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Abstract:

To develop high strength Al-Zn-Mg alloys, suppression of hydrogen
embrittlement is indispensable. The hydrogen embrittlement behavior of different
prepared Al-10.1-1.2Mg alloys with various hydrogen trap sites was observed using in
situ synchrotron X-ray tomography in this study. Furthermore, we quantified the
hydrogen partitioning based on hydrogen occupancies and hydrogen trap site densities
in the prepared alloys. The combined analysis of hydrogen embrittlement and hydrogen
partitioning showed that initial trapped hydrogen content in grain boundaries, vacancies,
and dislocations before deformation was not crucial for inducing both intergranular
fracture and quasi-cleavage fracture. However, hydrogen accumulates at grain
boundaries and precipitate interfaces during deformation, inducing intergranular and
quasi-cleavage fracture, respectively. Due to hydrogen accumulation, intergranular and
quasi-cleavage fracture initiate when the hydrogen content at the grain boundary
enriches 10°~10* times the initial content and hydrogen content at the precipitate
interface enriches 3.9x10? times the initial content, respectively. The change in
hydrogen trap sites by processing and heat treatments did not suppress the intergranular
and quasi-cleavage fracture. We conclude that generating new hydrogen trap sites (e.g.,
the interior of the intermetallic particle) in which hydrogen trap site density and binding
energy are higher than the precipitate interface (> 33.87 kJ/mol) is beneficial to suppress

hydrogen embrittlement.
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1. Introduction

It has long been recognized that hydrogen in structural materials leads to the
degradation of mechanical properties [1]. This phenomenon called hydrogen
embrittlement (HE) has been extensively studied in materials such as steel [2,3], nickel
alloys [4,5], and aluminum alloys [6,7]. The HE in aluminum alloys has not previously
been regarded as important because of their low solubility in solid phase and the
inability to form stable hydrides. However, in the case of high-strength Al-Zn-Mg alloys,
it has been recognized that trace hydrogen leads to HE, degrading mechanical properties
[7-9]. In other words, the suppression of HE is indispensable for developing high-
strength aluminum alloys. The removal of hydrogen in an aluminum alloy by using
particular casting processes or heat treatments in vacuum can improve mechanical
properties [9,10], but it is not feasible in terms of manufacturing. To suppress HE, viable
concepts for controlling hydrogen in aluminum alloys is needed.

Hydrogen is not uniformly present but is partitioned at different trap sites such
as vacancies, dislocations, and grain boundaries, in aluminum alloys as shown in Egs.

(1)and (2) [11,12].
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where Cioa 1s the total hydrogen content in an aluminum alloy and & and &; are the
occupancy of the interstitial and i-th trap site, respectively. NLand N; are the trap density
in the normal interstitial lattice site and i-th trap site, respectively. Cpore 1s the total
hydrogen content in the pores. The Eq. (2) express thermal equilibrium between
interstitial hydrogen and hydrogen partitioned to trap sites [12]. E; is the binding energy

between hydrogen and the i-th trap site, R is the gas constant, and 7 is the temperature.



As shown in the Egs. (1) and (2), hydrogen is partitioned in accordance with the trap
site density and the occupancy derived by the binding energy at each trap site. To
quantitatively evaluate the hydrogen partitioning in aluminum alloys, it is necessary to
obtain the binding energy and the trap site density. The binding energy of each trap site
in aluminum has been investigated by recent first-principles study (FPS), resulting 0.08
[13], 0.17 [13], 0.23~0.27 [14], 0.3 [15,16], 0.08~0.35 [17], and 0.7 [18] eV at screw
dislocation, edge dislocation, high-energy grain boundaries, vacancy, precipitate
interfaces, and surfaces, respectively. The trap site densities related to vacancy
concentration, dislocation density and the surface area of grain boundary can be
experimentally measured. Unlike binding energies, trap site densities can be increased
or decreased by processing and heat treatments. For example, dislocation density
increases after cold rolling. Heat treatments such as solution treatment and aging can
change grain size and vacancy concentration. Changes in hydrogen trap sites affect
hydrogen partitioning in aluminum alloys. In fact, it has been reported that a clear
desorption peak from hydrogen trapped at dislocations was observed when a thermal
desorption analysis of pure aluminum was performed after plastic deformation [19].
Representative fracture modes of HE in Al-Zn-Mg-Cu alloys are quasi-
cleavage fracture and intergranular fracture [20]. It is understood that quasi-cleavage
fracture and intergranular fracture are induced by the presence of hydrogen in
dislocations/vacancies and grain boundaries, respectively [1]. Therefore, it is expected
that HE can be suppressed without removing hydrogen by controlling trap site densities.
This concept can be called hydrogen partitioning control. In the present study, we
explore the concept of hydrogen partitioning control to suppress HE in Al-Zn-Mg alloys.
First, Al-Zn-Mg alloys which have different trap site densities were prepared by the

combination of heat treatments and rolling. Next, various experimental techniques such



as optical microscopy, modified Williamson-Hall method [21], and synchrotron X-ray
tomography were applied to analyze both the trap site densities and the HE behavior of
prepared alloys. Finally, the HE behavior of Al-Zn-Mg alloys is discussed from the

aspects of hydrogen partitioning.

2. Methodology
2.1 Specimens

The materials used in this study were Al-10.1Zn-1.2Mg alloys in mass%. The
Al-10.1Zn-1.2Mg alloys were, first, prepared by homogenization at 773 K for 7.2 ks
after casting, hot rolling at 723 K with a rolling reduction of 50%. After that, six types
of Al-10.1Zn-1.2Mg alloys with different grain size, dislocation density and vacancy
concentration, which are hydrogen trap sites, were prepared by applying the process
shown in Fig. 1. Alloys after solution treatment were quenched in ice water and
immediately subjected to aging. The grain size was increased by increasing the time of
solution treatments and the dislocation density was increased by an additional cold
rolling of 50% as shown in Fig. 1. After performing additional rolling, an alloy having
a high dislocation density and a low vacancy concentration was prepared by applying
heat treatment at 423 K - 0.9 ks [22]. The fabrication of small tensile specimens and
hydrogen charging were simultaneously performed by electrical discharge machining.
The geometry of the small tensile specimen is the same as in the literature [7], and the
gauge region is machined to a length of 0.7 mm and a cross-sectional area of 0.6x0.6
mm?. By using vacuum fusion method, other authors have confirmed that the hydrogen
content increases from 0.14 mass ppm to 6.97 mass ppm by EDM in water purified by
ion exchange resins [9]. We also confirmed hydrogen content in prepared Al-Zn-Mg

alloys after EDM cutting by a gas chromatography-type thermal desorption analyzer



(PDHA-1000, NISSHA FIS, Inc.). Analyzed total hydrogen content was 6.98 mass-ppm.
This hydrogen content is same as the literature [9]. However, all hydrogen in the alloy
did not desorb in one TDA analysis. More or less hydrogen remains after one TDA
analysis. 10 consecutive TDA analysis after EDM cutting were performed, but all
hydrogen was not desorbed. Approximately 0.1 mass ppm hydrogen is remained in a
specimen after 10th TDA analysis. Therefore, we assumed total hydrogen content was
equal to reference [9]. After EDM, the specimens have a high hydrogen content on their
surface. To distribute hydrogen to the interior of the specimens, the specimens were
stored in acetone for approximately four days. Assuming the diffusion coefficient of
hydrogen in aluminum at room temperature is 2.3x 107! m%/s [19], the diffusion distance
after four days is estimated to be 2.8 mm. This diffusion distance is more significant
than specimen size, and hydrogen is assumed to diffuse from the surface to the center
of the specimens.

To observe the morphology of grain in prepared alloys, 15 s chemical etching
was carried out with a Keller’s reagent after mirror polishing. After etching, the TD-
ND plane (i.e., the plane where the rolling direction is normal direction) of the alloys
was observed by an optical microscope, the mean equivalent diameter of grain was

obtained.

2.2 Synchrotron X-ray imaging and in situ tests

In situ observations of HE behavior via synchrotron X-ray tomography were
performed on BL20XU of SPring-8, Japan. The projection-type tomography was
employed to observe the intergranular and quasi-cleavage cracking. The X-ray was
monochromated by a Si(111) double-crystal monochromator, and the energy was tuned

to 20 keV. The detector consisted of a 2048%2048 pixel CMOS camera, an optical lens,



and the single crystalline scintillator (Lu2AlsO12:Ce). The distance between the
specimen and the detector was 20 mm. The spatial resolution of this beamline is
reported to be 1.2 um [23]. Microstructural features such as pores and cracks exceeding
this size were visualized in this study.

A small testing machine was installed on the rotation stage of the X-ray
tomography system, and in situ observation of HE behavior was performed. In the
tensile test, the initial strain rate was set at 3x10 s by displacement control, and the
test was performed at room temperature. This strain rate corresponded to the lowest
setting of the in situ testing machine and it was measured from the tomographic images
of tensile test-piece before and after loading. It was necessary to hold the displacement
during tomography observation. A displacement of 0.02 mm, which is approximately
3% strain, was applied, and then the specimen was hold for 0.9 ks for tomographic
observation. This sequence was repeated until the fracture of the specimen. The fracture
surface was observed by a scanning electron microscope (SEM) after the tomographic
experiments. A total of 1800 projection images were captured as the specimen was
rotated by 180 degrees in steps of 0.1 degrees in tomographic observation, and these
images were reconstructed into a 3D image by a filtered convolution backprojection
algorithm [24].

Intergranular and quasi-cleavage cracks were extracted from 3D tomographic
data and analyzed for morphology. All the pores in specimens were analyzed in 3D, and
their gravity center, volume fraction, diameter, and surface area were calculated by the

marching cubes algorithm [25].

3. Hydrogen embrittlement behavior

The HE behavior of the prepared Al-10.0Zn-1.2Mg alloys was examined. Fig.



2 shows nominal stress-nominal strain curves obtained by holding-time tests and Fig. 3
shows the fracture surface of their alloys after holding-time tests. Periodic stress drops
in Fig. 2 is due to stress relaxation during tomographic scanning. The area fractions of
intergranular fracture were calculated from Fig. 3 (a~f), and were 22%, 71%, 96%, 8%,
10%, and 73%, respectively. The area fractions of quasi-cleavage fracture also were
calculated from Fig. 3 (a~f), and were 4%, 29%, 4%, 32%, 42%, and 3%, respectively.
As shown in Fig. 2 (a), the fracture strain increased with shorter times of solution
treatment. A microstructural feature which varies solution treatment time is the grain
size. Grain sizes at solution treatment times of 0.12, 1.2, and 120 ks were 98, 259, and
678 um, respectively. From Figs. 2 and 3, it is found that the larger the grain size, the
smaller both fracture strain and the tendency to induce intergranular fracture. Besides,
the nominal stress remarkably decreased at the nominal strain of 11% in the alloy which
solution treatment time is 120 ks. This is presumed to be due to crack propagation while
holding displacement in tomographic observation. Crack propagation under fixed-
displacement during tomographic scanning was also observed in the previous study [26],
and the propagation path was along the grain boundaries. As a result, it has been
suggested that hydrogen accumulation in grain boundaries decrease the local crack
resistance.

We evaluate the influence of initial vacancy concentration on HE behavior by
comparing annealed and non-annealed alloys. This corresponds to the comparison of
the black line and the red line in Fig. 2, and of their fracture surface shown in Fig. 3 (d)
and (e). It can be seen that the flow stress and the fracture strain decrease in the alloy
with high vacancy concentration in Fig. 2 (b). In the fracture surfaces shown in Fig. 3
(d) and (e), significant differences in the area fractions of both intergranular fracture

and quasi-cleavage fracture are not recognized. The reason for premature fracture in an



alloy with a high vacancy concentration is due to the occurrence of longitudinal cracks,
in which intergranular cracks propagate parallel to the loading direction, as shown by
the broken line region in Fig. 3 (d). Longitudinal cracks initiate along specific grain
boundaries which is affected by complex triaxial stress state in the necked region
[27,28]. Therefore, it can be considered the initial vacancy concentration before tensile
loading has little influence on both intergranular fracture and quasi-cleavage fracture in
prepared alloys.

We compare HE behavior with respect to dislocation density. As it can be seen
from (d) and (e) in Fig. 3, quasi-cleavage fracture tends to initiate easily in alloys which
have high dislocation density by additional cold rolling. The area fraction of quasi-
cleavage fracture in Fig. 3 (e) was 42%. However, its fracture behavior is not
completely brittle, exhibiting undulated and tortures morphology on the quasi-cleavage
facet in Fig. 3 (e). In addition, its fracture strain was 39%, as shown in the black line of
Fig. 2 (b). These results imply that quasi-cleavage cracks were propagating and
meandering accompanying plasticity during loading.

In-situ observation of the morphology of intergranular and quasi-cleavage
cracks during deformation of prepared alloys by X-ray microtomography was
performed. As a representative example, the visualization of cracks in an alloy with a
solution treatment time of 1.2 ks is shown in Fig. 4. The fracture surfaces observed by
SEM indicated in Fig. 4 (a-c) are the same as Fig. 3 (b). The visualized cracks at the
strain of 11.8%, and 30.5% are superimposed with yellow on fracture surface in Fig. 4
(b) and Fig. 4(c), respectively. Intergranular cracks, especially located at the upper and
the right side in Fig. 4 (b), were initiated from the surface of an alloy, gradually
propagate, and transform to quasi-cleavage cracks with an increase in the distance from

the surface to the center of the specimen. Intergranular and quasi-cleavage cracks are



usually categorized into brittle crack [1], but they did not propagate instantaneously on
one-grain boundary plane or one facet. Both cracks propagated gradually in response

to tensile load.

4. Analysis of H partitioning behavior

In this chapter, the HE behavior mentioned in chapter 3 will be evaluated in
terms of hydrogen partitioning. As stated in the introduction, the hydrogen partitioning
in aluminum is represented by the trap site densities and occupancies of hydrogen
according to Eq. (1). The hydrogen partitioning of prepared alloys before deformation
was calculated based on their occupancies and trap site densities. Chapter 4 details the
quantitative analysis of the hydrogen trap site and hydrogen occupancy, and then,
evaluates the HE behavior based on hydrogen partitioning.

In the hydrogen partitioning calculation based on the Eq. (1), the total
hydrogen content of prepared alloys was set to 6.97 mass ppm  [9]. The mechanism of
hydrogen charging by EDM in purified water is recognized to be following surface
reaction: 2Al + 3H>O = Al,Os3 + 6H [29]. This reaction is a simple surface reaction and
the effect of trap site changes in prepared alloys on this reaction is considered to be
small. Therefore, it was assumed that the total hydrogen content in prepared alloys do

not change.

4.1 Evaluation of hydrogen trap-site densities

Hydrogen trap sites in Al-Zn-Mg alloys used in this study are grain boundaries,
dislocations, pores, vacancies, precipitate interfaces. In order to quantitatively analyze
these trap site densities, the area of grain boundary, dislocation density, pore

morphology, vacancy concentration, and the area of precipitate interface were obtained
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by some experimental techniques and mathematical models that will be explained in
this section. Quantified microstructural features in prepared alloys were summarized in
Table 1. The details are described below.

Regarding the grain boundary area, the total grain boundary areas per unit
aluminum volume were calculated based on the grain size. The grain size increased

from 98 um to 678 um due to the increase in solution treatment time, and the grain size

decreased from 372 pum to 273 - 284 um by additional cold rolling, as shown in Table
1.

Dislocation density was analyzed using modified Williamson-Hall method
[21], and some parameters which necessary for this calculation were referred to the
literature [30]. As the results, calculated dislocation densities of prepared alloys were
3.45x10%, 5.47x10%, 3.09x10', and 4.67x10%* m? for the alloys with solution
treatment times of 0.12, 1.2, 120 and 7.2 ks, respectively. The dislocation densities of
the high Cy - high puisi. alloy and the low Cy - high pqisi. alloy in Fig. 2 is 8.15x10 and
9.06x10'°, m? respectively. These results show that the dislocation density was
increased by approximately one order of magnitude when 50% additional cold rolling
was applied.

The morphology of pores was visualized in three-dimensions by synchrotron
X-ray tomography. The volume and surface area of all the pores present in the gauge
region of prepared alloys were analyzed by the marching cubes algorithm [25]. In the
process of Fig. 2, processes which affect the morphology of pores are solution treatment
and additional rolling. As can be seen from Table 1, the volume fraction and diameter
of the pores increased with increasing solution treatment time due to the growth of pores
by holding at high temperature. In contrast, the volume fraction and the mean diameter

of pores decreased in high Cy - high puisi. alloy and the low Cy - high pqisi. alloy because
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pores were annihilated or shrunk by additional rolling.
When estimating the hydrogen present in the pores, it is necessary to calculate

the molecular hydrogen content inside the pores, Cy,[11], in addition to the adsorbed

hydrogen at the surface of pores, C,qsy [18], described by the trap site density and
occupancy as with other trap sites. Trapped hydrogen content in the pores, Cpore, 1S
expressed as:

4y, 3)
Cpore = CagsH T CHZ = OsNg + ZNAﬁ

where 6 and Ns are the occupancy and the trap site density of adsorbed hydrogen in
pores, respectively, Na is the Avogadro's constant, Vpore and dpore are the total volume of
pores in unit aluminum volume and the mean diameter of pores, respectively, R is the
gas constant, 7T is the temperature. y is the surface energy of aluminum. Molecular
hydrogen content in pores, Cy,, is expressed by energy balance between the surface
energy of the aluminum matrix and the internal gas pressure of pores in Eq. (3) [11].
The surface energy of materials is decreased by the adsorbed hydrogen at the surface

and is expressed as [18,31]:

NSHS Ns
NAApore NAApore

¥ = Yo — (Es + RTIn(6,)) RT{6,In(65) + (1 — 6)In(1 — 6,)} @)

where ¥, is the initial surface energy (1 J/m?) [14,18], Es is the binding energy of
adsorbed hydrogen at the surface of pores, 4Apore 1S the total surface area of pores in unit
aluminum volume.

The vacancy concentration of the alloys not subjected to additional rolling was
calculated by a thermal equilibrium model given by the following Eq. [32]:

)

Cy =3.19exp (— kQ—fT>
B

where QOr is the formation energy of vacancy equal to 0.55 eV [15] and kg is the

12



Boltzmann’s constant. For the vacancy concentration of prepared alloys subjected to
additional rolling, the vacancies formed during rolling were taken into consideration.
Militzer et al. documented that the vacancy formation rate under external loading is

expressed as [33]:

d¢y, Qo | CiQo . Dyp Dy (6)
T Ayttt T e TR

where y = 0.1 is the dimensionless constant [33], o is the flow stress, £ is the atomic
volume, ¢ is the strain rate, b is Burgers vector, { describes the neutralization effect
induced by the presence of vacancy emitting and vacancy absorbing jogs, Cj is the
concentration of thermal jogs, Dy is the vacancy diffusivity, p is the dislocation density,
L is the grain size, k=1 is a parameter expressing the distribution of dislocations
[33,34]. Witzel proposed that the second term in Eq. (6) is only applied in the
temperature range over 0.4 of the melting temperature [33,35]; therefore, the second
term is not considered in this study. The third and fourth terms of Eq. (6) are related to
the annihilation of vacancies during deformation and are described as a function of
vacancy concentration and dislocation density during deformation. It is complicated to
estimate the vacancy concentration and dislocation density during rolling in this study.
In addition, Deschamps et al. have reported that the terms of the annihilation of
vacancies, which correspond to the third and the fourth term in Eq. (6), are much smaller
than the first term describing vacancy formation [34]. Therefore, vacancy annihilation
was not taken into the calculation of vacancy concentration after the cold rolling in this
study, but only the formation of vacancies was considered. It is given by the integral of
the simplified Eq. (6) as follows:

ofl 7
CV=)(Tf08+C0 )
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where ¢ is the strain, Cy is the initial vacancy concentration calculated by Eq. (5). As
mentioned above, the vacancy concentration obtained by Eq. (7) is estimated as the
upper limit of the vacancy concentration after rolling because the annihilation process
is not taken into consideration.

The area of the precipitate interface was calculated from the result of TEM
observation. According to Bend ef al., The primary precipitate of the prepared alloys is
specified 12 [36—38]. The habit plane of n2 is {111}a1 and its morphology is disk-like
[37]. The diameter of the plate plane and the length of the end plane of the observed n»
precipitate were approximately 20 nm and 5 nm, respectively. Even though aging
condition is overaging, the plate plane of 12 precipitate was coherent with the aluminum
matrix. On the other hand, interfacial structure between the end plane of n2 precipitate
and the aluminum matrix has been reported semi-coherent, that is, the existence of
interfacial dislocations. A principal plane in terms of hydrogen trap in Al-Zn-Mg alloys
is the coherent interface of disk-shaped precipitates. Tsuru et al. have clarified that the
coherent interface of 1> is one of the hydrogen trap sites by FPS [17]. This trap site
density of the precipitate was determined from the number density of the precipitates,
assuming the thickness of the TEM specimen to be 50 nm. The number density of the
precipitates was 1.35x10% m™,

Considering the result of Table 1 and the hydrogen trap interval of each trap
site calculated by FPS, the trap site densities of hydrogen, »;, in Eq. (1) were derived
and used for hydrogen distribution calculation. This hydrogen trap interval is
corresponding to the maximum density at which hydrogen can present in each trap site,
i.e., trapped hydrogen content when the occupancy is equal to 1. These are 22
atomH/nm? for the grain boundary [14], 2.8 atomH/nm for the edge dislocation [13],

3.2 atomH/nm for the screw dislocation [13], 8 atomH/vacancy for the vacancy [16],

14



6.1 atomH/nm? for the coherent interface of precipitate [17], 20 atomH/nm? for the pore

[18].

4.2 Evaluation of hydrogen occupancies

As mentioned in the introduction, the hydrogen occupancy of each site is
described by the thermal equilibrium of occupancies between interstitial hydrogen and
hydrogen at each trap site, as described in Eq. (2). In the calculation of Eq. (2), binding
energies, E;, revealed by FPS were used and are summarized in Table 2. Trapping sites
that showed the lowest and the highest binding energy were the screw dislocation and
the surface of pore, respectively.

Binding energy can also be evaluated experimentally employing thermal
desorption analysis [19,39]. In thermal desorption analysis, the energy that hydrogen
desorbs from the trap site (i.e., desorption energy) can be measured, and then, the
binding energy can be obtained by subtracting the activation energy of the lattice
diffusion of hydrogen from the desorption energy. However, the trap site in an
aluminum alloy changes from the relatively early stage of temperature raising. For
example, the vacancy concentration increases exponentially with temperature rise as
shown in Eq. (4), and are 1.85x10” at 300 K and 3.77x107 at 400 K. The morphology
of the precipitate also changes significantly around aging temperature (~ 473 K). The
temperature at which both trap sites change and hydrogen desorption from trap sites are
overlapped, leading a difficulty to measure the binding energy. Ebihara et al. have
reported the numerical simulation of thermal desorption analysis incorporating trap site
changes during heating [40]. The calculated binding energy of dislocations in aluminum
increases from 16.4 kJ/mol to 27.6 kJ/mol due to changes in dislocation density during

temperature rise in their study. Based on the above reasons, precise experimental
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evaluation of the binding energy of hydrogen in aluminum was infeasible, and therefore

FPS was utilized as a helpful alternative.

4.3 Hydrogen partitioning behavior and related hydrogen embrittlement

Fig. 5 shows the results of the hydrogen partitioning calculation of the six types
of prepared alloys. The magnitude of the occupancy for each trap site is shown in Fig.
5 (a) an it exponentially depended on the magnitude of the binding energy. As with
binding energy, the occupancy of hydrogen trap sites was the highest in pores and the
lowest in dislocations. Focusing on one trap site, it is found that even if the trap site is
changed by processing or heat treatment, the occupancy does not fluctuate significantly.
Fig. 5 (b) is the summary of the hydrogen content of each trap site. The trapped
hydrogen content, C;, is represented by the product of occupancy, &, and the trap site
density N;. The trap site with the highest occupancy was pore, but the trapped hydrogen
content was the maximum at the precipitate interface. This is caused by a difference in
trap site densities. The dispersion interval the pores in the matrix is on the order of
several to several tens of um, and that of the precipitates is several nm. The trap site
density of precipitates is larger than that of pores.

HE, i.e., intergranular and quasi-cleavage fracture are discussed from the
viewpoint of hydrogen partitioning shown in Fig. 5. First, we focus on the intergranular
fracture. Fig. 6 shows the relationship between the area fraction of intergranular fracture
calculated from Fig.3 and the trapped hydrogen content in grain boundaries extracted
from Fig. 5(b). There was no correlation between the trapped hydrogen content in the
grain boundaries and the area fraction of intergranular fracture. In the calculation of
hydrogen partitioning at grain boundaries, the effect of grain size is reflected as the trap
site density of grain boundaries. As the grain size decreases, the total area of grain

16



boundaries per 1 m® of aluminum increases and the trapped hydrogen content in the
grain boundaries increases. For instance, when solution treatment times are 0.12, 1.2,
and 120 ks, the grain sizes are 98, 259, and 678 um (Table 1), trapped hydrogen contents
in the grain boundary are 1.6x10'°, 7.1x10'%, and 2.3x10'® atomH/m? (Fig. 5(b)), and
the area fractions of intergranular fracture were 22%, 71% and 96%, respectively.
Comparison of these three alloys shows that the higher trapped hydrogen content in
grain boundaries, the less intergranular fracture occurs, which is unrealistic
interpretation. The result of Fig. 6 means that the trapped hydrogen content in the grain
boundaries before deformation is not the dominant factor of the intergranular fracture
of prepared alloys. From Fig. 5 (b), it is found that the trapped hydrogen content in the
grain boundaries is remarkably lower than other trap sites. In order to increase the
trapped hydrogen content in the grain boundaries to the level at which grain boundary
decohesion occurs, hydrogen accumulation in the grain boundaries during deformation
is indispensable. The authors have reported the influence of holding-times on the
intergranular fracture of the low Cy - low paist. Alloy [26]. As the results, at holding
times of 0.3, 0.9, and 2.7 ks, the area fractions of intergranular fracture were 19%, 58%,
and 61%, respectively [26]. The strain rate in this experiment was 3.0x107 s, the same
as in this study. It is considered that decrease in hydrogen content in alloys with the
increase of holding-time is slight because aluminum has passive oxide on the surface.
It has been clarified that as the holding-time increases, the area fraction of intergranular
fracture increases. This mechanism is considered as follows. A strain field and a
hydrostatic stress field are formed ahead of the crack tip, and it has been reported that
hydrogen is accumulated there [41,42]. An increase in holding-time corresponds to an
increase in the accumulation time of hydrogen at the crack tip, resulting in an increase
in local hydrogen content near the crack tip. Initial crack after applying loading in low

17



Cy - low pdisi. Alloys was intergranular crack. Naturally, the tip of the intergranular crack
is a grain boundary, and hydrogen accumulates at this grain boundary. As will be
described later, an increase in hydrogen content at grain boundaries results in a decrease
in grain boundary cohesive energy, i.e., a decrease in local crack resistance [14]. This
is considered to have appeared as an increase in the area fraction of intergranular
fracture in the observation of fracture surface in the literature [26]. The relationship
between grain boundary decohesion and hydrogen accumulation was also approached
from FPS. Yamaguchi et al. revealed that grain boundary approaches zero and grain
boundary decohesion occurs when trapped hydrogen in 25(012) grain boundary of
aluminum reaches approximately 20 atomH/nm? [14]. When this amount of trapped
hydrogen in grain boundaries is applied to alloys used in this study and is converted to
the trapped hydrogen content in the grain boundaries in unit aluminum volume, it
becomes approximately 2x10?? atomH/m>. The trapped hydrogen content in the grain
boundaries shown in Fig. 5(b) are 2.3x10'® ~ 1.6x10'* atomH/m?>, and in order to satisfy
the intergranular fracture criterion led by Yamaguchi et al., the trapped hydrogen
content in grain boundaries needs to be 10°~10* times higher than that of before
deformation [14]. Regarding this unrealistic magnitude of hydrogen enrichment,
Yamaguchi ef al. also mentioned it in their report [14].

This fracture criterion describes the state where the intergranular fracture
occurs only by hydrogen accumulation, and the distribution of mechanical stress/strain
on the grain boundary is not considered. In actual intergranular fracture, it is considered
that this decrease in cohesive energy by hydrogen accumulation and the stress/strain
localization on the grain boundary simultaneously work, inducing intergranular fracture.
This indirect basis for this is shown in Fig 7. It can be seen from Fig. 7, there is a weak
correlation between the area fraction of intergranular fracture and grain size. The grain
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size of the prepared alloys is on the order of several hundreds of um, which is coarse as
compared to the practical alloys (several tens of um). It is inferred that deformation
near the grain boundary of prepared alloys are heterogeneous because the number of
adjacent grains is small, and the plastic constraint is low. In the deformation behavior
near grain boundaries, both dislocation pile-up at grain boundaries and dislocation
transport to grain boundaries occur. This appears as localization of strain near grain
boundaries. Toda ef al. experimentally visualized that 3D/4D plastic strain distribution
in the vicinity of grain boundaries in an aluminum alloy by a synchrotron imaging
technique, namely diffraction-amalgamated grain boundary tracking [43]. They
revealed that plastic strain distribution in the grain boundaries is localized and is
complicated due to cooperative deformation by the plurality of grains. Contos and
Starke examined slip planarity and related fracture behavior in aluminum alloys by
atomic force microscopy [44]. They concluded that strain localization and stress
concentrations on grain boundaries promote intergranular fracture. Thus, it is
considered that intergranular fracture is affected not only by the local hydrogen content
in the grain boundaries but also by heterogeneous deformation near the grain boundary.

Next, we focus on the quasi-cleavage fracture from the viewpoint of hydrogen
partitioning. Regarding the mechanism of quasi-cleavage fracture, as well as
intergranular fracture, much discussion has been made such as nanovoid coalescence
[45], dislocation process [46,47], and the combination of dislocation nucleation and
mobility [48] under hydrogen influence. Many of them include interaction among
vacancies, dislocations, and hydrogen. Fig. 8 shows the relationship between the area
fraction of quasi-cleavage fracture calculated from the fracture surface of Fig. 3 and the
trapped hydrogen content in vacancies and dislocations. There is no correlation between
the area fraction of the quasi-cleavage fracture and the trapped hydrogen content in
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vacancies, and it seems that there is a weak correlation in the trapped hydrogen content
in dislocations. However, the trapped hydrogen content in dislocations is not the factor
of the quasi-cleavage fracture. As can be seen from Fig. 5 (b), the trapped hydrogen
content in dislocations is lower than pores, precipitates, and the vacancies after rolling,
and the occupancy is the lowest among trap sites. The occupancy of dislocations was
2.7x107° on average. Because the trap hydrogen density of the dislocation when
occupancy equal to 1 is 3 atomH/nm, 8.1x107 hydrogen atoms are present on 1 nm of
dislocation line in prepared alloys. It is difficult to consider that this low-density
hydrogen atoms on the dislocation line is the origin of quasi-cleavage fracture. Unlike
grain boundaries, hydrogen accumulation cannot be expected in dislocations in
aluminum. The findings related to hydrogen accumulation in dislocations is limited,
and the simulation of tungsten with the high binding energy of dislocation has been
reported [49]. The interactions between the hydrogen and the dislocations, which are
not hydrogen accumulation into dislocations, have been investigated by many
researchers. Examples include an increase in mobility of dislocation by hydrogen [4]
and hydrogen transport by dislocation [50,51]. The present study does not controvert
these interactions between dislocations and hydrogen. Hydrogen transport by
dislocation is also experimentally observed in aluminum alloys [52,53], and it is also
clarified that the internal equivalent strain in Al-Zn-Mg-Cu alloys is localized by
hydrogen [7,9]. However, we consider that trapped hydrogen in dislocations is not the
origin of quasi-cleavage fracture due to the lowest occupancy in prepared alloys
described above.

From Fig. 5 (b), the site trapping the most hydrogen is the precipitate interface.
The finding that precipitates trap hydrogen is reported not only in aluminum but also in

steel. Nagao et al. reported that interfacial decohesion of precipitates induce quasi-
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cleavage fracture in steel [54,55]. However, hydrogen-induced precipitate decohesion
or the hydrogen-induced quasi-cleavage cracks along the (Ti, Mo)C precipitate/matrix
interface were not observed in their study. Furthermore, the binding energy is larger at
the high-angle grain boundary (57.4 kJ/mol) than (Ti, Mo)C precipitate (30.5 kJ/mol)
[56]. The unclear point in their study, which is from standpoints of hydrogen
partitioning, is that why quasi-cleavage cracks along the precipitate/matrix interface
and lath boundaries rather than intergranular crack dominate the hydrogen-induced
fracture. Al-Zn-Mg alloys do not have a lath structure like steels the above described.
Therefore, even simply called quasi-cleavage fracture, it might be different from that
of steels. Tsuru ef al. clarified the hydrogen trap in the precipitate interface of MgZn,
in aluminum [17], which is reflected in the calculation of Fig. 5 as the parameters of
hydrogen partitioning. Furthermore, Tsuru et al. have revealed that the interfacial
decohesion of precipitates initiate when the trapped hydrogen density reaches 18.9
atomH/nm? due to hydrogen accumulation by FPS [57]. No mechanical load and no
interfacial dislocation are given in this calculation. It is clarified that interfacial
decohesion is caused simply by hydrogen accumulation at the interface of MgZny/Al.
Even if the occurrence of interfacial dislocations or dislocation pile-up at the precipitate
interface, the hydrogen binding energy of dislocations is low (Table 2), therefore, these
influence on hydrogen accumulation in the precipitate is quite limited. The trapped
hydrogen density in the precipitate interface of prepared alloys is approximately
4.8x10% atomH/nm? from the occupancy of the precipitate interface in Fig. 5 (a).
Therefore, if 3.9x10? times hydrogen concentration in the precipitate interfaces occurs
locally during deformation, initiating cracks due to interfacial decohesion of
precipitates. When hydrogen accumulates in the local region during deformation, the

hydrogen repartitioning within that region depends on the binding energy. Although the
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trap site having the highest binding energy is pores as shown in Table 2, hydrogen
accumulation in pores during deformation is quite limited because the occupancy of
pores is almost 1 before deformation as shown in Fig. 5(a). The trap site having the
second highest binding energy is the precipitate interface (33.87 kJ/mol at the MgZn-
mixed interface of precipitate). Because the occupancy of hydrogen in the precipitate
interface before deformation is still 7.8x107, an increase in occupancy due to hydrogen
accumulation can be expected. Considering that the precipitate interface is a very
limited region (20 nm in diameter) and is one of the singular stress fields, the probability
of hydrogen enrichment of 3.9x10? times is conceivable. Furthermore, the source of
hydrogen that accumulates at this interface can be either hydrogen repartitioning inside
an alloy or hydrogen penetration from the outside of an alloy. The influence of external
hydrogen is not taken into consideration in the hydrogen partitioning calculation of this
study. In environments where hydrogen can penetrate from the outside such as humid
air, the above decohesion criterion will be more likely to be satisfied because local
hydrogen content is expected to increase [29].

These precipitates are aligned precipitates arranged on the {111} plane in grain
interior [37]. Assuming quasi-cleavage fracture occurs due to interfacial decohesion of
precipitates by hydrogen accumulation, the crystallographic orientation of the quasi-
cleavage facet might {111} plane. Hirayama et al. investigated the crystallographic
orientation of the quasi-cleavage facet in an Al-Zn-Mg alloy, which is the same alloy in
this study, by diffraction contrast tomography [58]. They revealed that there is no
specific orientation relationship between the quasi-cleavage facet and the
crystallographic plane of the matrix. As mentioned in Chapter 3, the quasi-cleavage
fracture behavior of prepared alloys is not completely brittle and involves plasticity,

leading undulated quasi-cleavage facets shown in Fig. 3. We will integrate both the
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results of the present study and Hirayama et al. and discuss the process of quasi-
cleavage fracture. First, the precipitate interface satisfying the decohesion criterion by
hydrogen accumulation is cracked during deformation. We consider that this might be
the origin of quasi-cleavage crack. Next, the quasi-cleavage crack propagates along the
above-cracked precipitate interface. The crack path on {111} interface is not necessary
on the identical crystallographic plane. The aluminum matrix has four equivalent {111}
planes, of which crack propagates selectively in the precipitate/aluminum interface
where hydrogen accumulation is remarkable. It is considered that the contribution of
both plastic deformation and hydrogen accumulation overlapped on the quasi-cleavage
crack propagation, exhibited a complicated facet morphology.

Finally, we consider what kind of microstructural control is useful for
suppressing HE. The present study shows that HE, especially quasi-cleavage fracture
cannot be suppressed even if the grain size, dislocation density, and vacancy
concentration are changed by processing. To suppress quasi-cleavage fracture, it is
necessary to reduce the hydrogen partitioned to the precipitate interface. For that
purpose, it is helpful to partition hydrogen to the site which has higher binding energy
and trap site density than precipitates. Specific candidates for the trap site include the
interior of the intermetallic particles. Practical aluminum alloys contain impurities such
as iron and silicon, forming micron-sized intermetallic particles such as Al;CuxFe and
Mg>Si [59]. According to Su ef al., increasing the volume fraction of intermetallic
particles by enriching both Fe and Si content from 0.01 to 0.30 mass% suppressed the
area fraction of the quasi-cleavage fracture from 22.4% to 8.1% in Al-Zn-Mg-Cu alloys
[60]. Given that hydrogen is trapped inside the intermetallic particles and the trapped
hydrogen content in the precipitate interfaces is lowered, suppression of quasi-cleavage

fracture can be interpreted. The application of intermetallic particles as a favorable
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hydrogen trap sites which suppress HE is beneficial in both academic and industrial
fields. However, the hydrogen trap inside intermetallic particles is no more than a
hypothesis. In addition, Su et al. have evaluated the suppression of hydrogen
embrittlement by intermetallic particles using hydrogen pre-charged alloys in the above
literature. Intermetallic particles can trap a limited amount of hydrogen. When
hydrogen trapping sites in the intermetallic particles are occupied by hydrogen in an
environment where hydrogen is continuously supplied from outside the specimen, there
is a high possibility that the suppression of hydrogen embrittlement by the intermetallic
particles is not effective. In the future works, it will be necessary to quantitatively
analyze the suppression effect of quasi-cleavage fracture by intermetallic particles from

the aspects of hydrogen partitioning.

5. Conclusions

Al-10.1Zn-1.2 Mg alloys with different hydrogen trap sites were prepared by
the combination of heat treatment and rolling, and their HE behavior was investigated.
The calculation of hydrogen partitioning was carried out based on the binding energies
of hydrogen derived by FPS and the trap site densities of hydrogen obtained by various
analysis and related HE behavior was quantitatively evaluated. Regarding intergranular
fracture, there was no correlation with initial trapped hydrogen content in the grain
boundaries before deformation. Hydrogen partitioning calculation revealed that the
criterion for intergranular fracture derived by the FPS is satisfied when the trapped
hydrogen content in the grain boundaries increases locally by 10°~10* times as
compared to the initial content. In addition, heterogeneous deformation depending on
grain size affected intergranular fracture. The mechanism of quasi-cleavage fracture

could not be interpreted based on trapped hydrogen content in vacancies and
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dislocations. The site which traps the most hydrogen in the Al-10.1Zn-1.2Mg alloys
was the precipitate interface. It has been calculated that hydrogen accumulates at the
interface of this precipitate during deformation, and the interfacial decohesion of
precipitates occurs when the trapped hydrogen content increases to 4.9x10? times of

initial content.
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Table 1 Summary of the microstructural feature of prepared alloys. The six alloys shown this table
correspond to alloys in Fig. 2 and alloys denoted as small, medium, and large grain are alloys with
the solution treatment time of 0.12, 1.2, and 120ks, respectively.

Alloys

Small Medium Large High Cy Low Cy Low Cy

grain grain grain - high pgig. - high pdgisl. - low puis,
Grain size, d / pym 98 259 678 284 273 372
Dislocation density, pgisi./ m™ 3.5x 10" 55x10™ 3.1x10™ 9.1x10" 82x10" 4.7x10"
Volume fraction of pores, Vpore 1.5x10% 94x10% 1.5x10° 3.4x10° 29x10° 6.8x10*
Mean diameter of pores, dpore/ pm 2.8 33 4.1 2.6 2.5 3.0
Vacancy concentration, Vi, 1.5x10° 1.5%10° 1.5%10° 3.5%103 1.5x10° 1.5%107
Number density of precipitate, p,/ m~> 1.4x 102 1.4x10% 14x10% 14x102 14x10* 1.4x10%




Table 2 Summary of binding energies derived
by first principles simulation.

Screw dislocation 7.713]
Edge dislocation 16.4[13]
Grain boundaries 22.2~26.1[14]
Vacancy 29.0[15, 16]
Precipitates 7.9~33.9[17]

Pores (atomic H at surface) 67.5[18]




ST: 773K - ST:773K-7.2ks
0.12,1.2, 120 ks I I I
|

Aging: 393 K - 144 ks, 453 K - 25.2 ks (over aging)
| |

50% cold rolling
| |

Annealing:
423 K- 0.9ks

1
H charging by electrical discharge machining

Small, medium, and High C, Low C, Low C,
large grain size - high py. - high pyg. - low py.

Fig. 1 Schematic illustration of preparation process of specimens used in present research. Grain
size, vacancy concentration, C,, dislocation density, p,, and precipitates were varied by a
combination of heat treatments and rolling.
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Fig. 2 Nominal stress - nominal strain curves
obtained by in situ holding-time tests under
synchrotron X-ray tomography: Alloys (a)
which performed different times of solution
treatment (0.12, 1.2, 120 ks), and (b) which
have different C, and p,;, were used.



(d) High C, - high py. (e) Low C, - high pyg. (f) Low C, - low pyyq.
Fig. 3 SEM images of the fracture surface of prepared alloys shown in Fig. 2 after holding-time
tests. The region of intergranular fracture (IGF) and quasi-cleavage fracture (QCF) were indicated
as blue and red, respectively: (a, b, and c) alloys with time of solution treatment were 0.12, 1.2, and
120 ks, respectively, (d) high C, — high p; alloy, (e) low C, — high p; alloy (f) low C, — low o4y
alloy.



(a) SEM image only (c) Cracks at 30.5% of strain

Fig. 4 Visualization of crack growth process captured by synchrotron X-ray tomography. (a) is
fracture surface observed from the alloy with time of solution treatment was 1.2 ks, which
corresponds to Fig. 3(b). Captured cracks at each strain, indicated as yellow, were superimposed to
fracture surface of (a) and shown in (b) and (c).
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Fig. 5 Summary of the calculation of hydrogen partitioning in prepared alloys. Fig. 5 (a) and (b)
indicate hydrogen occupancy and trapped hydrogen content in each site of prepared alloys,
respectively.
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Fig. 6 Relationship between the area fraction of
intergranular fracture, 4,5, calculated from Fig.
3 and trapped hydrogen content in grain
boundary, Cgp,which extracted from Fig. 5 (b)
in prepared alloys.
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Fig. 7 Relationship between the area fraction of
intergranular fracture calculated from Fig. 3 and
grain size in prepared alloys.
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Fig. 8 Relationship between the area fraction of quasi-cleavage fracture, Ao, calculated from Fig.
3 and trapped hydrogen content in (a) vacancies, C,,., and (b) dislocations, Cg , which extracted
from Fig. 5 (b) in prepared alloys.
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