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The influence of temperature on hydrogen environmentally assisted cracking of
AA7449-T7651 in moist air

Unai De Francisco, Nicolas O. Larrosa, Matthew J. Peel

Department of Mechanical Engineering, University of Bristol, UK

Abstract

The 7xxx series of aluminium alloys are sensitive to intergranular hydrogen environmentally assisted cracking
(HEAC) in moist air environments. A new generation of 7xxx alloys used in aircraft components (including AA7449)
have been found to be more sensitive to HEAC. This investigation aims to quantify the HEAC crack growth rates of
AA7449-T7651 in moist air at different temperatures. Double cantilever beam specimens were loaded at a constant
displacement and placed in moist air (80-85% relative humidity) at temperatures between 25-80◦C. Regular measure-
ments of crack length permitted the determination of the crack growth rate as a function of the stress intensity factor
(KI) during stage I (high KI dependence of growth rate) and stage II (low KI dependence of growth rate). Increasing
the temperature was found to increase the crack growth rate during stage II cracking, following Arrhenius kinetics.
The activation energy for the stage II crack growth rate at a stress intensity factor of 14.5 MPa

√
m was estimated

as 84.7 kJ/mol. Additionally, the threshold stress intensity factor for HEAC was found to decrease with increasing
temperature. This was attributed to a higher hydrogen solubility at higher temperatures. The crack growth rate of
AA7449-T7651 at room temperature was similar to that of overaged AA7050 and AA7075-T7651, ranging between
1.3-2.1×10−7 mm/s. It was inferred that the alloy temper has more influence than the composition during stage II
cracking at room temperature.

Keywords: Fracture Mechanics, AA7449, Hydrogen environmentally assisted cracking, Double Cantilever Beam,
Moist air, Aluminium Alloys

1. Introduction1

Aluminium alloys of the 7xxx series have long been2

known to exhibit hydrogen environmentally assisted3

cracking (HEAC) in both moist environments and aque-4

ous solutions, but this has generally not been of sig-5

nificant consequence due to the relatively slow rates of6

cracking under practical conditions. However, the Euro-7

pean Aviation Safety Agency (EASA) recently reported8

much higher rates of cracking in components made of9

newer 7xxx alloys as a result of HEAC in moist air [1].10

The increased sensitivity to HEAC of the alloys reported11

was linked to the composition, namely, a high Zn/Mg12

ratio and a low Cu content.13

A previous investigation compared the sensitivity of14

AA7449-T7651 (high Zn/Mg) and AA7075-T651 (low15

Zn/Mg) in smooth 4-point bend samples [2]. The sam-16

ples were statically loaded at different stresses below17
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yield and held in a warm moist environment (80◦C,18

85% relative humidity). The high temperature was used19

to accelerate the formation and growth of cracks, to20

enable the experiment to occur within an accessible21

timescale. The 4-point bend tests revealed that both al-22

loys were susceptible to the formation of macroscopic23

cracks. However, AA7449 was found to be sensitive at24

lower stress levels (as low as 40% of yield) and to form25

macroscopic cracks much more rapidly. This study was26

useful in comparing the kinetics of crack formation and27

the microstructural crack growth behaviour of both al-28

loys. However, the high temperature at which the tests29

were performed does not allow for an accurate progno-30

sis of the formation of cracks in aircraft components,31

which are typically exposed to much lower tempera-32

tures. Additionally, these tests were focused on popu-33

lation level crack analysis and less suited to providing34

quantitative crack growth rates of single cracks under35

controlled conditions.36

The measurement of crack growth rates under HEAC37
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conditions, in a wide range of 7xxx alloys, has fre-38

quently been assessed using statically loaded fracture39

mechanics samples in different environments [3, 4, 5,40

6, 7, 8]. Typically, fracture mechanics tests are per-41

formed using double cantilever beam (DCB) samples.42

These are suitable for testing the short transverse direc-43

tion of high strength aluminium alloys, as HEAC is in-44

tergranular and the sample geometry prevents the crack45

from running out of plane. From these tests, the crack46

growth rate (v) dependence on the stress intensity factor47

(KI) can be determined, providing a practical method48

to compare the sensitivity of alloys in different envi-49

ronments. The v vs KI curves during HEAC typically50

present two different regimes: i) stage I - at low KI the51

crack growth rates increase significantly with increas-52

ing stress intensity factor; ii) stage II - at higher KI the53

crack growth rate shows little dependence on the stress54

intensity factor. In many cases the crack growth rate55

during stage II is completely KI-independent and shows56

as a plateau in the v vs KI curve [3].57

Despite the importance of the alloys reported by the58

EASA (including AA7449), there is little available frac-59

ture mechanics HEAC data in the public domain. This60

data is indispensable for aircraft design in order to adapt61

the material behaviour to the requirements of the main-62

tenance concepts and to ensure that defined inspection63

intervals are adhered to [9]. Further, its absence pre-64

vents quantitative comparisons of the sensitivity with65

other 7xxx alloys. Schwarzenböck et al investigated66

several new generation alloys, including 7449, using67

DCB samples at 70◦C and compared their cracking rates68

to the older 7050 alloy [10]. Although restricted to69

the study of one temperature, they demonstrated that70

all the new alloys displayed increased crack growth in71

both stage I and stage II along with a lower threshold in72

stress intensity to initiate growth. Young and Scully in-73

vestigated the effect of temperature on the HEAC crack74

growth rates of AA7050 and a 7xxx alloy with low Cu75

content at different temperatures in moist air [5]. The76

study revealed that the stage II crack growth rates in-77

creased exponentially with temperature, according to78

the Arrhenius equation. However, there is no available79

data on the influence of temperature on the stage I crack80

growth rates during HEAC in moist air. The lifetime81

of aircraft components is dominated by the stage I be-82

haviour, as the crack growth rates are much lower for83

small cracks and defects. Therefore it is of interest to84

investigate the crack growth rates at a low stress inten-85

sity factor range. This allows to better approximate the86

lifetime of components at the design stage. Further, a87

threshold stress intensity factor, KIEAC , can be approxi-88

mated. This parameter represents a stress intensity fac-89
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Figure 1: The etched microstructure of AA7449-T7651 along three
different planes. Etching was performed by immersion in Weck’s
reagent during 15 seconds.

tor below which cracking is deemed negligible.90

This article describes the use of DCB specimens for91

the analysis of HEAC of the novel AA7449-T7651 in92

moist air. The purpose of this study is twofold: (a) to de-93

termine the macroscopic crack growth rates of AA7449-94

T7651 during HEAC in moist air and (b) to analyse the95

effect of temperature on the crack growth rates during96

stage I and stage II.97

2. Experimental Methods98

2.1. Material and sample preparation99

The material used in this study was AA7449-T7651100

(Table 1) obtained as a rolled 80 mm thick plate. The101

T7651 temper is achieved by solution heat treating,102

stress relieving by stretching and artificially ageing to103

an overaged condition. The microstructure of the alloy104

is illustrated in Figure 1, where L, T, and ST stand for105

the longitudinal, transverse and short transverse axes re-106

spectively.107

Figure 2 shows the dimensions of the DCB specimens108

used for the experiments (from ASTM Standard G168-109

17 [12]). The samples were cut in the ST-T orienta-110

tion (axes included in Figure 2) at the mid-plane (T/2)111

by electrical discharge machining (EDM). Subsequently112

the outer faces were ground using 600 grit SiC paper, in113

order to remove the EDM-affected layer and allow for114

the visibility of cracks. The samples were rinsed with115
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Table 1: Composition of AA7449 given in weight percent maximum unless shown as range. The compositions of alloys used for DCB tests in
other studies have also been included below for comparison (AA7449, AA7050 and AA7075).

Alloy [Ref.] Zn Mg Cu Fe Si Mn Zr+Ti Zr Ti Cr Zn/Mg
AA7449 [11] 7.5-8.7 1.8-2.7 1.4-2.1 0.15 0.12 0.2 0.25 - - - 2.8-4.8
AA7449 [10] 8.4 2.1 1.9 0.08 0.03 - - 0.11 - - 4.0
AA7050 [5] 6.09 2.14 2.19 0.09 0.05 - - 0.11 - - 2.9

AA7075 [11] 5.1-6.1 2.1-2.9 1.2-2.0 0.5 0.4 0.3 - - 0.2 0.18-0.28 1.8-2.9
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Figure 2: Drawing of the DCB specimens. Dimensions in mm.

acetone and blow dried immediately after grinding. The116

samples were then stored in a desiccator with silica gel117

for at least one week prior to loading.118

2.2. Loading and environmental exposure119

The ASTM standard procedure G168-17 was fol-120

lowed to estimate the v vs KI curves from the DCB121

specimens [12]. The samples were fatigue precracked122

in laboratory air. Subsequently the samples were held at123

a constant crack mouth opening displacement (CMOD)124

by two M10 stainless steel bolts. The CMOD was125

monitored using a clip on Instron® COD gauge dur-126

ing loading. Once loaded, the samples were exposed127

to the required moist environment. At regular inter-128

vals, the samples were removed from the moist envi-129

ronment and imaged on both sides using an optical mi-130

croscope to measure the crack length. The samples131

were removed from the environment by opening the132

oven/environmental chamber and handling them with133

nitrile gloves. Condensation was not an issue during134

removal, as the samples were warmer than the labora-135

tory air. The samples were placed on the microscope136

quickly after removing them from the ovens, and placed137

using a custom-made stand to avoid contaminating or138

damaging the sample. The crack length was measured139

from the microscope images by recording the distance140

from the loading axis to the crack tip. The crack length141
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Figure 3: Graph showing the crack length evolution with time of DCB
samples of AA7449-T7651 exposed to moist air at different tempera-
tures.

was calculated as an average of both sides. Therefore,142

the actual crack length due to tunnelling was not consid-143

ered. Figure 3 presents the crack length of three DCB144

samples of AA7449-T7651 exposed to moist air at dif-145

ferent temperatures. Finally, v and KI were estimated146

from the average crack lengths and the exposure time147

[12]. The measurement time of the samples was ap-148

proximately 30 minutes. Afterwards, the samples were149

reintroduced into their respective moist environments. It150

is important to prevent the condensation of water when151

introducing the DCB samples into the warm, moist envi-152

ronments. Therefore, the samples were preheated to the153

exposure temperature using an electronically-controlled154

oven prior to being placed in the moist environment.155

Once heated, the samples were carefully introduced into156

the corresponding humidity chamber/container, operat-157

ing at the required conditions.158

The samples were exposed to moist air at tempera-159

tures (T ) of 25◦C, 40◦C, 60◦C and 80◦C. The samples160

at 80◦C were exposed to moist air using a Vötsch elec-161

tronically controlled chamber set to a relative humidity162

(RH) of 85%. For all other temperatures, a constant rel-163

ative humidity was maintained by placing the samples164

inside a sealed container with a KCl saturated salt so-165

lution (not in contact with sample), following the pro-166
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Table 2: Description of the DCB samples displayed in Figure 4. The
samples of AA7449-T7651 correspond to the experiments performed
in this investigation, with the exception of data at 70◦C, obtained by
Schwarzenböck et al. [10]. The method of exposing the samples to a
moist environment is specified in the first column, where possible.
Elec.: environment controlled by electronic chamber.
Salt sol.: environment using the method outlined by the ASTM stan-
dard E104-02 [13].

Exposure
type

Alloy [Ref.]
T

(◦C)
RH
(%)

V0

(mm)
Elec.

7449-T7651

80 85 0.9
Elec. 80 85 1.0

Salt sol. 60 80 1.0
Salt sol. 40 82.3 0.8
Salt sol. 40 82.3 1.0
Salt sol. 25 84.2 1.0

Elec. 7449-T7651 [10] 70 85 -
Elec.

OA 7050 [5]
60 90 -

Elec. 40 90 -
Elec. 25 90 -

- 7075-T7651 [3] 23 100 -
- 7075-T651 [3] 23 100 -

cedure of the ASTM standard E104-02 [13]. The de-167

sired temperature was achieved by placing the sealed168

container with the sample and KCl solution inside an169

electronically-controlled oven. The humidity was not170

independently monitored for every container with satu-171

rated KCl solutions. However, previous tests were used172

to verify that the steady state relative humidity matched173

the quoted values in the ASTM standard E104-02.174

In total, six samples were tested. The steady state175

environmental conditions and the crack mouth opening176

displacement (V0) to which the samples of AA7449-177

T7651 were subjected are summarised in Table 2. Re-178

peat samples were used at 40 and 80◦C to identify pos-179

sible systematic errors and analyse the scatter between180

different samples.181

2.3. Chloride gas during experiment182

The DCB samples of AA7449 for temperatures rang-183

ing between 25-60◦C were exposed to moist air using184

saturated KCl solutions [13]. It has been identified that185

the use of NaCl and KCl solutions results in the pres-186

ence of HCl gas in the environment [14]. The effect of187

the HCl gas concentration on HEAC of 7xxx alloys has188

not been investigated. However, the presence of halide189

ions in aqueous solutions is known to increase the crack190

Table 3: Partial pressure of HCl (g) and H2O (g) in the environment
using saturated KCl solutions.

T (◦C) PHCl (Pa) PH2O (kPa) PHCl/PH2O (%)
25 6 2.39 0.26
40 38 5.20 0.73
60 346 14.68 2.36

growth rate during stage II [3]. Therefore, the presence191

of HCl gas may enhance cracking during DCB tests.192

The partial pressure of hydrochloric acid gas in-193

creases exponentially with temperature in the same way194

as the partial pressure of water vapour when using salt195

solutions [15]. Using the solubility curve of KCl, the196

molality of the saturated KCl solutions was estimated at197

the different temperatures [16]. By using the molality,198

the partial pressures of water vapour (PH2O) and HCl gas199

(PHCL) at different temperatures were extrapolated from200

the data by Fritz et al. [15]. These are presented in Ta-201

ble 3. The ratio of PHCL/PH2O is low at 25◦ and 40◦C of202

approximately 0.26 and 0.73% respectively. Therefore203

the influence of HCl gas can be considered negligible at204

low temperatures. However, at 60◦C the ratio is 2.36%205

and the effect of HCl gas may be more significant. Fur-206

ther research will focus on the effect of the gaseous HCl207

content on the crack growth rates of 7xxx alloys to as-208

certain the validity of the method.209

2.4. Microscopy210

Optical microscopy and etching were performed to211

image the cracks relative to the microstructure. Etching212

was performed on the exterior surface of the samples213

(T-ST plane). The polished surfaces were etched by im-214

mersion in Weck’s reagent for 20 seconds. Additionally,215

scanning electron microscopy (SEM) was used to visu-216

alise the HEAC fracture surfaces. This was done using a217

Hitachi TM3030 plus SEM machine, operating at 15kV.218

Imaging was performed using back-scattered electrons219

to enhance the contrast between the aluminium matrix220

and other intermetallic phases.221

3. Results222

3.1. Crack growth rate223

The variation in crack growth rate as a function of224

KI for all six samples of AA7449-T7651 (at 25, 40,225

60 and 80◦C) tested are shown in Figure 4. The crack226

growth rates in moist air environments of other alloys227

have also been included in the graph for comparison.228

This data corresponds to: (a) stage I and II cracking of229
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AA7449-T7651 at 70◦C [10], (b) stage II cracking at230

various temperatures of overaged (OA) AA7050 [5] and231

(c) stage II cracking at room temperature of AA7075 in232

the -T651 and -T7651 tempers [3]. It must be noted that233

the tests for [5] and [3] were performed at a relative hu-234

midity of 90% and 100% respectively. In these cases,235

small changes in temperature can lead to condensation.236

Therefore, these samples might be sensitive to stronger237

micro-galvanic corrosion, which can in turn enhance the238

crack growth rates. However, this seems unlikely in the239

case of [5], as the DCB specimens were only subjected240

to a single exposure to moist air. The composition of241

AA7449, AA7050 and AA7075 in these investigations242

have also been included in Table 1. The environmental243

conditions at which the other tests were performed have244

also been included in Table 2. The crack growth rates245

for AA7050 obtained by Young and Scully were deter-246

mined exclusively for stage II cracking [5]. This was247

done by examining the crack growth experienced dur-248

ing a single exposure. The crack growth was found to249

be completely constant during this plateau stage. There-250

fore, this data is presented in Figure 4 by showing the251

initial and final stress intensity factor at the recorded252

crack growth rate.253

Only two data points were collected for the sample254

of AA7449-T7651 exposed to moist air at room tem-255

perature, as no noticeable cracking was observed after256

subsequent extended exposure. Therefore, it is unclear257

where the data points lie relative to the stage II plateau.258

Several observations can be made from Figure 4:259

1. The stage II crack growth rates at room tempera-260

ture of the overaged alloys (7075-T7651 and OA261

7050) were very similar to the crack growth rates262

of AA7449-T7651, ranging between 1.3-2.1×10−7
263

mm/s.264

2. The peak aged alloy 7075-T651 shows a much265

larger stage II crack growth rate of 5.1×10−6 mm/s266

at room temperature.267

3. The stage I and II crack growth rates of AA7449-268

T7651 increase significantly with temperature and269

a shift can be seen towards lower values of KI , in-270

dicating a lower KIEAC .271

4. The crack growth rates of AA7449-T7651 col-272

lected in this study are in good agreement with273

those at 70◦C, obtained by Schwarzenböck et al.274

[10]. However, the data points at 70◦C are closer275

to those at 60◦C than at 80◦C. This may be associ-276

ated to the HCl gas content present when using salt277

solutions to maintain a constant relative humidity.278

In Figure 4, stage I and II cracking of AA7449-T7651279

have been labelled as I and II respectively. It can be seen280

Table 4: Table showing the approximate stress intensity factor at the
onset of Stage II and Stage I (approximated as KI where v = 1.3×10−7

mm/s) at different temperatures for AA7449-T7651.

T (◦C) 25 40 60 80
Stage I onset (MPa

√
m) 16.7 12.2 - 5.6

Stage II onset (MPa
√

m) - 12.9 9.5 8.3

that in both stages, the crack growth rate increases expo-281

nentially with KI . This has been shown by fitting linear282

regression lines in the semi-log graph (dashed for stage283

I and dash-dot for stage II). It is clear from the gradi-284

ent of the regression lines that the stress intensity factor285

dependence is much greater during stage I. In contrast286

to AA7449, the data of AA7050 during stage II shows287

a completely KI independent crack growth rate even at288

temperatures of 40◦C and 60◦C.289

Figure 4 shows that AA7449-T7651 becomes more290

sensitive to HEAC with increasing temperature. In or-291

der to obtain an estimate of the environmentally as-292

sisted cracking threshold stress intensity factor, KIEAC ,293

the ASTM standard E1681-03 recommends that that294

the test duration should be greater than 10,000 hours295

for aluminium alloys at constant displacements. There-296

fore, this value cannot be estimated accurately from the297

present data. However, estimates for the stress inten-298

sity factor at which the crack growth rate drops below299

1.3×10−7 mm/s can be obtained from Figure 4 and are300

shown in Table 4. It can be inferred that KIEAC decreases301

notably as the temperature increases. Table 4 also shows302

the approximate value of KI above which stage II crack-303

ing was identified at different temperatures. It can be304

seen that the onset of stage II cracking also occurs at305

lower values of KI with increasing temperature.306

3.2. Activation energy analysis307

In order to analyse the influence of temperature on308

the HEAC crack growth rates, it is useful to perform309

an activation energy analysis using the Arrhenius equa-310

tion. This equation is useful as the crack growth rates311

are typically found to increase exponentially with tem-312

perature. The resulting activation energy can be used313

as a measure of the sensitivity of HEAC of the alloy to314

changes in temperature. The Arrhenius equation for the315

stage I and II crack growth rates (vI and vII) should be316

performed independently. vI and vII , can be expressed317

as [3]318

vI/II = v0 exp [(cKI − Qe f f )/RT ], (1)319

where v0 is the pre-exponential factor, c and Qe f f are320

experimental constants and R is the ideal gas constant.321
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Figure 4: Semi-log graph showing the crack growth rate as a function of KI for samples of AA7449-T7651 loaded at different temperatures (solid
dots). Stages I and II have been labelled as I and II respectively. Data from other sources have been included for comparison. The additional data
includes: (a) stage I and II crack growth rates of AA7449-T7651 exposed to moist air at 70◦C [10], (b) stage II crack growth rates of AA7050 [5]
and (c) stage II crack growth rates of AA7075 [3]. The temper and environmental exposure of external experiments can be seen in Table 2).

Previous Arrhenius analyses by Young and Scully of322

stage II cracking of AA7050 do not contain the cKI term323

(c = 0), as the crack growth rates showed a complete324

plateau [5]. In this case, the stage II crack growth rate325

for AA7449 was not KI independent and the cKI term326

cannot be ignored. To simplify the analysis, given that327

the crack growth rate was not constant during stage II,328

the analysis was performed for a single stress intensity329

factor of KI = 14.5 MPa
√

m. Thus, the cKI−Qe f f terms330

become a constant and equation 1 can be simplified to331

vII(KI = 14.5) = v0 exp [(−Qe f f )/RT ]. (2)332

A value of 14.5 MPa
√

m was selected as the DCB333

samples subjected to temperatures ranging between 40-334

80◦C were all in stage II at this KI . The values of vII335

at KI = 14.5 MPa
√

m for the temperatures ranging be-336

tween 40-80◦C were obtained by interpolating from the337

linear regression lines (dash-dot) in Figure 4. These338

values are presented in the Arrhenius plot in Figure339

5, together with the Arrhenius regression line follow-340

ing equation 2. The resulting pre-exponential factor (y-341

intercept, v0) and activation energy (gradient, −Qe f f )342

from Figure 5 are presented and compared to those of343

peak aged (PA) AA7050 and OA AA7050 obtained in344

[5] in Table 5. It can be seen that both experimen-345
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Figure 5: Arrhenius plot of the stage II crack growth rate of AA7449-
T7651 corresponding to KI = 14.5 MPa

√
m. Error bars show the

95% confidence interval of the crack growth rates interpolated from
the fits in Figure 4. A red dashed line has been included to show
the range of vII values recorded at each temperature. The data point
at 70◦C corresponding to AA7449-T7651 [10] has been included for
comparison.

tal constants for AA7449-T7651 are similar to those of346

AA7050 in the peak aged condition. However, the un-347

certainty in the activation energy was very large, esti-348

mated as ±29 kJ/mol. This can be associated to the large349

variance in the interpolation of the stage II crack growth350

rate for the samples subjected to 40◦C.351

Since the Arrhenius analysis was performed for a352

single stress intensity factor, it does not account for353

6



Table 5: Comparison of the pre-exponential factor and activation en-
ergy of AA7449-T7651 (at KI = 14.5 MPa

√
m) and AA7050 in a PA

and OA condition. The uncertainty for −Qe f f is given as a 95% con-
fidence interval, propagated from the uncertainty in the estimates of
vII from Figure 5.

Alloy [Ref.] v0 (m/s) −Qe f f (kJ/mol)
7449-T7651 3.20 × 105 84.7 ± 29
OA 7050 [5] 2.61 × 107 98.4
PA 7050 [5] 1.93 × 105 82.1

the complete range of vII values obtained during stage354

II cracking. The minimum and maximum vII values355

recorded at each temperature have been displayed with356

dashed red lines in Figure 5. It can be seen that the range357

is much greater for the samples subjected to 40◦C, as358

the crack growth was recorded at higher stress intensity359

factors. Further experiments are required to ascertain360

whether the crack growth rates steady out to a constant361

value at higher levels of stress (KI > 20MPa
√

m). The362

crack growth rate at KI = 14.5MPa
√

m for the data cor-363

responding to 70◦C [10] has been included in Figure 5364

for comparison. The data point is close to the trend-line,365

indicating that the systematic errors from the use of KCl366

solutions do not undermine the Arrhenius analysis.367

3.3. Crack morphology368

Figure 6 shows the crack of a DCB sample of369

AA7449-T7651 relative to the surrounding microstruc-370

ture, obtained via microscopy and etching. Figures 6(a)-371

(b) contain images of the crack tip, Figure 6(c) shows372

the crack at a region with a higher stress intensity fac-373

tor, and Figure 6(d) shows a section of the fatigue pre-374

crack region. It is clear that the in the HEAC regions375

(Figures 6(a)-(c)), cracking is predominantly intergran-376

ular in comparison to the fatigue pre-crack region. This377

was the case at all temperatures. At the crack tip, the378

crack shows crack segmentation and branching, partic-379

ularly in the presence of recrystallised grains (free of a380

visible subgrain structure). The generally smaller and381

more equiaxed recrystallised grains can be seen to de-382

viate the crack from the main propagation direction (T383

axis). This results in the observed bifurcations and fi-384

nal arrest at a recrystallised grain. Similar observations385

were made from microscopic cracks initiating and prop-386

agating in smooth samples of AA7449; revealing the387

same crack propagation mechanisms relative to the mi-388

crostructure [2]. In contrast, Figure 6(c) does not dis-389

play any segmentation. However, at high KI , isolated390

tortuous regions with transgranular growth were seen.391

An example has been labelled in Figure 6(c). This step392

can be identified to be transgranular rather than propa-393

gating along the boundaries of subgrains, as it is com-394

posed of two flat steps almost perpendicular to the crack395

propagation direction. Figure 7(c) shows an example of396

a transgranular step on the fracture surface of a sample.397

These regions are likely to occur due to the coalescence398

of crack segments approaching each other. Therefore,399

it is likely that crack segmentation also occurred dur-400

ing early cracking; but cracks coalesced after prolonged401

crack growth.402

Figure 7 shows images of the fracture surface of the403

HEAC region in a sample of AA7449. Many grains404

were found to be lifted off from the fracture surface.405

An example is labelled in Figure 7(a). The grains were406

lifted along the longitudinal direction. The lifted grains407

can be attributed to crack branching, where parallel408

cracks propagated at both sides of the grain. Addition-409

ally, the high magnification image in Figure 7(b) clearly410

shows the faceted intergranular surface with the pres-411

ence of constituent particles. The small ductile facets412

correspond to the subgrains in the microstructure. The413

coarse particles were identified as Mg2Si and Al-Cu-414

Fe using energy dispersive spectroscopy. In addition,415

smaller precipitates and dispersoids were also resolved,416

as seen by the small white speckles in Figure 7(b). The417

density of these precipitates varies across the fracture418

surface. This may be due to varying precipitation rates419

at different grain boundaries or differences in the exact420

fracture location relative to the grain boundary. Sec-421

ondary cracks at grain boundaries along the longitudi-422

nal direction were also detected, as labelled in Figure423

7(b). Further, the parallel striations typically found in424

HEAC surfaces, and attributed to discontinuous crack-425

ing, were not detected [17]. However, this may be due426

to the limited resolution of the fractographs. The res-427

olution in Figure 7(b) is approximately 0.13 µm/pixel,428

whereas the the spacing of the parallel striations is typ-429

ically in the range of 200-500 nm [17].430

4. Discussion431

Crack propagation during HEAC of 7xxx alloys re-432

quires the accumulation of sufficient hydrogen at sites433

with a high localised triaxial stress [18]. The build-up434

of hydrogen allows for cracking at low tensile stresses435

below yield. Many different hydrogen embrittlement436

mechanisms have been previously formulated for the re-437

duction in the fracture stress, including: the formation438

of brittle hydride phases [17, 19], hydrogen enhanced439

localised plasticity [20] and adsorption-induced decohe-440

sion [21]. However, it is not clear which hydrogen em-441

brittlement mechanism is responsible for HEAC of 7xxx442
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(a) Crack tip (KI ≈ 12 MPa m1/2)

(b) Close-up of region A in (a)

(c) Region during initial crack propagation (KI > 15 MPa m1/2)

Transgranular step

(d) Fatigue pre-cracking region

150 µm
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T

Transgranular cracking at 

Al-Cu-Fe particles Transgranular step at a 

recrystallised grain

Figure 6: Micrographs showing a crack in a DCB sample of AA7449-T7651 exposed to 40◦C. The sample surface was polished and etched by
immersion in Weck’s reagent to reveal the underlying microstructure. (a)-(b) The crack tip of the sample, where the crack can be seen to be
separated into several segments. (c) A region with a higher stress intensity factor. (d) A region corresponding to fatigue pre-cracking.
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Figure 7: SEM fractographs of the HEAC region in a sample of
AA7449 exposed to moist air at 80◦C. Coarse particles were iden-
tified using energy dispersive spectroscopy.

alloys. The results in this investigation are insufficient to443

emphasise a particular hydrogen embrittlement mecha-444

nism. However, the results are useful for performing a445

quantitative comparison of the crack growth rates and446

KIEAC at different temperatures. The threshold value447

KIEAC represents an equilibrium quantity: the minimum448

stress intensity factor at which cracking may be iden-449

tified given an unlimited amount of time. In contrast,450

the crack growth rates, vI and vII , are a measure of the451

rates at which processes during HEAC occur. This may452

include the hydrogen development reaction, the rate of453

hydrogen accumulation and/or the rate of the hydrogen454

embrittlement mechanism.455

4.1. Effect of temperature on KIEAC456

Accurate values could not be determined for the457

threshold stress intensity factor, KIEAC , because of the458

insufficient duration of the experiments. However, from459

the stage I curves, it was deduced that KIEAC decreases460

notably with increasing temperature. This suggests461

that increasing the temperature not only increases crack462

growth rates, but also allows cracking at lower stress463

levels. Similar observations were made for the temper-464

ature dependence of 7xxx alloys in aqueous solutions,465

including distilled water, KI and NaCl solutions [3, 22].466

Lee et al. found a reduction in KIEAC with increasing467

temperature of Al-Zn-Mg alloys subjected to HEAC in468

saline solutions [22]. They suggested that an anodic dis-469

solution mechanism was consistent with this decrease470

in KIEAC with increasing temperature [22]. Therefore,471

since their tests were performed in aqueous solutions, it472

was inferred that stage I cracking occurred due to an-473

odic dissolution at the grain boundaries. However, the474

present study shows that a decrease in KIEAC at higher475

temperatures has been demonstrated to occur in moist476

air as well. Previous investigations show that HEAC477

fracture surfaces in moist air contain strengthening pre-478

cipitates and Mg2Si constituent particles [7, 17, 23], de-479

spite these being more anodic than the aluminium ma-480

trix [24]. It is therefore unlikely that an anodic dis-481

solution mechanism is responsible for HEAC in moist482

air during stage I. However, the conditions for the frac-483

tographs in Figure 7 are insufficient to verify the pres-484

ence of localised surface corrosion.485

The local hydrogen solubility, Cs, can also be ex-486

pressed using the Arrhenius equation [25]487

Cs = C0
√

p exp
[
−∆Hs

RT

]
, (3)488

where C0 is a pre-exponential constant, p is the par-489

tial pressure of the hydrogen containing gas (water490
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vapour) and ∆Hs is the enthalpy of solution. It fol-491

lows that the decrease in KIEAC with increasing tem-492

perature may be caused by an increase in the hydrogen493

solubility. It must be noted that enhanced plasticity at494

higher temperatures may result in crack blunting. Con-495

sequently, the hydrostatic stress at the fracture process496

zone is reduced and local hydrogen concentrations may497

decrease [22]. However, it is sensible to assume that the498

effect of crack tip blunting is negligible for a temper-499

ature range of 25-80◦C. Therefore, the overall hydro-500

gen concentration at the fracture process zone increases501

with temperature following equation 3. Additionally,502

the partial pressure of water vapour (p) increases with503

temperature given a constant relative humidity. This in-504

creases even further the solubility. In reality, this equa-505

tion is likely to be simplistic as it does not differentiate506

between diffusible hydrogen (interstitial and reversibly507

trapped) and irreversibly trapped hydrogen [26]. Mi-508

crostructural imperfections such as dislocations, precip-509

itates and voids can act as local trap sites for absorbed510

atomic hydrogen [27]. Depending on the binding en-511

ergy of the trap sites, they may act as irreversible trap512

sites which reduce the diffusivity. In turn, this can de-513

crease the crack growth rates by delaying the accumula-514

tion of atomic hydrogen [23]. However, the role of dif-515

fusible and irreversibly trapped hydrogen on the actual516

hydrogen embrittlement mechanism is not well under-517

stood.518

4.2. Crack growth rate519

From Figure 4 it was clear that during stage II, vII520

increased exponentially with increasing KI for 7449-521

T7651. This was in contrast to the other alloys (7050522

and 7075) included in the graph, which show a complete523

plateau. It can therefore be deduced that there may be524

differences in the crack growth mechanism during stage525

II with other alloys.526

The crack growth rates for both stage I and II ap-527

peared to increase significantly with temperature. The528

regression line in Figure 5 indicated an acceptable fit529

with the Arrhenius equation for stage II cracking, de-530

spite the lack of data points. The increase in crack531

growth rate with temperature may be attributed to in-532

creases in the rate limiting step for hydrogen transport533

to the critically stressed regions. These may be the hy-534

drogen embrittlement mechanism causing fracture, the535

surface reaction rates, the hydrogen diffusion rates or536

the rate of transport of water vapour molecules to the537

alloy surface [28].538

The crack growth dependence on KI is much greater539

during stage I. Therefore, the rate limiting step was540

likely to be different during stage I and stage II. From541

Figure 4 the stage II regression lines for AA7449-T7651542

appear to have a similar gradient at different temper-543

atures. The implication is that the Arrhenius analysis544

from equation 1 seems reliable, despite the small range545

of temperatures that were tested. In contrast, the gradi-546

ent of stage I regression lines decreases with increasing547

temperature, showing less dependence on the stress in-548

tensity factor.549

The scatter of the data during stage II was greatest550

for the samples of AA7449 exposed to 40◦C. The sam-551

ples at 60◦C and 80◦C showed almost no scatter. This552

is likely to be caused by the increased reactivity of the553

environment at high temperatures. Due to the greater554

crack growth rates at high temperature, the amount of555

crack growth between measurements was larger. There-556

fore, the statistical scatter from microstructural effects557

was likely to be less. Additionally, the greater scatter558

observed during stage I cracking may be associated to559

the pronounced influence of the microstructure (such560

as poorly oriented grain boundaries) on slowing crack561

growth. This can be inferred from Figure 6, where crack562

segmentation was more severe at the crack tip than re-563

gions with a higher stress intensity factor.564

4.3. Effect of composition and ageing565

The degree of ageing of the different alloy systems566

plotted in Figure 4 cannot be exactly quantified and567

compared, because microstructural features can differ568

strongly. However, the crack growth rates of the differ-569

ent alloys can be compared to speculate on the effects of570

composition and ageing on the crack growth rates.571

At room temperature, the overaged alloys AA7075-572

T7651 and OA AA7050 have very similar crack573

growth rates relative to AA7449-T7651, ranging be-574

tween 1.3×10−7 and 2.1×10−7 mm/s. However, the575

Zn/Mg ratios (Table 1) of the alloys differ considerably.576

The order of the alloys by decreasing Zn/Mg ratio is577

the following 7449(2.8-4.8)>7050(2.9)>7075(1.8-2.9).578

Therefore, the Zn/Mg ratio might not have a notable in-579

fluence on the macroscopic crack growth rate at room580

temperature. However, Schwarzenböck et al. found that581

at 70◦C, alloy 7050-T7651 was less sensitive to HEAC582

than other overaged alloys with a greater Zn/Mg content583

(7037, 7085 and 7449) [10]. AA7050-T7651 displayed584

lower stage I and II crack growth rates and a higher585

KIEAC value. Therefore, the influence of the Zn/Mg ra-586

tio may be more significant at higher temperatures.587

AA7075 in the -T651 peak aged condition is much588

more sensitive than the alloys in an overaged condi-589

tion, with a crack growth rate of 5.1×10−6 mm/s (more590

than an order of magnitude greater). Therefore, the al-591

loy temper seems to have a more serious effect on the592
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crack growth rate at room temperature than the Zn/Mg593

ratio. Increased over-ageing has been demonstrated to594

improve the resistance of 7xxx alloys to HEAC at the595

expense of strength [29, 30, 31, 32, 33]. However, the596

influence of over-ageing on the HEAC resistance is de-597

pendent on the alloy composition [34].598

A previous study from the authors revealed that599

AA7449-T7651 was much more sensitive than the peak600

aged AA7075-T651 to the formation of cracks from601

smooth specimens, despite being in an overaged con-602

dition [2]. This was consistent with the safety informa-603

tion bulletin from the EASA [1]. The bulletin informed604

that aircraft components made from novel alloys (in-605

cluding AA7449) were found to fail from HEAC. The606

increased susceptibility relative to commonly used al-607

loys, was attributed to the Zn/Mg ratio. These reports608

are not in accord with the crack growth rates at room609

temperature shown in this article. The crack growth rate610

of AA7075-T651 was determined to be more than an or-611

der of magnitude greater despite the lower Zn/Mg ratio.612

It is unclear why there is such a great discrepancy be-613

tween the time to failure of the 4-point bend samples614

and the crack growth rates in DCB samples of AA7449-615

T7651 and AA7075-T651 [2]. It must be noted that the616

AA7075-T651 alloy presented in Figure 4 [3] is proba-617

bly not comparable to the alloy used by the authors to618

perform 4-point bend tests [2]. Additionally, the DCB619

specimens are pre-cracked and have much larger cracks620

with a width of 25.4 mm, while smooth specimens must621

nucleate new cracks that necessarily need to grow from622

a very low size. Therefore, DCB tests do not account for623

microstructurally short cracking. Consequently, small624

barriers to growth (e.g triple junctions) have less impact625

on the crack growth rates. This was demonstrated by the626

lifted grains present in the fracture surface (exemplified627

in Figure 7(a)) and the lack of segmented cracks at high628

stress intensity factors (Figure 6(c)). As the cracks were629

much larger, the ligaments produced from crack branch-630

ing could be ruptured and deformed with more ease631

than would be possible in microscopic cracks present in632

smooth specimens [2, 35]. Therefore, the crack growth633

behaviour can differ considerably with respect to the 4-634

point bend samples.635

For the crack growth rate of stage II cracking, Young636

and Scully noted that the change in activation energy637

caused by overaging in AA7050 was similar to the638

change in activation energy of the diffusion rates [5].639

Therefore the rate limiting step during stage II was at-640

tributed to the rate of internal hydrogen diffusion. The641

activation energy for vII of AA7449-T7651 was found642

to be similar to that of AA7050 (Table 5). Thus, hydro-643

gen diffusion could also be the rate limiting step during644

stage II. This would be consistent with the observations645

at room temperature that the peak aged alloy AA7075646

was more sensitive than the overaged alloys. Coarser647

strengthening precipitates from overaging result in irre-648

versible trapping and reduced diffusion rates [23, 27].649

Thus, increased ageing may reduce the crack growth650

rates significantly during stage II. A more systematic651

approach with greater control of the composition, mi-652

crostructure and ageing condition of the alloys must be653

performed to better correlate these variables with KIEAC654

and vII .655

5. Conclusion656

This study investigated the influence of temperature657

on the HEAC crack growth rates of AA7449-T7651 dur-658

ing stage I and II. The results found the following:659

1. The threshold stress intensity factor (KIEAC) was660

found to decrease with increasing temperature.661

This was likely due to an increase in the hydrogen662

solubility with temperature (see section 4.1).663

2. The stage II crack growth rate of AA7449-T7651664

was identified to follow Arrhenius kinetics. The665

activation energy was estimated as 84.7 kJ/mol at666

a value of KI = 14.5 MPa
√

m. This was similar to667

peak aged AA7050 from a previous study [5].668

3. The crack growth rate of AA7449-T7651 at room669

temperature is similar to that of AA7075-T7651670

and overaged AA7050, despite the differences in671

composition. However, peak aged AA7075-T651672

was found to crack more than an order of magni-673

tude faster. Therefore, it is likely that the stage II674

crack growth rate at room temperature is more sen-675

sitive to the alloy temper than the Zn/Mg ratio.676

4. Cracking was to a large extent intergranular.677

Cracks were found to branch particularly at the in-678

terface of recrystallised grains, which diverted the679

cracks from the main propagation direction.680

6. Further work681

The data set from this article must be expanded in682

order to make more definitive conclusions about the683

influence of temperature on the HEAC behaviour of684

AA7449-T7651. The authors will therefore aim to685

cover several open items in a follow-up article, includ-686

ing:687

• Performing experiments to assess the influence of688

HCl gas on the HEAC rate of AA7449 in moist air.689
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This will involve cracking DCB samples in envi-690

ronments with a varying HCl gas content, with all691

other variables kept constant (relative humidity and692

temperature).693

• Performing a comparison of the HEAC fracture694

surfaces of AA7449-T7651 obtained at different695

temperatures. This will help identifying differ-696

ences in the cracking behaviour and determine697

whether the HEAC mechanisms remain the same698

at lower temperatures.699

• The data at room temperature is incomplete, as700

cracking was negligible at stress intensity factors701

below 16.7 MPa
√

m. The authors will therefore702

carry out repeat runs at room temperature with a703

higher starting stress intensity factor. This will aim704

to capture the HEAC behaviour during stages I and705

II.706

7. Appendix A. Supplementary data707

Supplementary material related to this article can be708

found in the online version, at...709
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[10] E. Schwarzenböck, E. Ollivier, A. Garner, A. Cassell, T. Hack,755

Z. Barrett, C. Engel, T. L. Burnett, H. N. Holroyd, J. D. Rob-756

son, P. B. Prangnell, Environmental cracking performance of757

new generation thick plate 7000-t7x series alloys in humid air,758

Corrosion Science (2020).759

[11] A. Association, et al., International alloy designations760

and chemical composition limits for wrought aluminum and761

wrought aluminum alloys, Teal Sheets (2009) 1–28.762

[12] E. ASTM, G168-17: Standard practice for making and using763

precracked double beam stress corrosion specimens, West Con-764

shohocken, PA: ASTM Intl (2017).765

[13] E. ASTM, E104-02: Standard practice for maintaining constant766

relative humidity by means of aqueous solutions, West Con-767

shohocken, PA: ASTM Intl (2012).768

[14] R. Opila, C. Weschler, R. Schubert, Acidic vapors above sat-769

urated salt solutions commonly used for control of humidity,770

IEEE Transactions on components, hybrids, and manufacturing771

technology 12 (1989) 114–120.772

[15] J. Fritz, C. Fuget, Vapor pressure of aqueous hydrogen chlo-773

ride solutions, 0◦ to 50◦c., Industrial & Engineering Chemistry774

Chemical & Engineering Data Series 1 (1956) 10–12.775

[16] N. I. of Standards, T. (NIST), Iupac-nist solubility database, ver-776

sion 1.1, nist standard reference database 106, 2015.777

[17] N. H. Holroyd, G. Scamans, Crack propagation during778

sustained-load cracking of al-zn-mg-cu aluminum alloys ex-779

posed to moist air or distilled water, Metallurgical and Materials780

Transactions A 42 (2011) 3979–3998.781

[18] A. Andreikiv, V. Panasyuk, V. Kharin, Theoretical aspects of the782

kinetics of hydrogen embrittlement of metals, Materials Science783

14 (1978) 227–244.784

[19] S. Ciaraldi, J. Nelson, R. Yeske, E. Pugh, Hydrogen effects in785

metals, IM Bernstein and AW Thompson (1980) 437–447.786

[20] I. M. Robertson, P. Sofronis, A. Nagao, M. Martin, S. Wang,787

D. Gross, K. Nygren, Hydrogen embrittlement understood,788

Metallurgical and Materials Transactions A 46 (2015) 2323–789

2341.790

[21] S. Lynch, Mechanistic and fractographic aspects of stress cor-791

rosion cracking, Corrosion Reviews 30 (2012) 63–104.792

[22] S.-M. Lee, S.-I. Pyun, Y.-G. Chun, A critical evaluation of the793

stress-corrosion cracking mechanism in high-strength aluminum794

alloys, Metallurgical Transactions A 22 (1991) 2407–2414.795
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