Fig. 3 shows
the distribution of the shape of blisters along the blister major axis
length (horizontal) with respect to the height of blisters (vertical) for
both 2 N and 4 N samples. Evidently, the shapes of the blisters formed in
the 2 N samples differed from those in the 4 N samples, as those in the 2
N samples had larger major axis lengths but lower heights compared to
those in the 4 N samples.

This finding suggests that a correlation exists between the shapes of
the blisters viewed from above and the sides. Considering the shape
viewed from above as the aspect ratio AR (major axis: minor axis), and
the shape viewed from the side as the height: major axis ratio, the
relationship between the shapes can be plotted, as shown in Fig. 4. This
figure shows that the distribution of blister shapes can be broadly
divided into two groups. Blisters with an aspect ratio smaller than 1.5,
especially those with a height: major axis ratio in the range of 0.1-0.4,
exhibited mountain-like shapes. When the aspect ratio exceeded 1.5, the
blisters became extremely flat with minimal inclination.

Regarding the number of blisters formed, a histogram of the size and
frequency of the blisters, approximated as circles on the back and front
surfaces of each sample, is shown in Fig. 5. The number of blisters
formed in the 2 N samples was lower than that formed in the 4 N sam-
ples. Additionally, in the 4 N samples, blisters with sizes below 800 pm
were predominant, whereas in the 2 N samples, the blisters size was
below 200 pm but some exceeded 1000 pm. This indicates that hydrogen
tended to gather at one blister, growing that blister more rapidly in 2 N
samples than in 4 N samples. Because the growth of blisters causes
cracking, hydrogen embrittlement was more severe in 2 N samples than
in 4 N samples.

To confirm the locations of the blisters on the 4 N samples, the sur-
faces were buff-polished flat after the blister formation, and corrosion
tests were performed to expose the grain boundaries for optical micro-
scopy observations. The results are shown in Fig. 6, wherein most of the
blisters in the 4 N samples were located at the grain boundaries. The
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Fig. 5. Number frequency vs. diameter distribution of blisters generated in (a) 99.99 % purity (4 N) and (b) 99 % purity (2 N) aluminum.

Fig. 6. Appearance of blisters generated at a grain boundary in (a) 99.99 % purity (4 N) and (b) 99 % purity (2 N).
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Fig. 7. Thermal hydrogen desorption analysis of (a) 99.99 % purity (4 N) and (b) 99 % purity (2 N) aluminum, as-received or after annealing conditions.

Table 2
Total hydrogen desorption amount determined with TDA.
As-received Annealed Difference (Annealed-As-received,
(ppm) (ppm) ppm)
4N 9.75 9.95 +0.20
2N 6.18 8.07 +1.90

elongated blisters ob
boundaries. Fig. 7

served in the 2 N samples also intersect with grain
shows the TDA results for the as-received and

annealed 2 N and 4 N samples. The total amount of hydrogen released
from the samples was determined by calculating the hydrogen release

rate over the entire

duration of the test, and the results are listed in

Table 2. Through heat treatment, both the 4 N and 2 N samples absorbed
environmental hydrogen from the moisture content in the annealing

SED  15.00kV WD 10

SED  10.@6kV WD 10.emm € x80.0 Std

atmosphere, resulting in 0.20 mass ppm for the 4 N samples and 1.90
mass ppm for the 2 N samples. Similar to the TDA results reported in
previous studies [1] for 5 N aluminum material, the peaks in hydrogen
release plots were observed at 125, 325, and above 550 °C. These release
patterns are consistent with those reported by a previous study [11].
Based on previous research, each peak corresponds to the release of
hydrogen associated with solid-solution hydrogen, dislocations or grain
boundaries, and molecular hydrogen.

To examine the morphology of the blisters, two blisters were

randomly selected from the 4 N and 2 N samples, and cross-sectional
observations were made. The SEM images of the cross-section of blis-
ters in the 4 N samples are shown in Fig. 8, whereas the observation
results of blisters that occurred in the 2 N samples are shown in Fig. 9. In
one 4 N sample, (blister 1, shown in Fig. 8(a)), a spherical cavity was
observed at a depth of 184 pm from the surface of the blister protrusion.

SED

10.00kV WD 10.5mm & x130

WD 10.0mm @ x130

Fig. 9. SEM micrographs showing cross sectional views of two different blisters in 99 % purity (2 N), (a) Blister 1, (b) Blister 2.
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Table 3
Location of porosity generated in 99.99 % purity aluminum (4 N) and 99 %
purity aluminum (2 N).

Radius of porosity, r (ym) Distance from the surface, d (pm) d/r

4N @ 65 184 2.83
4N ® 108 108 1.00
2N @ 301 136 0.45
2N® 205 149 0.72

However, in the other 4 N sample (blister 2, shown in Fig. 8(b)), a
spherical cavity was observed at a depth of 100 pm from the surface. The
shallower cavity exhibited a change in shape, with the upper part
transitioning into a pointed balloon-like shape, as opposed to a perfect
sphere.

However, in one 2 N sample (blister 1, shown in Fig. 9(a)), a flat and
elongated cavity was observed at a depth of 136 pm from the surface of
the blister protrusion. For the other 2 N sample (blister 2, shown in Fig. 9
(b)), a similar flat and elongated cavity was observed at a depth of 149
pm from the surface. In both cases, the cavities had flat bottoms. Ac-
cording to previous studies [3,4], in aluminum alloys, flat cavities exist
at a shallow depth of approximately 30 pm from the surface. In the case
of ultra-high purity aluminum (99.9997 % purity; 5 N), spherical cav-
ities exist at a depth of approximately 300 pm from the surface [1].

4. Discussion
4.1. 4-1 internal pressure inside blisters

In this study, as the purity decreased from 4 N to 2 N, and the ma-
terial strength increased, there was a tendency for the position of the
cavities to become closer to the surface, and the blister morphology
transitioned from spherical to flat. The differences in the morphologies
of the blisters between the 2 N and 4 N samples might have been
influenced by the stress state around the blisters. When the blister had a
flat plate-like shape, the stress acting on the upper layer of metal 6" can
be expressed using the following equation theoretically [14]:

UF:P<1 +0475(6—r1)2). 6))

However, when the blister is spherical, the stress acting on the upper
layer of the metal can be expressed as follows [14]:

”F:%P(lf (r-:d>3>_l" 2

where r is the radius (half width) of the blister, d is the thickness of the
upper metal layer, and P is the pressure inside the blister. Based on the
relationship between g and £ derived from these equations, it is possible
to predict the morphology of the blisters [14]. Based on the observed
blister cross sections (Figs. 8 and 9), the values for the radius (r) and
thickness of the upper metal layer (d) were used to calculate the
parameter g, as shown in Table 3. For one blister on the 4 N sample

(Fig. 8(a)), % was greater than 1.1. At this size and location, spherical
blisters were more likely to grow, which agreed with the actual obser-
vation of spherical blisters in this case. For one blister on the 2 N sample
(Fig. 9(a)), gwas less than 1.1. This condition favored the growth of flat
plate-like blisters, which was consistent with the observed morphology.
However, in one blister on the 2 N sample (Fig. 8(b)), g was less than 1.1,
suggesting that spherical blisters were favored by stress conditions.
Nevertheless, the observed shape was balloon-like. Thus, although
non-negligible agreement exists between theoretical predictions and
experimental observations, the difference in the morphology of blisters
between 2 N and 4 N may not be fully explained by the difference in
material strength between 2 N and 4 N.

Using the yield stress obtained from tensile tests at room temperature

Results in Materials 21 (2024) 100522

Table 4
Tensile properties of aluminum tested at 520 °C.

Yield stress (MPa) Tensile strength (MPa) Fracture strain

4N 8.0 9.0 0.76
2N 10.5 13.4 0.69
Table 5

Pressure and hydrogen concentration inside porosity generated in 99.99 % pu-
rity aluminum (4 N) and 99 % purity aluminum (2 N).

Pressure inside porosity, P Hydrogen concentration inside porosity,

(MPa) CH (mol)

4N 5.24 9.4 x 10-10
@

4N 4.66 3.7 x 10-9
@

2N 2.23 1.9 x 10-8
@

2N 4.33 1.1 x 10-8
@

and 520 °C (Table 4) as o, the internal pressure P of blisters occurring in
the 4 N and 2 N samples was calculated using equations (1) and (2).
Assuming that the gas inside the blisters was composed only of
hydrogen, the amount of hydrogen inside the cavities Cy, the number of
moles of hydrogen (hydrogen concentration inside the blister) were
calculated using the following ideal gas state equation (3):

PV =CyRT, 3)

where Vis the blister volume, R is the gas constant, and T is the absolute
temperature.

R =8.31 x 10°Pa L/(mol-K) and T = 793 K is used to calculate Cy.
The volume inside the blisters was calculated by assuming that the 2 N
sample was hemispherical, whereas the 4 N sample was spherical. The
results obtained from the calculation using from equations (1)-(3) are
summarized in Table 5. The pressure inside the blisters ranged from
2.23 MPa to 5.24 MPa, and no significant difference was observed in
internal pressure due to the difference in purity. However, the amount of
hydrogen present inside the blisters was estimated to be approximately
two orders of magnitude lower in 2 N sample compared to that of 4 N
sample.

4.2. 4-2 Eshelby’s ellipsoidal inclusion analysis

Considering the previous studies revealed that the shape of hydrogen
blisters is correlated with the microstructure of the materials [15,16]
and that the normal stress affects the hydrogen concentration [17],
another possible explanation for the impurity-dependent morphology
change of blisters is that the blisters tend to nucleate around the pre-
cipitates of impurities and the local stress caused by the neighboring
precipitates affects the shape of the blisters; the plate-like blisters grow
under the local stress condition of the impure precipitates in low-purity
2 N samples and the spherical-shaped blisters grow under stress-free
conditions without impure precipitates in high-purity 4 N, and vice
versa. In the following, we theoretically confirm our assertion using
Eshelby’s ellipsoidal inclusion theory.

To confirm the above assertion from our experimental observation
that the morphology change of the hydrogen blister is because of the
local stress caused by the precipitates of the impurity in the Al matrix,
we implemented theoretical Eshelby’s ellipsoidal inclusion analysis,
considering both hydrogen blisters and the precipitates of the impurity

2 2

in Al matrix as ellipsoidal inclusion (;%Jr Z%Jr ;é =1; x = [x1;X2;X3] in-
1 2 3

dicates the position in Al matrix and a; (i= 1,2, 3) is half axis of ellip-

soid). Here, let us briefly introduce our method; for details, please refer
to pioneering studies by Mura et al. and our recent reports [18-21].
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Based on Eshelby’s equivalent inclusion theory [22,23], the local
stress inside the inclusion, 6{]“, misfit strain of the inclusion, ¢;, and
Eshelby’s fictitious misfit strain, ¢;, have the following relationship

using Einstein summation convention,

mc __ omat ~ 0 ~ _ ine ~ 0
=Ci (Sklmnemn + &y — €k1) = Cifkl (Sklmnemn + &y — Ekl) “4)

where Cji* and C;J‘;fl are the elastic constants of the matrix and inclusion,
respectively. Sy is the so-called Eshelby’s tensor and &) is the envi-
ronmental strain around the inclusion. The elastic energy increment, AE,
because of the existence of the inclusion in the matrix (per unit volume
of the inclusion) is described using o:]“c, €; and €, as follows:

1 1y
AE= — 26‘"°€,j oje; — 3% (&5 — €5)- (5)
where 02 is environmental stress around the inclusion due to 2. In this

study, the hydrogen blisters are considered as the ellipsoidal inclusions
with very small elastic constant C;}fl ~ 0 and ag’c = P§;; (§; is Kronecker
delta and P is the hydrogen gas pressure inside the blister in the previous
section) [24]. Subsequently, for given kl , which is the elastic constant

of Al matrix, the aspect ratio of ellipsoidal hydrogen blister 2 (fixing

a; = ap) is changed, mimicking the sphere (‘Lf’: ) and plate-like

a

(Z—fz 0> blisters, and AE (Z—f) is calculated under the certain ¢, condi-
tion, which is caused by the neighboring precipitates of impurity, to find
the optimal aspect ratio of hydrogen blister with the minimum AE using
equations (4) and (5). More concretely, using equation (4), € is derived
first using 0‘“° Cg}f}‘ (Skimn€mn +€3 — €q) and then the corresponding
misfit strain ey is derived using amc ;‘;fl (Skimn€mn + €9 — €xa). With zr::]!‘c,
derived ¢; and €, AE is calculated using equation (2). Sy, in equations
(4) and (5) is numerically calculated by the following integration using
only Cg}j}‘ [18,20,25]:

Su = C;;:m/ e /2”(51541\/@ &né, ‘53)+§k§qup(§1s§2753))d0 ®)
(51752 é?)

where
D&, 0,63) = Pror (O ) (s, 08, ) (CRe8)
and

1
Non (61,621 65) = 3PP (Ci61) (CrmE5,)

correspond to the determinant and cofactor of Kin = Cpa &&,,
respectively. Py, denotes the permutation tensor. Using {3 and 6, £ = [£;;
£,; &) can be described as

,/I—Cgcosﬁ

a
¢
5; =|4/1-Csing
53 a)

&

as

To determine eg and 63 in equations (4) and (5), local stress field
around the precipitates is also numerically calculated using the
following integration considering the precipitates as ellipsoidal inclu-
sion [19,21],

Results in Materials 21 (2024) 100522

o (86N g@@)(
f—cmﬂ‘ | d —Ux-E—1
€ / é3/( D& k) \an Y
1

1 (x=0)
8(x) = { 0 (otherwise) ’

=66

The center of the inclusion is defined asx = [0; 0; 0] in this equation.
The strain and stress fields around the precipitate can be derived as
follows:

i =3 ox;  Ox;

0(x) = Ciiy €

After calculating ¢;(x) and ¢;;(x), the values of ¢; and ¢y at the vi-
cinity of the precipitates are chosen as s and O‘U, respectively, mimicking
the hydrogen blister nucleates around the precipitates. Notably, ¢,, in
above equation is derived using equation (4) with given misfit strain, e,
and elastic constant, Cji, of the precipitates.

For the detailed calculation setting, experimentally observed P =
5.24 and 2.23 MPa (Table 5) are utilized to find optimal blister shape for
4 N and 2 N cases, respectively. An isotropic form is assumed for the
elastic constants of the hydrogen blisters.

C:;}j (for hydrogen blister) = A5;6y + pt (5;k(5_,1 + 5:‘15,%)7

where 2 = 0.06 and y = 0.04 GPa are used as C‘“c ~ 0. Notably, these
parameters are confirmed to be robust: A = 04006 and y = 0.004 GPa
produces almost the same results. For the elastic constants of the Al
matrix C‘;}j}‘, the following values for cubic Al (in the conventional co-
ordinate system [100],; — [010],, — [001],;) are used, which are calcu-
lated using density functional theory (DFT) atomistic simulation,
referring to the material project [26]: CT%, (= C3%5, = CT4,) = 104 GPa,
Cio (= CiY3; = Co333) = 73 GPa, and C35j5(= Cijs, = Ci3,) = 32 GPa.
Owing to the tensor symmetry, elastic constants generally have the
following relationship: Cjq = Cjw = Cjix = Ciy- As a precipitate to
calculate the local strain (or stress) field from the composition of the
impurity 2 N, the experimentally observed eutectic (111),, normal
plate-like diamond Si [27,28] is employed in the coordinate system x; —
x2 — x3 = [110], — [112], — [111],,, mimicked by a penny ellipsoid
(a1 = az = 1,a3 = 0.1). The following value (in conventional coordi-
nate system [100]g; — [010]g; — [001]g;) are used for the cubic elastic
constants of Si precipitates, which are also DFT calculated in material
project [26]: CYfy; (= Cify, = C535) = 144 GPa, Ciio (= Ciigs = Chiss)
=53 GPa and CI,,(= C; = CI¥,) = 75 GPa. The cube-cube orien-
tation correspondence between the Al matrix and Si precipitates is
assumed based on previous experimental observations [29].
€ = 0.017,¢;= 0.0 (i # j) misfit strains are used, which were estimated
for Si precipitates in Al matrix in recent atomistic study [28]. Once we
calculated the stress field around plate-like Si, fixing @y =az; =1 of
ellipsoidal hydrogen blister, the aspect ratio of hydrogen blister % is
varied from 0.1 (plate-like) to 2 (capsule-like) per 0.1 and AE is calcu-
lated for each aspect ratio to find the minimum AE under 521 (or ag)
condition owing to the stress field of plate-like Si for 2 N and strain (or
stress) free condition for high purity 4 N. Determining a unit for the
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Fig. 10. Local stress fields around the plate-like Si precipitate. Notably, c23(x) = 031(x) = 612(x) = 0. The stress fields inside the ellipsoid are omitted.

half-axes is unnecessary because Eshelby’s tensor is independent of the
inclusion volume. Therefore, the positions in this study are unitless. The
stress field is only calculated in the first quadrants of x; — xz and x; — x3
planes by setting the center of the ellipsoidal inclusion at the origin of x
coordinate system, considering the symmetry of the ellipsoids. The co-
ordinate conversion of the above elastic constants from [100], —
[010],, — [001],, to [110],, — [112],, — [111],, is implemented before a
series of Eshelby’s inclusion analyses using a rotation matrix.

In Fig. 10, the calculated local stress field around the plate-like Si
precipitates is shown. Several GPa stress exists around the precipitates
and especially, the stress level of 633 component, at the edges of the
plate, is quite high, around 4 GPa. This is not only due to the high misfit

strain of the Si precipitates, but also the shape of Si (plate-like) and the
high elastic constants of Si compared with the Al matrix. In Fig. 11, the

aspect ratio g2 (: Z—j) of ellipsoidal hydrogen blister vs AE plot is shown

for the 4 N and 2 N Al cases. As mentioned above, the 4 N blister
nucleation under strain (or stress)-free conditions are considered and the
2 N blister nucleates under certain local strain (or stress) conditions
because of the impurity precipitates. The plot for 2 N in Fig. 11 is
calculated using the strain and stress values at (x,Xx2,x3)= (1.1,0,0) in
Fig. 10 as 88 and ag in equations (1) and (2), assuming the nucleation of
blister occurs at the vicinity of a pre-existing Si precipitate. Although the

spherical shape (Z_f: l) is the favorite for 4 N blister, which has the
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Fig. 11. Aspect ratio % (: Zf) of ellipsoidal hydrogen blister vs AE plot for (a) 4 N and (b) 2 N samples. The lowest value of AE is at 2 = 1.0 for 4 N (sphere) and % =

0.1 for 2 N (plate-like), respectively.

lowest AE, for 2 N blister, plate-like shape <‘;—f = 0.1), which is the lowest

aspect ratio, have the lowest AE. This is fairly consistent with the
experimental observation; thus, it is theoretically confirmed that the
shape change is due to the local stress of the precipitates. Moreover, the
shape of the blister is determined by the competition between the gas
pressure in the blister and the local stress of the precipitates; hydrogen

a

gas pressure drives the blister shape to a sphere and the local stress of
precipitates drives it to a penny (we confirmed this is mainly due to large
o33 of plate-like Si). Because the gas pressure in the blister is at the MPa
level, which is quite small compared with the GPa-level local stress due
to the precipitates, the local stress is the dominant factor affecting the

blister shape. Notably, (g—j‘: 041> is not the minimum for the 2 N case
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Fig. 12. Local stress fields around the hydrogen blisters. (a) Spherical blister (for 4 N: a; = az = a3 = 1.0,P = 5.24 MPa) and (b) plate-like blister (for 2 N: a; =
a; =1.0,a3 = 0.1,P = 2.23 MPa). Notably, 623(x) = 031(x) = 012(x) = 0. The stress fields inside the ellipsoid are omitted.

from the slope of the curve in Fig. 11; thus, a thin plate-like blister may
be favored theoretically, although it is not investigated.

We also calculated the local stress field around the blisters using
equation (4) for the 4 N sphere and 2 N optimal ellipsoidal blister (plate-
like); the results are shown in Fig. 12. Around the spherical blister (4 N),
approximately 15 MPa of normal stress, which is approximately 3 times
larger than the gas pressure, is induced by the blister. Additionally,
around the plate-like blister (2 N), interestingly at the edge of the
longitude, approximately 50 MPa 633 normal stress is induced by the
blister, which is approximately 25 times larger than the gas pressure.
This indicates that the plate-like blister plays an important role in
hydrogen embrittlement, the large local normal stress at the edge of the
blister drives the hydrogen concentration around it and the longitudinal
growth of the blister, which is consistent with our experimental obser-
vation in previous section; the size of blisters in 2 N is larger than that in
4 N, and eventually resulting in cracking. Thus, our results suggest that
understanding and controlling blister shape are important for prevent-
ing hydrogen embrittlement.

5. Summary

This study explored the effect of purity of aluminum on the
morphology of blisters formed on aluminum plates. The study findings
reveal that the shape and number density of the blisters varied according
to the purity of the aluminum. Spherical blisters were observed in high-
purity aluminum (99.99 %; 4N), compared to low-purity aluminum (99

%; 2N). This morphological change may be due to the local stress caused
by neighboring impurity precipitates; this was theoretically verified
through Eshelby’s ellipsoidal inclusion analysis. Note that although the
number of blisters were lower in 2N than in 4N, the size of the blisters
were larger, suggesting that hydrogen embrittlement effects were sig-
nificant in low-purity aluminum.
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