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Abstract: The hydrogen-induced plastic loss behavior of titanium alloys is often reported, but
there are relatively few studies on high-strength aluminum alloys. In this article, the hydrogen-
induced plastic damage behavior of 7085-T7651 high-strength aluminum alloy was investigated
using a tensile specimen with pre-charging hydrogen, and the microstructure was characterized
by transmission electron microscopy, scanning electron microscopy and time-of-flight secondary
ion mass spectrometry. The results showed that 7085-T7651 high-strength aluminum alloy material
has certain hydrogen embrittlement sensitivities, and with the increase of hydrogen-charging time,
the hydrogen content and sensitivity of the material increases significantly. For the first time, the
theoretical analysis and intuitive quantitative characterization of the hydrogen-induced plastic loss
behavior mechanism on 7085-T7651 high-strength aluminum alloy is stated as the formation of
Mg and H segregation formed at the crystal boundary, which will result in the weakening of the
crystal boundary.

Keywords: 7085-T7651 high-strength aluminum alloy; hydrogen; plastic damage; characterization;
brittleness

1. Introduction

The 7xxx high-strength aluminum alloy belongs to the ultra-high-strength aluminum
alloy Al-Zn-Mg-Cu series. This alloy is a newly developed high-performance aluminum
alloy with excellent comprehensive properties such as high strength, high hardenability
and high damage tolerance [1–3]. It has been widely used in aerospace, shipbuilding
and other fields [4–6]. Generally speaking, there are two main failure behaviors of high-
strength aluminum alloys. One is stress-corrosion cracking (SCC) caused by corrosion [7]
and stress, and the other is environment-induced hydrogen and hydrogen-induced
damage. There are many studies on stress-corrosion cracking of high-strength aluminum
alloys [8–12]. However, there are relatively few studies on environmentally induced
hydrogen and hydrogen-induced damage to high-strength aluminum alloys. Swapnar
et al. [13] showed that, at intermediate strain rates, the film interfered and reduced
hydrogen entry at intermediate strain rates, while hydrogen embrittlement was significant
at the slowest strain rates. Komazaki [14] revealed that hydrogen was absorbed into the
alloy by flux treatment and hydrogen content tended to increase with increasing exposure
time. However, hydrogen is difficult to detect, and has strong diffusivity in materials.
At present, most elemental analysis equipment cannot characterize and quantitatively
analyze hydrogen intuitively, and most research on hydrogen interaction mechanisms
and damage behavior is inferences, and there is no intuitive evidence. In particular,
hydrogen-induced plastic damage behavior of 7085-T7651 high-strength aluminum alloy
is still unclear.
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In this paper, the influence of hydrogen on the plasticity of materials was studied
by pre-filling hydrogen in tensile specimens for different time periods, and the depth of
hydrogen action was analyzed using a hardness test. Meanwhile, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) was used to observe the hydrogen distribution visually
and quantitatively near and far from the fissure.

2. Experimental Procedure
2.1. Materials

The studied 7085-T7651 high-strength aluminum alloy has high strength, good resis-
tance to exfoliation corrosion and stress-corrosion resistance. The aluminum alloy ingot
was homogenized at 450~480 °C for 24 h, and then free forging was carried out. Three-level
enhanced solid solution was used to heat treatment. The measured composition of the
7085-T7651 high-strength aluminum alloy was Al-7.3Zn-1.5Mg-1.5Cu-0.10Zr.

Samples were cut from the 7085-T7651 high-strength aluminum alloy ingot and pol-
ished using silicon carbide grinding papers from 180 to 2000 grit. Microstructures were
analyzed using an optical microscope (OM, equipment model: Leica DMI5000M, Leica,
Wetzlar, Germany) and transmission electron microscope (TEM: equipment model: JEM-
2100, JEOL, Tokyo Japan). The metallographic structure of the 7085-T7651 high-strength
aluminum alloy was α (Al) + dispersed phase + compound phase. The grain size of the
7085-T7651 high-strength aluminum alloy was relatively uniform with a grade of 5.0. The
compound phase wasMgZn2, which precipitated along the grain boundary, as shown
in Figure 1.
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Figure 1. Microstructure of the 7085-T7651 high-strength aluminum alloy: (a) OM morphology and
(b) TEM morphology and diffraction spots of the precipitated phase.

2.2. Pre-Charge Hydrogen

The selected electrochemical cathode hydrogen permeation method was pre-charge
hydrogen. The sample and a carbon rod were used as the cathode and anode, respectively.
Before pre-charge hydrogen, a calibrated DC-regulated power supply was selected. The
electrolyte component was an aqueous ammonium sulfate solution. During hydrogen
permeation, the current density was controlled at 2 mA/cm2, the solution concentration
was 5%, and the hydrogen-charging time was 5 days, 10 days, and 20 days, respectively. To
avoid long-term storage of hydrogen-charged samples in the atmosphere, all samples were
stretched within 2 h.

The hydrogen content was measured by German EltraONH-2000 analyzer and the
GB/T 223.82-2018 standard [15]. The crucible was a heating body, and impurities were
removed by degassing at high temperature. The sample was first removed from the surface
hydrogen in a carrier gas (argon), and then melted. The hydrogen was detected by a
thermal conductivity detector for detection. The penetration depth of hydrogen in the
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7085-T7651 high-strength aluminum alloy was measured by microhardness tester (VH3300,
Wilson, Chicago, IL, USA) according to the ASTM 384 standard [16].

TOF-SIMS technology performed intuitive and quantitative analysis of hydrogen in
materials [17,18]. The TOF-SIMS equipment is produced by Czech Tesken.

2.3. Plastic Loss Behavior

Plastic loss behavior was comprehensively reflected by the elongation and fracture
morphology of the tensile specimen. The selected sample size is shown in Figure 2 and the
test method reference was the standard ASTM E8 [19]. The fracture of the tensile specimen
was observed by FEI QUANTA650 Field Emission Scanning Electron Microscopy.
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Figure 2. The dimensions of the tensile specimens (mm).

Multiple tensile 7085-T7651 high-strength aluminum alloy samples were processed on
the same ingot. The surface of each sample was polished to reduce the surface roughness
and keep the roughness as consistent as possible. Among them, the uncharged samples
were numbered #1, and the samples charged with hydrogen for 5 days, 10 days, and 20
days were numbered #2, #3 and #4, respectively.

3. Results and Discussion
3.1. Hydrogen-Induced Plastic Damage

The properties of all samples after stretching are shown in Table 1. The elongation rate
of sample #1 is about 4.9%; the elongation rate of #2, #3 and #4 is about 2.9%, 1.8% and 1.0%,
respectively. As shown in Table 1, the elongation rate of all hydrogen-charged samples is
significantly reduced. This suggests that the sample charged with hydrogen could cause ob-
vious damage to the plasticity of the 7085-T7651 high-strength aluminum alloy. Meanwhile,
with the increase of hydrogen-charging time, the strength also increases slightly.

Table 1. The properties and hydrogen content of 7085-T7651 high-strength aluminum alloy in
different states.

Sample No. Hydrogen Content (ppm) Properties
Rm (MPa) A (%)

1 0.8, 1.3, 1.1 (σ: 0.25) 444, 448, 443 (σ: 2.65) 5.2, 5.0, 4.5 (σ: 0.36)

2 2.8, 3.1, 3.3 (σ: 0.25) 472, 465, 470(σ: 3.61) 2.6, 2.9, 3.2 (σ: 0.30)

3 5.4, 5.1, 5.2 (σ: 0.15) 475, 478, 478(σ: 1.73) 2.1, 1.5, 1.7(σ: 0.31)

4 5.6, 6.1, 6.0 (σ: 0.26) 488, 472, 477(σ: 8.19) 1.0, 0.8, 1.2 (σ: 0.20)

To study the hydrogen content of the tensile sample under different hydrogen-charging
time, a sample with 50 mm × 3 mm × 3 mm was also charged under the same hydrogen-
charging conditions. Three parallel samples were selected for the test samples. The
average hydrogen content in a blank sample was only 1.1 ppm, while the samples after
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5 days, 10 days and 20 days hydrogen charging were about 3.1 ppm, 5.2 ppm and 5.9 ppm,
respectively. Therefore, the hydrogen content in the 7085-T7651 high-strength aluminum
alloy samples increases with the hydrogen-charging time.

From the test results, the 7085-T7651 high-strength aluminum alloy has similar charac-
teristics to steel and titanium alloys. It has a certain solubility for hydrogen, and with the
extension of hydrogen-charging time, the hydrogen content in the material increases. Mean-
while, damage behavior is also the same as other metals, i.e., there is obvious hydrogen-
induced plastic damage behavior in high-strength aluminum alloys.

3.2. Section Analysis

Figure 3 shows the morphology of different areas on the tensile section of the blank
sample without hydrogen charging. Many dimples can be observed, while no obvious
brittle fracture features can be found on the entire section.
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Figure 3. Tensile fracture morphology of blank sample without hydrogen charging: (a) 500× and
(b) 2000×.

With the increase of hydrogen content, the fracture brittleness is gradually enhanced.
The tensile fracture morphology with different regions after 5 days of hydrogen charging is
shown in Figure 4a,b. There were obvious intergranular fracture characteristics in some
areas of the cross-section, but the main morphological characteristics are still parabolic
dimples. The tensile fracture morphology with different regions after 10 days of hydrogen
charging is shown in Figure 5a,b. Compared with the sample with 5 days hydrogen charg-
ing, the intergranular fracture area is significantly increased. Furthermore, the parabolic
dimples of the crystal plane are reduced, and the dimple openings are smooth. Therefore,
the shape of the dimple is slightly inconspicuous. The tensile fracture morphology with
different regions after 20 days of hydrogen charging is shown in Figure 6a,b, where there
are more intergranular fracture areas on the entire cross-section. After the crystal plane
enlargement, no obvious parabolic dimple morphology is observed, and a brittle ridge
fracture is mainly observed.

3.3. Hardness Analysis

Watson et al. [20] researched the effects of catholically charged hydrogen on the
mechanical properties. The results showed that hydrogen charging could reduce the
ductility, increase the tensile strength in tensile tests and form a severely hardened surface
region due to increased dislocation density. The hardness surface region quickly saturated,
and further charging increased the depth of this region. Hence, the depth of hydrogen
infiltration can be determined according to the microhardness change in the material from
surface to core. To further verify the influence of hydrogen on the alloy, a hardness analysis
on the samples charged with hydrogen for 20 days was conducted. The American Wilson
VH3300 microhardness meter used in the hardness test and parameter setting had a test
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force of 10 g, hardness point intervals of 10 microns, and the hardness test was on the
straight line from surface to core. The sudden change point on the hardness change curve
is taken to be the hydrogen infiltration depth.
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The microhardness gradient of hydrogen-filled samples was analyzed from surface
to core. The result is shown in Figure 7. The microhardness of the hydrogen-charged
sample changed significantly from the surface to the core, and the hardness turning point
was at about 210 µm from the surface. Therefore, charging hydrogen in a 7085-T7651
high-strength aluminum alloy at a current density of 2 mA/cm2 for 20 days could make
the penetration depth of hydrogen approximately 210 µm, and the surface hardness of the
hydrogen-permeable area significantly increased.
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Figure 7. The hardness change inthe hydrogen-charged sample.

For metals, hydrogen permeation can improve the strength of materials. The hardness
test results of hydrogen-filled materials also prove that the high-strength aluminum alloy
after hydrogen filling has a strengthening effect.

3.4. Hydrogen Analysis

The intuitive and quantitative analyses of hydrogen were performed on tensile samples
after pre-charge for 20 days by TOF-SIMS. The peak area was obtained by pseudo-Voigt
fitting of the hydrogen peak positions in TOF-SIMS, which is proportional to the hydrogen
content. Therefore, we can obtain the relative hydrogen content of different regions of
the same sample under the same test conditions by calculating the hydrogen peak area.
The test results of hydrogen near the fracture and far from the fracture were shown in
Figure 8. The values near the fracture and far from the fracture are 0.000019 and 0.000003,
respectively. It can be deduced that the content of hydrogen near the fracture is higher than
that far from the fracture.

3.5. Mechanism Analysis

Through test analysis, it can be found that the strength and plasticity of the mate-
rial were obviously reduced when hydrogen was introduced into materials. In addition,
with the increase of hydrogen content, the plasticity of the material decreased more obvi-
ously. Generally speaking, the index of hydrogen embrittlement susceptibility (HEI) was
calculated according to the following formula [21]:

HEI =
ϕF − ϕC

ϕF
(1)

where ϕF and ϕC represent the elongation rate of hydrogen-free specimen and hydrogen-
charged specimen, respectively.
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Figure 8. The integrated area of hydrogen peak.

The calculation results show that the HEI of the samples charged with hydrogen
for 5 days, 10 days, and 20 days was about 40.82%, 63.27% and 79.59%, respectively. It
concluded that 7085-T7651 high-strength aluminum alloy material has a certain hydrogen
embrittlement sensitivity, and with the increase of hydrogen-charging time, the hydrogen
content of the material increases significantly, and the hydrogen embrittlement sensitivity
also increases.

The tensile fracture shows that the samples without hydrogen filling have mainly dim-
ple fracturing, but, after hydrogen charging, they are mainly characterized by intergranular
fracture. Moreover, with the prolongation of hydrogen-charging time, the intergranular
fracture characteristics of the material become more obvious, and the dimple fracture
characteristics gradually disappear. This morphology change, from dimple to intergranular,
is a typical characteristic caused by hydrogen in materials [22,23]. In addition, the fracture
characteristics along the grain also prove that hydrogen acts mainly at the grain boundary
of the material.

Since the aluminum alloy has a face-centered cubic structure and the solubility of
hydrogen in aluminum is extremely small, it is considered that hydrogen embrittlement
does not exist in the aluminum alloy for a long period of time. However, with the deepening
of research, it can be found that hydrogen embrittlement is also one of the common
failure modes in high-strength aluminum alloys. Meanwhile, Song et al. [10] reported
that hydrogen-induced cracking behavior exists in high-strength aluminum alloys and
proved that Mg and H segregation formed at the grain boundary, which leads to the grain
boundary weakening and initiates intergranular cracking.

4. Conclusions

(1) 7085-T7651 high-strength aluminum alloy has a certain hydrogen-absorption capacity,
which might cause hydrogen-induced plastic damage behavior in the service process.

(2) The hydrogen-induced plastic damage behavior of the 7085-T7651 high-strength
aluminum alloy is mainly characterized by intergranular fracture, which is due to
the formation of Mg and H segregation formed at grain boundaries, leading to the
embrittlement of the material.

(3) Hydrogen-induced plastic damage and hydrogen-induced cracking behavior of 7085-
T7651 high-strength aluminum alloy can be intuitively and quantitatively character-
ized using the TOF-SIMS method.



Metals 2023, 13, 40 8 of 9

(4) To further understand the effect of hydrogen on high-strength aluminum alloy, we
will continue to research the characterization technology of micro–nano structures
and the distribution of hydrogen at the crystal boundary.
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