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� Hydrogen embrittlement is observed under impact loading.

� Impact toughness and ductility are degraded by hydrogen charging.

� Coexistence of several hydrogen embrittlement mechanisms is observed.

� Atomistic simulations are performed to better understand embrittlement mechanisms.

� Hydrogen increases the avarage dislocation mobility and reduces the cohesive energy.
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Effects of hydrogen and temperature on impact response and corresponding microstructure

of aluminum (Al) 7075 alloy were investigated undermedium strain rate impact loading. The

specimenswere subjected to impact energy of 12 J and25 J, corresponding to impact velocities

of 2.13 m/s and 3.08 m/s, respectively. These energy levels were decided after a couple of

impact tests with different impact energy values, such as 6 J, 10 J, 12 J, 25 J. The experiments

were conducted at five different temperatures. Electrochemical charging method was used

for hydrogen charging. Microstructural observations of hydrogen uncharged and hydrogen

charged specimenswere carried out by scanning electronmicroscope. Hydrogen changed the

crack propagation behavior of Al 7075 alloy depending on the temperature. Coexistence of

several hydrogen embrittlement mechanisms, such as hydrogen enhanced decohesion

(HEDE) and hydrogen enhanced localized plasticity (HELP) were observed under impact

loading. The impact response of Al 7075 was significantly deteriorated by the hydrogen

charging and changing temperature affected the absorbed energy of hydrogen-charged

specimens. In addition, molecular dynamics simulations were conducted to uncover the

atomistic origin of hydrogen embrittlementmechanisms under impact loading. In particular,

hydrogen decreased the cohesive energy and enhanced the average dislocation mobility.

Therefore, the experimental results presented herein constitute an efficient guideline for the

usageofAl alloys that are subject to impact loading in service in awide rangeof temperatures.
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Introduction

Owing to a good combination of high strength to weight ratio,

high corrosion resistance, reasonable ductility, and good

machinability, the 7000 series aluminum (Al) alloys are

attractive materials for extensive application areas such as

defense, marine, military, aerospace and automotive [1e5].

When compared to other 7000 series, Al 7075, which has a

face-centered cubic (FCC) crystal structure at room tempera-

ture, has the highest strength and fracture toughness in the

T651 heat-treated condition [1,6]. The major element of Al

7075, zinc, together with heat treatment process, including

solution treatment, stress relief by stretching and artificial

aging, provides improved mechanical properties [3,7e9].

Specifically, artificial aging causes grain refinements with

enhanced mechanical properties due to the coexistence of

different hardening mechanisms such as solute solution

hardening, precipitation hardening and dislocation hardening

[10e12]. In addition, due to its stable FCC crystal structure at

room temperature, hydrogen diffusion in Al lattice is low

compared to that of body-centered cubic (BCC) crystal struc-

ture. In particular, hydrogen diffusivity in Al 7075 lattice is

around 10�12 m2/s [13]. Therefore, it can be used in hydrogen-

related infrastructures. For instance, the materials of choice

for high-pressure gas containers to store hydrogen are

aluminumalloys or stainless steels [13]. On the contrary, it has

also been shown that they are vulnerable to hydrogen

embrittlement (HE) [14e16], whose occurrence is linearly

proportional with the strength of a material, so the afore-

mentioned strengthening mechanisms also enhance its sus-

ceptibility to HE. Thus, it is necessary to investigate the effect

of hydrogen under different loading scenarios for the sake of

their safe and reliable usage in hydrogen-related

infrastructures.

It is a well-known fact that atomic hydrogen degrades the

mechanical properties of high strength metallic materials

[5,17e22] and change the nature of microstructural activities

under different loading conditions [23e25]. However, the

exact mechanism of HE is still unclear [26e29]. The proposed

HE mechanisms, based on both experimental observations

and numerical calculations, are hydrogen enhanced localized

plasticity (HELP) [30,31], hydrogen enhanced decohesion

(HEDE) [32,33] and adsorption-induced dislocation emission

(AIDE) [14,33e35]. These mechanisms can be activated indi-

vidually as well as they can be observed simultaneously

depending on the loading conditions. The main HE mecha-

nism of aluminum alloys has also been investigated widely

under several conditions [13,14,16,36e46]. In these studies, it

has been reported that Al alloys can absorb hydrogen during

the homogenization process or service in aggressive envi-

ronments [14,42,47,48]. Once hydrogen is diffused into the

lattice, it can be localized at either trap sites or lattice sites,

diffusible hydrogen [49,50]. Hydrogen diffusion, localization

and interaction with dislocations in Al 7075 were investigated

via uniaxial tensile tests at a strain rate of 10�5 s�1 at 318 K [13]

as well as the correlation between hydrogen content and

hardness and corrosion behavior of Al 7075 [51,52]. In addi-

tion, the effect of loading and microstructural factors on HE

susceptibility of Al 7075 was investigated under tensile
loading as well as the effect of hydrogen on the crack

morphology and crack growth rate under cyclic loading

[5,42,45,53]. However, despite the high amount of studies on

the HE susceptibility of Al 7075, these works were carried out

at low strain rates. In fact, most of the works on HE have been

conducted under static or dynamic tensile/compressive

loadings at low strain rates in order to provide enough time for

hydrogen-dislocation interactions [20,54]. On the contrary,

given the fact that materials can be subject to medium/high

strain rates impact loadings during operation, the effect of

hydrogen on the mechanical response and microstructure

under impact loading at different strain rates should be

investigated. As Al 7075 is one of the most utilized high

strength materials in many different applications, determi-

nation of hydrogen effect at high strain rates is of utmost

importance for the sake of their reliable usage. To the best of

the authors’ knowledge, a comprehensive study on the HE

susceptibility of Al 7075 at several different medium strain

rate impact loadings has not been carried out yet. What is

available in the literature is the mechanical response of

hydrogen uncharged Al 7075 under different loading condi-

tions, such as impact, ballistic and Split-Hopkinson, over a

wide range of strain rate (until 104 s�1) and temperature (from

�200 �C to 600 �C) [4,6,55e58].

In the present study, mechanical responses and micro-

structural aspects of hydrogen-charged and hydrogen-

uncharged Al 7075 alloys were investigated by Charpy

impact testing at different strain rates and awide temperature

range: �45 �Ce100 �C. Electrochemical charging method was

used for hydrogen charging. Material characterization was

carried out via X-ray powder diffraction (XRD) and energy-

dispersive X-ray spectrometer (EDX). Impact energy and

force data of hydrogen-charged and hydrogen-uncharged

specimens were collected from the very first instance of the

impact to fracture. The effect of hydrogen on the micro-

structure was investigated by scanning electron microscopy

(SEM). Overall, the findings of the study presented herein open

a new venue for the utility of Al 7075 alloy in different appli-

cations that might be subject to impact loading and especially

their usage in critical application areas, such as hydrogen

storage, as HE-resilient material.
Material and method

As received material

In the present study, the 7075-T651 aluminum alloy was

investigated and its chemical composition is presented in

Table 1. T651 heat treatment process includes solution treat-

ment, stress relief by stretching and artificial aging at 120 �C
for 24 h followed by air cooling. Dynamic recrystallization

occurs as a result of the T651 heat treatment process and it

allows the nucleation and growth of new grains [57]. The

tested materials were all polycrystalline and initially featured

a nearly random texture [58e60].

Charpy V-notched (CVN) impact samples with dimensions

of 55 mm � 10 mm � 10 mm, featured a 45� notch with

0.25 mm radius and 2 mm depth, were cut utilizing electro-

discharge machining (EDM). The specimen surfaces were
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Table 1 e Chemical composition of the studied material
(in wt. - %).

Zn Mg Cu Fe Si Cr Al

5.1 2.57 1.9 0.49 0.3 0.2 Balance
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prepared by using conventional grinding and polishing

metallographic equipment. After grinding using sandpaper

with different grades (up to 1200 mesh), the specimens were

polished using a series of diamond pastes and finally chemi-

cally polished with an HF:H2O2 ¼ 1:10 solution to remove the

oxide layer, residual stress and to obtain a defect-free surface.

Microhardness values (HV0.2) of the 7075 aluminum alloy

specimens around the notch, where is the critical region for

impact testing, were examined using a MICROBUL e 1000 D

micro-hardness tester. The average Vickers hardness values,

which are almost uniform, of undeformed Al 7075 samples

were found as 182.2 H V. Uniform hardness values around the

notch indicate a uniform microstructure. Bruker D8Discover

X-ray diffractometer, operating at 40 kV and 40 mAwith a Cu-

Ka source (wavelength ¼ 1.5406 �A), was used to perform the

XRD analysis. Fig. 1a shows the XRD data of as-

received þ undeformed, as received þ fractured and

hydrogenated þ fractured materials. The data were collected

over a range of 0�e90� in 2q and the XRD. Despite different

intensities of all tested materials, the crystallographic planes

are quite similar at Bragg angles of 38, 44, 65, 78 and 83� which

correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) reflections,

respectively. Note that the XRD data were taken from close to
Fig. 1 e Characterization of the as received material (a) XRD resu

(b) SEM image and corresponding EDX results of tested Al 7075

the scanning area, EDX results for (b2) 10 kV, (b3) 20 kV.
the notch region of all specimens. The initial microstructure

was also observed using scanning electron microscope (SEM,

Zeiss Gemini 300, AGU - Central Research Facility) equipped

with an energy dispersive X-ray spectrometer (EDX) and the

corresponding results are given in Fig. 1b.

Hydrogen charging, impact tests, and microstructural
characterization

Hydrogen was introduced into the specimens by an electro-

chemical charging process before impact tests at 353 K in an

aqueous solution with 3% (mass %) NaCl consisting of 3 g/L

ammonium thiocyanate (NH4SCN) [20]. A platinum rod was

used as the counter-electrode. The specimens were charged

for 24 h at a current density of 50 A/m2 and based on our

numerical modeling in 1D and 2D, most of the hydrogen

diffused up to 3 mm in depth throughout the thickness and

with molecular dynamics modeling, it has been concluded

that they tend to accumulate around notched region and

change the impact response. The details ofmodeling are given

in the final remarks section below. To observe the hydrogen

effect at high strain rates and different temperature ranges,

one set of the specimens was electrochemically charged with

hydrogen. A schematic representation of our charging system

was provided in the supplementary materials.

The impact tests were carried out with and without

hydrogen charging at a wide variety of different temperature

conditions including �45 �C, 0 �C, RT, 60 �C and 100 �C. The
tests were carried out using an instrumental impact-testing
lts of tested Al 7075 specimens at three different conditions

alloy (undeformed, hydrogen uncharged) (b1) SEM image of
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machine in accordance with ASTM E23 specifications. Heating

and cooling processes were carried out by using a furnace and

liquid nitrogen, respectively. The temperatures during impact

tests were recorded by a digital 2 k-type thermocouple. During

cooling, specimens reached �45 �C and 0 �C in less than 45 s.

At elevated temperatures, we have placed the hydrogen

charged specimens into the furnace after the furnace reached

the desired temperatures. Once the specimens reached the

corresponding temperatures (within 30 min), the impact tests

were conducted immediately after the specimens were taken

away from the furnace. The specimens were subjected to

impact energy of 12 J and 25 J, corresponding to impact ve-

locities of 2.13 m/s and 3.08 m/s, respectively. These energy

levels were decided after a couple of impact tests with

different impact energy values, such as 6 J, 10 J, 12 J, 25 J.

Specifically, 10 J and 12 J did not provide the necessary amount

of energy for fracture of hydrogen-uncharged specimens at

low temperatures and elevated temperatures, respectively,

but 12 J impact energy was sufficient to fracture hydrogen-

charged specimens at all temperatures. Therefore, minimum

energy values, which can fracture both hydrogen-uncharged

and hydrogen-charged specimens, were adjusted to perform

the impact tests.

The fracture surfaces of the hydrogen-charged and

hydrogen-uncharged specimens were examined by SEM

(Zeiss Gemini 300) and EDX. The measurements were con-

ducted at 5.00 kV using secondary electrons. Therefore, the

effect of hydrogen on the microstructure was revealed under

impact loading at different temperatures.
Results and discussion

Fractographic analysis

Various impact tests at different initial energy levels were

conducted in order to specify the minimum amount of energy

to perform the rest of experiments at different temperatures.

In particular, minimum energy provided both the fracture and

hydrogen embrittlement at the same time due to relatively

moderate strain rate, which allows enough time for

dislocation-hydrogen interactions. Fig. 2 shows some of the

deformed and fractured specimens at different energy values

and temperatures. Fig. 2a shows the fracture appearances of

the hydrogen-uncharged specimens after impact tests. In

particular, 10 J impact energy (Fig. 2a, top image) propagated

the crack from the notch but could not break the specimen

completely, however, a slight increase in the energy level to

12 J (Fig. 2a, bottom image) provided a complete failure. Spe-

cifically, 12 J provided enough energy to fracture all hydrogen-

charged specimens at all temperatures. On the other hand,

12 J impact energy was not enough to fracture the hydrogen

uncharged specimens at elevated temperatures, as shown in

Fig. 2b. Especially, the specimen tested at 100 �C resist all the

impact energy without noticeable macroscopic crack propa-

gation (Fig. 2b, bottom image). On the contrary, significant

macroscopic crack propagation was observed in the specimen

tested at 60 �C (Fig. 2b, top image). The increase in the impact

resistance with temperature is consistent with the literature

and it is due to the ease of the dislocation movement and an
increase in the kinetics and interaction of dislocations at

elevated temperatures [61,62]. This way, the given energy to

the specimen is used for microstructural activities, i.e. pri-

mary dislocation motion or forest dislocation nucleation, and

corresponding plastic deformation instead of crack propaga-

tion [63,64]. In particular, once the stress concentration at the

tip of a notch cannot be accommodated plastically by micro-

structural activities, the crack propagates. Thus, the stress

concentration was accommodated plastically at 100 �C but the

crack was propagated at 60 �C. Thus, the experiments at

elevated temperatures were also carried out at 25 J impact

energy which provided enough energy to fracture of

hydrogen-uncharged specimens at 60 �C and 100 �C. On the

other hand, 12 J impact energy could easily separate

hydrogen-charged specimens into two at all temperatures.

Two representative images are given in Fig. 2c. Top and bot-

tom images show the hydrogen-charged specimens after

impact at 60 �C and 100 �C, respectively.

Impact tests below room temperature
Fig. 3a and b shows the physical appearances of the CVN

hydrogen uncharged (top) and hydrogen charged (bottom)

specimens after the impact tests at �45 �C and 0 �C, respec-
tively. The low temperature tests were conducted at 12 J and

complete fracture was observed in all CVN specimens. Even

though the crack was propagated directly through the central

portions of hydrogen uncharged specimens, the fracture re-

gion of hydrogen charged specimens occurred at almost 45� to
the direction of the impact loading at both temperatures. Figs

4 and 5 show the corresponding fracture morphologies of

hydrogen-charged and hydrogen-uncharged specimens at

�45 �C and 0 �C, respectively. Fig. 4b and d are higher

magnification images taken from the fracture surfaces of each

corresponding specimen. It can be observed clearly from SEM

images that hydrogen promoted secondary cracks and deeper

primary cracks compared to hydrogen-uncharged specimen

under impact loading. Similar observations were also carried

out previously [65]. In addition, transgranular crack (TC)

propagation was observed at �45 �C (Fig. 4), whereas inter-

granular cracks (IC) were observed at 0 �C (Fig. 5). It is obvious

that hydrogen diffusivity decreases with temperature [66,67].

Therefore, the interactions of hydrogen and dislocations may

slow down in the course of dislocation slip [68]. In addition,

decreasing temperature promotes hydrogen trapping [69] and

also decreases the stacking fault energy, which triggers split-

ting of dislocations and causes high volume fraction of planer

dislocations since the split dislocations possess a lower ability

to cross slip. Therefore, split dislocations and resulting planer

slip enhance sweeping of atomic hydrogen into trap regions

[69]. Thus, hydrogen accumulation in the triaxial stress re-

gions ahead of the crack tip reduces the cohesive energy and

promotes deeper cracks and changes the fracture mode from

dimple like to cleavage (Figs 4 and 5). Cleavage facets were

sharper at lower temperature. Current results are in accor-

dance with previous studies on the effect of hydrogen of the

crack propagation behavior [25,70,71], At low temperatures, it

has been observed that shear slip bands are the favorable

places for dislocation transportation [68]. Therefore, another

hydrogen accumulation region is the shear slip bands.

Therefore, high hydrogen concentration in the localized shear

https://doi.org/10.1016/j.ijhydene.2020.06.241
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Fig. 2 e Image of the Al 7075 specimens after impact tests with (a) hydrogen uncharged at 10 J impact energy and RT (top)

and 12 J impact energy (bottom) and RT (b) hydrogen uncharged at 12 J impact energy and 60 �C (top), at 100 �C (bottom), (c)

hydrogen charged at 12 J impact energy and 60 �C (top), at 100 �C (bottom).

Fig. 3 e Physical appearances of the CVN hydrogen

uncharged (top) and hydrogen charged (bottom) specimens

after the impact tests at (a) ¡45 �C and (b) 0 �C.
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slip band reduced the cohesive energy of the corresponding

regions and the cracks were propagated with almost 45� to the

direction of the impact loading (Fig. 3a and b, bottom images).

In particular, aforementioned effect was more pronounced at

lower temperature (�45 �C) and no similar result was observed

at higher temperatures. Whereas, the crack was propagated
Fig. 4 e Fracture surface of the tested specimens at ¡45 �C (a) u

higher magnification images from (a) and (c), respectively.
directly along the impact direction in the hydrogen uncharged

specimen (Fig. 3a and b, top images).

Impact tests at room temperature and above room temperature
Fig. 6aec shows the physical appearances of the CVN

hydrogen uncharged (top) and hydrogen charged (bottom)

specimens after the impact tests at RT �C and 60 �C and 100 �C,
respectively. It should be noted that all the hydrogen charged

specimens were broken into two separate pieces under 12 J

impact energy but hydrogen uncharged specimens at 60 �C
and 100 �C were broken into two separate pieces under 25 J

impact energy. Thus, it is obvious that hydrogen reduced the

ductility of samples tested at elevated temperatures under

impact loading, which is a well-known effect of hydrogen

under tensile loading [19,72,73]. At room temperature and

100 �C primary cracks propagated directly along the impact

direction but at 60 �C primary cracks propagated from the

notch showed a zigzag path regardless of the hydrogen

charging. This might be attributed to the short-range ordering
ncharged and (c) charged with hydrogen. (b) and (d) are the

https://doi.org/10.1016/j.ijhydene.2020.06.241
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Fig. 5 e Fracture surface of the tested specimens at 0 �C (a) uncharged and (c) charged with hydrogen. (b) and (d) are higher

magnification images of (a) and (c), respectively.

Fig. 6 e Physical appearances of the CVN hydrogen uncharged (top) and hydrogen charged (bottom) specimens after the

impact tests at (a) RT, (b) 60 �C and (c) 100 �C.
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induced by high Zn concentration in the chemical concen-

tration, which can be promoted at critical temperatures and it

assists planer slip [74]. However, further experimental obser-

vations together with numerical simulations have to be con-

ducted to strengthen and prove the occurrence of short-range

ordering at 60 �C. Thus, there were various nucleation sites

and propagation routes of cracks at 60 �C regardless of the

hydrogen charging. Fracture surfaceswere observed bymeans

of SEM after the impact tests and shown in Figs 7e9. Parts (b)

and (d) are the higher magnification images taken from the

fracture surfaces of each corresponding specimen. Cracks

were initiated at the stress concentration regions and propa-

gation behavior was changed from transgranular to inter-

granular by hydrogen charging at 60 �C (Fig. 8) which is

consistent with the literature [75e77]. Voids, primary cracks,

and nano-sized dimples, an indication of ductile fracture,

were observed on the fracture surface of all the tested speci-

mens regardless of the presence of hydrogen and temperature

(Figs 7e9). However, the volume fraction of nano-sized dim-

ples in the fracture surfaces of hydrogen uncharged speci-

mens is greater than hydrogen-charged specimens at all
temperatures. Therefore, HELP mechanism, which was pro-

nounced at higher temperatures, might be activated during

impact. On the contrary, the specimens charged with

hydrogen had deeper cracks, even up to 200 mm, as well as

several cleavage facets, indicating brittle fracture (Figs 7e9).

Thus, the coexistence of HELP þ HEDE mechanisms triggered

mixed fracture mode in the hydrogen charged specimens.

Similar observations were carried out previously [78e81]. In

particular, if well-developed dimples and corresponding MVC

features dominate the fracture surface, HELP becomes a

dominant mechanism, whereas, if brittle fracture modes, i. e,

quasi-cleavage (QC), TC and IC dominates the fracture surface

HEDE is the dominant HE mechanism [33,78]. Simultaneous

activation of MVC, TC/IC is shown in Figs 7e9. MVC represents

the ductile fracture and corresponding localized plasticity

(HELP) and cracks represent the brittle fracture (HEDE). Spe-

cifically, QC þ TC þ IC >MVC at room temperature, indicating

that HEDE is more dominant HE mechanism at room tem-

perature under impact loading. Moreover, both HELP and

HEDE have been equally activated at 60 �C and HELP is the

dominant HE mechanism at 100 �C. More SEM figures,

https://doi.org/10.1016/j.ijhydene.2020.06.241
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Fig. 7 e Fracture surface of the tested specimens at RT (a) uncharged and (c) charged with hydrogen. (b) and (d) are the higher

magnification images from (a) and (c), respectively.
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showing the coexistence of HELP þ HEDE mechanisms were

given in the supplementary materials. It can be clearly seen

that the volume fraction of dimples increases with tempera-

ture (Figs 7e9). In addition, hydrogen caused the formation of
Fig. 8 e Fracture surface of the tested specimens at 60 �C (a) un

higher magnification images from (a) and (c), respectively.
secondary cracks and changed the crack propagation behavior

as discussed above. Therefore, it can be concluded that 12 J

impact energy, corresponding to 2.13m/s impact velocity, was

sufficient to promote HE at all temperatures.
charged and (c) charged with hydrogen. (b) and (d) are the

https://doi.org/10.1016/j.ijhydene.2020.06.241
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Fig. 9 e Fracture surface of the tested specimens at 100 �C (a) uncharged and (c) charged with hydrogen. (b) and (d) are the

higher magnification images from (a) and (c), respectively.
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Mechanical response analysis

Fig. 10 demonstrates the impact energy-time behavior of

hydrogen-uncharged and hydrogen-charged Al 7075 samples

at different temperatures and the corresponding absorbed

energy results are shown in Fig. 10f as a function of test

temperature. For hydrogen-uncharged specimens, the

maximum absorbed energy was recorded at elevated tem-

peratures (60 �C and 100 �C) since the mobility of dislocations

increases with temperature and it allows specimens to absorb

more energy for plastic deformation without fracturing.

Likewise, the specimens could not absorb high-energy values

at low temperatures owing to the fact that the nature of ma-

terial turned into brittle since the movement of dislocations

was hindered. Moreover, hydrogen decreased the impact en-

ergy and corresponding toughness of the tested specimens at

all temperatures (Fig. 10). It is obvious that hydrogenmade the

tested specimens brittle and increasing temperature from

�45 �C to RT did not change the absorbed impact energy of

hydrogen-uncharged specimens considerably (from 6.56 J to

6.10 J), whereas it decreased the absorbed impact energy of

hydrogen-charged specimens from 4.86 J to 2.39 J (Fig. 10f). In

addition, hydrogen-charged Al 7075 alloys are brittle even at

elevated temperatures under impact loading since they

cannot absorb enough energy for plastic deformation. It is

obvious that hydrogen decreased the time for fracture.

Fig. 11 shows the force versus time graphs of hydrogen-

charged and hydrogen uncharged specimens at different

temperatures. The oscillations that appeared during the

impact tests were the first and second symmetric vibration

modes, which were reported in the literature previously

[55,82]. Regardless of the testing temperature, the presence of
hydrogen significantly reduced the contact force of the spec-

imens due to the weakening of interatomic bonds in the

presence of hydrogen (HEDE). The sudden drop in force after a

certain time can be attributed to the softening behavior after

macro-crack propagation and associatedwith the new surface

formation energy as soon as the macro-crack formation cri-

terion was reached [83].
Final remarks

Hydrogen diffusion modeling

2D mass diffusion model was prepared in cartesian co-

ordinates. Eq. (1) gives a transient diffusion of solutes in 2D to

determine hydrogen concentration at a point definedwith two

principal coordinates at a specific time. Cx,y,t is the normalized

hydrogen concentration at given location in the bulk material

at a specific time, t. Cx,y was taken as 0 when t < 0 and 1 only

for the surface edges when t > 0 as boundary conditions.

vCx;y;t

vt
¼D*

"
v2Cx;y;t

vx2
þ v2Cx;y;t

vy2

#
(1)

where, D is the hydrogen diffusion coefficient, assumed to be

constant at a given temperature.

No hydrogen trapping was considered and the hydrogen

diffusion model in the HT metallurgical state (eq. (2)) was

utilized in our diffusion model.

D¼D0 exp

�
�Ea

RT

�
(2)
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Fig. 10 e Impact energy - time graphs for experiments of hydrogen charged and uncharged conditions at different

temperatures as (a) ¡45 �C (b) 0 �C (c) RT (d) 60 �C (e) 100 �C (f) Impact energyetemperature curve for the hydrogen charged

and hydrogen-charged Al alloy investigated in this study.
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where, D0 is the pre-exponential factor and Ea is the effective

activation energy for hydrogen diffusion. Summary of litera-

ture for effective diffusion parameters for Al 7XXX series,

including Al 7075-T6, was given in the study of Scully et al.

[84]. It should be noted that T6 tempering also increases the

diffusivity [85]. In order to solve the above diffusionmodel (eq.

(1)), a discretization method was utilized to avoid any round-

off error and nodal solutions were found iteratively in an in-

cremental manner via Eq. (3). In Eq. (3), d is defined as diffu-

sion number, calculated through Eq. (4), where Dx represents

the length increment for a nodal analysis and Dt is the time

increment. Due to the natural symmetry of the model only Dx

was used. A convergence analysis employed to find ideal

d value.

Cx;y;tþ1 ¼Cx;y;t þ d*
�
Cxþ1;y;t þCx�1;y;t þCx;yþ1;t þCx;y�1;t � 4 *Cx;y;t

�
(3)

d¼D*
Dt
Dx2

(4)

It is clearly seen that hydrogen diffused up to 3 mm in

depth throughout the thickness after 24 h at 353 K. Very few

fractions of hydrogen diffused even 3.8 mm in depth. There-

fore, hydrogen could not reach up to the center of the spec-

imen but reached into the subsurface and our charging

conditions ensured that hydrogen diffusion length exceeds
the initial notch depth (2 mm, Fig. 12a). The diffusion model

corresponds well with results published in the literature

[86,87].

The aforementioned hydrogen diffusion model was also

used to simulate dehydrogenation at 60 �C and 100 �C.
Hydrogen concentration after 24 h was utilized as new

boundary conditions for the back-diffusion model. The rela-

tionship between temperature and diffusion coefficient was

studied in the literature and the effect of temperature on the

hydrogen diffusion coefficient was also taken into account in

our back-diffusion model [84]. Fig. 12b and c shows the back-

diffused hydrogen concentrations at 60 �C and 100 �C,
respectively. It can be clearly seen from the figures that

hydrogen back-diffusion occurs only at the surface and sub-

surface (max 0.5 mm in 30 min) and no significant back-

diffusion from the specimen was observed. Therefore, heat-

ing the tested specimens up to desired temperatures before

impact tests did not cause remarkable hydrogen loss.

Molecular dynamics modeling

Molecular dynamics (MD) simulations were conducted by

LAMMPS (Large-scale Atomic/Molecular Massively Parallel

Simulator) software in order to understand the atomistic

origin of the observed HE mechanisms by monitoring the ef-

fects of atomic hydrogen on dislocationmobility and cohesive
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Fig. 11 e Experimental contact force histories of hydrogen charged and uncharged specimens at different temperatures as

(a) ¡45 �C (b) 0 �C (c) RT (d) 60 �C (e) 100 �C.
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energy. In particular, the simulations were conducted for 3

configurations: 1) Polycrystalline fcc aluminum (both

hydrogen-uncharged and charged) with total number of

780.000 atoms and 16 randomly oriented grains were pro-

duced by Voronoi tessellationmethod and a 1 nm long central

preexisting crack was formed by removing the atoms within

10 A� along y axis that corresponds to direction normal to the

crack plane and MD simulations were carried out. From these

simulations, it was observed that ½[110] edge dislocation

generation arise from crack tips and grain boundaries during

deformation. The initial atomic configuration snapshot of

polycrystalline supercell was provided in the supplementary

materials 2) In order to analyze the effect of hydrogen on the

dislocation mobility, single ½[110] dislocation with burgers

vector along the x direction containing supercells were

generated with total number of 10.000 atoms. After an energy

equilibration each supercell were loaded with 1.5 GPa trans-

verse shear along y plane x direction. 3) A rectangular super-

cell containing 35.000 total number of atoms was used for the

simulations with dimensions of 24 � 12 � 2 nm for x, y and z

directions respectively and a 12 nm long central pre-existing

crack was formed by removing the atoms within 12 A� along

y axis that corresponds to direction normal to the crack plane.

Periodic boundaries were used for all three directions. For the

hydrogen-charged simulations, 0.0025 H/Al, 0.005 H/Al and
0.01 H/Al containing supercells were generated by randomly

placing the hydrogen atoms into the initially generated

supercell. Pair interactions between the AleAl, HeH, andAleH

were defined by the second nearest-neighbor 2NN MEAM

(modified embedded atom method) potential that developed

by Ko et al. [88]. For both hydrogen uncharged and hydrogen

charged Al simulations, energy equilibration was carried out

by NVE ensemble (constant volume and energy) at 300 K and

NPT ensemble (constant pressure and temperature) at 300 K

and 0 isobaric pressure, after energy minimization. Both steps

were carried out for 50 ps with 1 fs timestep. Afterwards, each

supercell was deformed along y direction with a strain rate of

10�3 ps�1 (109 s�1) until the fracture occurs by using the same

timestep. Polycrystalline structure and dislocation formations

were analyzed by common neighbor analysis and dislocation

extraction algorithm (DXA) [89] within the OVITO software

[90].

The results of MD simulations were given in Fig. 12def.

Fig. 12d shows the initial atomic configuration snapshot of the

hydrogen-charged specimen, the snapshot was taken just

after the relaxation. The green and blue atoms represent the

aluminum and hydrogen atoms, respectively. It was observed

that hydrogen addition enhanced the average dislocation

mobility, that is well known observation in HELP mechanism

(Fig. 12e). Dislocation mobility was determined from the
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Fig. 12 e (a) Hydrogen diffusion profiles at 353 K for different charging times (b) back-diffused hydrogen concentrations at

60 �C (c) back-diffused hydrogen concentrations at 100 �C (d) Initial atomic snapshot of the hydrogen-charged specimen (e)

effect of hydrogen on dislocation velocity (f) effect of hydrogen on cohesive energy.
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position differences of dislocations at different steps. More-

over, it was observed that hydrogen enhanced dislocation

nucleation near the crack tip during the deformation and

triggered localized plasticity. In addition, hydrogen segregated

around the crack during the deformation and decreased the

cohesive energy (Fig. 12f), which is a common observation in

HEDEmechanism. Specifically, as the hydrogen concentration

increases, the cohesive energy decreases (Fig. 12f). These re-

sults align well with the previous MD studies [91e94]. Current

set of MD modeling results strengthen the experimentally

observed simultaneous activations of HELP and HEDE mech-

anisms at different temperatures.
Conclusion

In this study, the effects of hydrogen and temperature on the

impact response of Al 7075 alloy were investigated. Impact

tests were conducted at a wide range of temperatures (from

�45 �C to 100 �C). Corresponding microstructural in-

vestigations were carried out via SEM. Therefore, HE
susceptibility of Al 7075 alloy has been investigated under

impact loading. From the work presented herein the following

conclusions can be drawn:

1) HE was observed under impact loading. In particular, the

coexistence of HELP þ HEDE mechanisms was observed

depending on the testing temperature. This observation

was proven via microstructural observations and MD

modeling. In particular, with the aid ofMDmodeling, it was

seen that hydrogen decreased the cohesive energy and

enhanced the average dislocation mobility.

2) The crack propagated through at almost 45� to the direc-

tion of the impact loading at low temperatures, whereas

hydrogen changed the crack propagation mode from

ductile transgranular to brittle intergranular at elevated

temperatures.

3) Hydrogen degraded the impact response of Al 7075 alloy in

terms of absorbed energy, contact force, and correspond-

ing toughness.

4) Hydrogen decreased the time for fracture under impact

loading regardless of the testing temperature.
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