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Abstract In this investigation, synchrotron X-ray

microtomography was used to perform 3D in situ obser-

vations of crack initiation and growth during hydrogen

environmentally assisted cracking (HEAC) in tensile

samples of AA7449-T7651. Two smooth tensile sam-

ples with a 1 mm diameter gauge section were held at

a fixed displacement (≈ 30% of yield stress) in warm,

moist air (≈ 76 ◦C, 73% relative humidity). The sam-

ples were then imaged repeatedly using X-ray tomog-

raphy until they fractured completely. The tomograms

showing the nucleation and evolution of intergranular

cracks were correlated with electron microscopy frac-

tographs. This enabled the identification of crack initi-

ation sites and the characterisation of the crack growth

behaviour relative to the microstructure. The samples

were found to fracture within an environmental expo-

sure time of 240 min. Some cracks in both samples

nucleated within an exposure time of 80 min (33–40%

of the total lifetime). Many cracks were found to nucle-

ate both internally and at the sample surface. However,

only superficial cracks contributed to the final frac-

ture surface as they grew faster owing to the direct
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environmental exposure and the larger crack opening.

HEAC occurred prominently via brittle intergranular

cracking, and cracks were found to slow down when

approaching grain boundary triple junctions. Addition-

ally, crack shielding from nearby cracks and the pres-

ence of coarse Al–Cu–Fe particles at the grain bound-

aries were also found to temporarily reduce the crack

growth rates. After prolonged crack growth, the HEAC

cracks displayed ductile striations and transgranular

fracture, revealing a change in the crack growth mech-

anism at higher stress intensity factors.

Keywords Static loading · Hydrogen environmentally

assisted cracking · AA7449-T7651 · Synchrotron X-

ray tomography

1 Introduction

Age-hardenable 7xxx (Al–Zn–Mg–Cu) series

aluminium alloys are commonly used for aircraft com-

ponents, where they are subjected to demanding oper-

ating conditions (Rometsch et al. 2014). A recent

safety information bulletin by the European Aviation

Safety Agency (EASA) reported that aircraft compo-

nents made from some novel 7xxx alloys have been

found to crack as a result of hydrogen environmentally

assisted cracking (HEAC) in moist air (European Avia-

tion Safety Agency 2018). 7xxx alloys are known to be

sensitive to HEAC in moist air and aqueous solutions

(Speidel and Hyatt 1972). However, the EASA reported
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94 U. De Francisco et al.

that the susceptibility to HEAC was attributed to com-

ponents made of some specific alloys including: 7037,

7055, 7085, 7099, 7140 and 7449 (European Aviation

Safety Agency 2018). The chemical composition limits

of these alloys are shown in Table 1. By comparing the

composition of these alloys with the long-established

alloy AA7075, certain differences can be identified.

Particularly, the modern alloys can be seen to contain

higher levels of Zn, resulting in a higher Zn/Mg ratio

(Dursun and Soutis 2014). The EASA linked the high

HEAC sensitivity of the alloys mentioned to this high

Zn/Mg ratio, in combination with a low Cu content

(Young and Scully 2002; Knight et al. 2010; Sarkar

et al. 1981).

HEAC of 7xxx alloys in moist air environments and

aqueous solutions is known to occur by an absorption

induced hydrogen embrittlement mechanism (Gruhl

1984). In the case of moist air, H2O molecules are

reduced at the aluminium surface (Young and Scully

2002). Subsequently, atomic hydrogen is absorbed into

the material and diffuses to regions with a high hydro-

static stress (Gruhl 1984). A sufficiently high hydrogen

concentration will then cause a reduction in the frac-

ture stress and result in brittle intergranular cracking at

stress levels considerably below yield stress.

For cracks which are comparatively small with

respect to the microstructure, the behaviour of crack

growth does not correlate with that of classical fracture

mechanics (Castelluccio and McDowell 2014). It has

been experimentally established that the microstructure

has a significant effect on the crack growth rate during

crack initiation and short crack growth. Many inves-

tigations exist regarding the microstructurally short

crack growth behaviour during fatigue (Tokaji et al.

1988; Pegues et al. 2017; Hassanipour et al. 2019).

However, there is limited understanding on the influ-

ence of different microstructural features on short

cracks and microscale mechanisms occurring during

crack initiation for the HEAC of 7xxx alloys.

In a previous investigation by the authors, statically

loaded smooth 4-point bend specimens were used to

compare the delay in crack formation of AA7449-

T7651 (high Zn/Mg) and AA7075-T651 (low Zn/Mg)

(De Francisco et al. 2020). The tensile surfaces of the

4-point bend samples were surveyed with an optical

microscope to observe the crack growth behaviour. The

images revealed discontinuous cracking, with cracks

slowing down and accelerating at different microstruc-

tural features and grain boundaries (De Francisco et al.

2020). Additionally, cracks were found to nucleate in

large numbers and scattered at different grain bound-

aries. Subsequently, propagating cracks branched at

grain boundary triple junctions with specific geome-

tries. However, 2D surface images cannot accurately

capture in-depth propagation (Le Poulain et al. 2005).

Additionally, long exposures of approximately 24 h in

between inspections meant that cracks were not imaged

frequently enough to quantify the effect of microstruc-

tural features on the crack growth rate. Furthermore,

cracks in the 4-point bend samples were seen to mostly

nucleate and grow subsurface. Thus, the behaviour of

most cracks could not be observed. Crack initiation and

propagation are intrinsically different in the bulk of the

material than at the surface (Luo et al. 2018). To over-

come these limitations, this investigation aims to build

on these findings by performing in situ X-ray computed

microtomography (µCT).

X-ray µCT provides the capability of rapidly imag-

ing metals at a high resolution. This has proved useful

for the in situ 3D visualisation of corrosion and envi-

ronmentally assisted cracking processes of a range of

alloys by using purpose-built rigs (Knight et al. 2010;

Bhuiyan et al. 2016; Stannard et al. 2018; Horner et al.

2011). Singh et al. performed in situ tomography to

survey the HEAC behaviour of a pre-cracked sample

of AA7075 during sustained loading in moist air (Singh

et al. 2014). This investigation allowed them to quan-

tify the crack growth rates as a function of the stress

intensity factor. Additionally, seemingly discontinuous

cracks from the specimen surface were found to be con-

nected in 3D (Singh et al. 2014). However, this exper-

iment neglected crack initiation and no attempt was

made to correlate the microstructure to the cracking

behaviour.

Recent advances in synchrotron based X-ray tomog-

raphy have led to faster image acquisition rates. This

facilitates performing a time lapse of tomograms for

fast cracking events. Consequently, the crack initiation

sites, the crack propagation behaviour and the interac-

tion of colonies of cracks can be characterised in detail.

For example, Gudla et al. used synchrotron tomogra-

phy to analyse the environmentally induced cracking

behaviour of AA5083 during slow strain rate tensile

testing. In this case, tomograms with 1200 projections

were acquired within 90 s, allowing them to obtain

22 tomograms within a period of 68 min (Gudla et al.

2020). This permitted the identification of crack initi-
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Table 1 Composition of several 7xxx alloys

Alloy Date Main alloying elements Impurities Dispersoids

Zn Mg Zn/Mg Cu Fe Si Mn Cr Zr Ti

7037 2006 7.8–9.0 1.3–2.1 3.7–6.9 0.6–1.1 0.10 0.10 0.50 0.04 0.06–0.25 0.10

7055 1991 7.6–8.4 1.8–2.3 3.3–4.7 2.0–2.6 0.15 0.10 0.05 0.04 0.08–0.25 0.06

7085 2002 7.0–8.0 1.2–1.8 3.9–6.7 1.3–2.0 0.08 0.06 0.04 0.04 0.08–0.15 0.06

7099 2011 7.4–8.4 1.6–2.3 3.2–5.3 1.4–2.1 0.15 0.12 0.04 0.04 0.05–0.15 0.06

7140 2005 6.2–7.0 1.5–2.4 2.6–4.7 1.3–2.3 0.13 0.10 0.04 0.04 0.05–0.12 0.06

7449 1994 7.5–8.7 1.8–2.7 2.8–4.8 1.4–2.1 0.15 0.12 0.20 – 0.25 (Zr + Ti)

7075 1954 5.1–6.1 2.1–2.9 1.8–2.9 1.2–2.0 0.50 0.40 0.30 0.18-0.28 – 0.20

Composition shown as weight percent maximum unless shown as range (Aluminum Association and others 2009)

ation sites and the characterisation of the crack growth

behaviour.

The purpose of this investigation is to perform in

situ X-ray µCT using a fast acquisition rate to image

crack initiation and microstructurally short cracking of

statically loaded smooth samples of AA7449-T7651

during HEAC in warm moist air. This experiment aims

to: (a) elucidate the exact crack initiation sites (sur-

face/subsurface, intermetallic particles...), (b) accu-

rately quantify the crack growth rates of cracks and

correlate them with the microstructure, and (c) perform

a statistical analysis of the number and size of cracks

evolving with time.

2 Experimental methods

Small samples of AA7449-T7651 with a circular gauge

section were loaded at a fixed displacement in tension.

The loaded samples were subsequently exposed to a

warm moist environment and imaged repeatedly using

synchrotron tomography (P07 beamline at PETRA III)

till fracture. This enabled the visualisation of crack ini-

tiation and growth during HEAC. Afterwards, the frac-

ture surfaces of the samples were imaged using SEM.

The fractographs were correlated with the tomography

snapshots in order to pinpoint the crack initiation fea-

tures and characterise the growth of cracks in 3D.

2.1 Material

The material used in this study was AA7449-T7651

(composition shown in Table 1). The T7651 temper is

achieved by solution heat treating, stress relieving by

Table 2 Tensile properties of AA7449-T7651 along the ST axis

σys (MPa) σuts (MPa) ε f (%)

501 561 8.26

σys = 0.2% proof stress, σuts ultimate tensile stress, ε f strain to

fracture

stretching and artificially ageing to an overaged condi-

tion. The material was obtained as a rolled 80 mm thick

plate. The tensile properties of the material along the

short transverse (ST) axis were obtained via uniaxial

tensile tests and are given in Table 2.

The microstructure of the alloy is presented in Fig.

1a. The alloy can be seen to contain pancaked shaped

grains, characteristic of rolled plates. From Fig. 1b, the

grains can be seen to be elongated along the longitu-

dinal direction, with some grains exceeding 2 mm in

length. There are some recrystallised grains without

low angle grain boundaries (shaded in Fig. 1b). Pre-

viously, it has been identified that these recrystallised

grains could be more prone to crack initiation during

HEAC (De Francisco et al. 2020). Therefore, it is use-

ful to estimate the recrystallised area fraction of the

alloy. From Fig. 1b, the recrystallised area fraction was

estimated as 10%.

2.2 Sample preparation

Figure 2a illustrates a diagram of the tensile specimens

used for static loading. The samples had a diameter

at the gauge section of 1 mm, in order to ensure that

the entire gauge section could be within the field of

view at the maximum resolution. The tensile axis of the
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(a)

(b)

Fig. 1 a Optical microscopy images showing the microstructure

of AA7449-T7651 along three different planes after etching with

Weck’s reagent. T, ST and L represent the transverse, short trans-

verse and longitudinal axes respectively. b A large image of the

microstructure on the ST-L plane, with highlighted recrystallised

grains

specimens was aligned with the short transverse (ST)

direction (most susceptible to HEAC Speidel and Hyatt

1972), with the gauge section located at the centre of

the thickness of the 80 mm rolled plate (T/2 position).

The samples were polished at the gauge section to

minimise scatter arising from any effects of surface

quality and machining residual stresses on crack nucle-

ation (De Francisco et al. 2020). The required surface

finish was achieved by grinding with 600 grit SiC abra-

sive paper, followed by polishing using 9 µm and 3 µm

diamond paste. The specimens were cleaned in between

polishing steps with a 3 min ultrasonic bath in acetone

and were later immediately blow-dried. It must be noted

that the gauge section of the samples was reduced by

about 2–5% after grinding and polishing. Therefore,

the cross-sectional area at the gauge section was pre-

cisely calculated from the tomograms taken prior to

loading.

(a)

(b)

Fig. 2 a Drawing of the tensile specimen with dimensions in

mm. b Diagram showing the gauge section of the sample. The

smallest cross sectional diameter has been labelled as dmin

Fig. 3 Exploded view of the tensile rig for in situ µCT in a moist

environment

2.3 Sample loading

Two samples were used for in situ µCT. These were

loaded such that the maximum tensile stress at the

gauge section was 141 MPa and 184 MPa (28% and

37% of yield stress respectively, from Table 2). These

low stresses were applied to promote brittle intergran-

ular HEAC and minimise plasticity. The samples were

statically loaded in tension by using the rig illustrated

in Fig. 3. In order to measure the load, uniaxial strain

gauges were attached to the sample at the 4 mm diam-

eter cylindrical section labelled in Fig. 2. The uniaxial

stress at the gauge section, σ , can then be calculated

by

σ = εE ×
(

dsg

d

)2

, (1)
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Table 3 Dimensions at the gauge section of the samples of

AA7449-T7651 used for in situ tomography

σ (MPa) V (mm3) d̄ (mm) dmin (mm)

141 1.49 0.97 0.95

184 1.58 1.00 0.98

where dsg is the diameter at the strain gauge loca-

tion (4 mm), d is the diameter at the gauge section (≈ 1

mm), ε is the measured strain and E is the Young’s mod-

ulus of the alloy (≈ 70 GPa Mylonas and Labeas 2014).

The gauge section was taken as the volume where the

sample was thinnest within a 2 mm distance along the

tensile axis (illustrated by the shaded region in Fig. 2b).

The volume at the gauge section (V ), the diameter at the

gauge section averaged over the range �Z (d̄) and the

diameter at the location with the smallest cross section

(dmin) for each sample are given in Table 3. The tensile

stress at the gauge section, σ , was computed using the

average diameter at the gauge section (i.e. d = d̄).

2.4 Environmental exposure

Cracking was achieved by exposing the statically

loaded samples to warm moist air. The exposure tem-

perature was higher than typical exposure tempera-

tures to promote practical cracking rates during the

beamtime available (De Francisco et al. 2020). A high

steady state temperature was achieved by using two

DC heating elements. One heating element was placed

inside the sample environment. The other was located

between the base and the stage fixture (Fig. 3). Addi-

tionally, the exterior of the polycarbonate tube, the base

and lid were covered with nitrile rubber insulation to

minimise heat losses and prevent condensation on the

inner walls. A high relative humidity was achieved by

following the procedure of the ASTM standard E104-

02 (ASTM International 2012). By placing a cylindri-

cal container with a KCl saturated aqueous solution

at the base of the enclosure, a high steady state rela-

tive humidity can be achieved for temperatures of up to

80 ◦C. A small fan was also placed inside the enclosure

to increase convection. This reduced the settling time

and the vertical temperature gradients within the sam-

ple enclosure. The temperature and relative humidity

settled at 76.2 ◦C and 72.5% respectively. The temper-

ature reached 80% and 95% of the final value after 0.5

h and 1.2 h. Similarly, the relative humidity reached

80% and 95% of the settling value after 0.7 h and 2.0 h

respectively. Therefore, a high temperature and humid-

ity were achieved after a short period of 0.7 h.

2.5 Tomography

The in situ µCT imaging was performed at the P07 high

energy material science beamline (HEMS), which is

operated by the Helmholtz-Zentrum Hereon, at PETRA

III at DESY in Hamburg (Germany) (Schell et al. 2014).

A low energy 44 keV X-ray beam was used to minimise

the transmission. This was essential owing to the small

1 mm gauge section of the samples and the low trans-

missivity of aluminium alloys. The sample to detector

distance was set to 0.08 m. For each tomogram, 1000

projections were performed over an angle range from

0◦ to 180◦. This resulted in the fast measurement time of

approximately 8 min. For each radiograph, the field of

view was 4 mm×3.5 mm, with an effective pixel size of

0.5 µm. After tomographic reconstruction, the result-

ing voxel size was 4.03 µm3. The ASTRA toolbox was

employed for the tomographic back-projection (Van

Aarle et al. 2015). A phase retrieval algorithm, which is

based on the linearised transport of the intensity equa-

tion and acts a low pass filter, was employed to enhance

image contrast and reduce noise in the reconstructed

tomograms (Moosmann et al. 2014; Moosmann 2021).

The reconstruction was output as 430 cross-sectional

images stacked along the tensile axis. An example of a

grayscale cross-sectional slice is shown in Fig. 4a.

A stable temperature is preferred during X-ray µCT

to avoid artefacts. Therefore, snapshots were not per-

formed during the first hour of exposure. Afterwards,

tomograms of the gauge section were taken repeat-

edly till fracture. At least 10 complete tomograms were

taken per sample.

2.6 Segmentation

In order to visualise different 3D features, it is neces-

sary to perform a segmentation on the reconstructed

data for each tomogram. The segmentation was per-

formed using the trainable 3D WEKA segmentation

plugin in ImageJ (Arganda-Carreras et al. 2017). The

classifier was trained by manually selecting sufficient

pixels corresponding to each feature on one of the

tomograms. Five classes were chosen for the pixel

123



98 U. De Francisco et al.

(a)

(d) (e) (f)

(b) (c)

Fig. 4 Examples of the process followed to correlate the X-ray

micro-tomography reconstructions with the SEM fractographs.

a An original grayscale cross-sectional slice and b the classified

result after performing a 3D WEKA segmentation. c 3D view of

the segmented cracks after recombining the classified slices. d

Subset of cracks in c which contribute to the fracture surface. e A

2D projection of the cracks in d on the X–Y plane, showing the

crack outlines in red. f Projection of the crack outlines of cracks

labelled 2, 3 and 4 on a SEM fractograph

classification of each slice, including: (i) air, (ii) bulk

aluminium phase, (iii) Fe and Cu bearing particles

(bright/white), (iv) Mg2Si particles (dark/black) and

(v) volumes occupied by cracks. Figure 4b shows an

example of a classified cross-sectional slice from the

grayscale image in Fig. 4a. Figure 4c shows a 3D view

of the regions classified as cracks.

It is essential to distinguish separate cracks by

grouping the voxels classified as cracks. This was done

by using the MATLAB function bwconncomp (Math-

Works 2020). Voxels classified as cracks were consid-

ered to belong to the same crack if they had adjoining

faces or edges, but not corners (18-connected Math-

Works 2020). The segmentation algorithm classified

some voxels as cracks for the tomograms taken prior

to any exposure. These can be attributed to incorrectly

labelled intermetallic particles (bright Al–Cu–Fe and

dark Mg2Si). Therefore, small cracks containing less

than ten voxels were removed.

2.7 Crack volume distribution

A statistical analysis of the volume distribution of

cracks over time was performed. The volumes of cracks

were estimated by adding the number of voxels con-

tained within each crack. The number of voxels was

then multiplied by the voxel volume to obtain the total

crack volume. The volume could not be estimated accu-

rately for large surface cracks, since the voxels between

the fractured surfaces were classified as air rather than

cracks. However, this was only for the largest cracks

after extended exposure and did not affect the analysis.

2.8 Fractography

Since the samples were allowed to fracture completely,

the fractured surfaces of both tensile samples were

imaged with a TM3030 plus SEM microscope using
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backscattered electrons. The 3D cracks obtained from

µCT were then correlated with the fractographs to anal-

yse the effect of the microstructure during HEAC. This

process is demonstrated in Fig. 4c–f:

1. Firstly, the cracks which intersected with the frac-

ture surfaces were isolated. Figure 4d illustrates the

cracks belonging to the fracture surface.

2. Secondly, the cracks belonging to the fracture sur-

face were projected onto the X–Y plane (i.e. the

plane perpendicular to the loading axis). Example

in Fig. 4e.

3. The crack projections were overlaid on top of the

fractographs. Figure 4f shows the profile of three

HEAC cracks overlaid on top of a SEM fractograph.

The cracks correspond to those labelled as 2, 3 and

4 in Fig. 4c–e.

3 Results

Two samples were imaged during HEAC using µCT

until fracture. The samples were statically loaded in

tension to an initial stress of 141 and 184 MPa. The

samples fractured completely after an exposure time of

239±4 and 201±4 min respectively. The exposure time

was considered as the time elapsed from the moment

when the heating elements were switched on. The short

time to failure of the samples reveals the high sensitiv-

ity of the alloy 7449-T7651 to HEAC in warm moist

air. The sample subjected to a higher initial stress frac-

tured earlier, as expected. However, due to the statistical

nature of crack initiation, duplicate tests are required

to analyse the typical time to fracture of the samples.

Many cracks were found to nucleate in both sam-

ples after a short period of time. Cracks nucleated

internally and at the sample surface. However, surface

cracks grew at a faster rate. Examples of two surface

cracks appearing from the sample initially loaded at

141 MPa are presented in Fig. 5. In the case of crack

2 in Fig. 5b, nucleation occurred at the location of

a bright Al–Cu–Fe intermetallic particle. Both cracks

nucleated before an exposure of 80 min, suggesting

very little delay in the formation of cracks. The envi-

ronment reached a steady state temperature and relative

humidity after approximately 80 and 120 min respec-

tively. Therefore, the delay in crack formation would

be expected to decrease if the samples were exposed

to steady state conditions immediately. The slices in

Fig. 5 do not manifest the full size of the cracks, as

(a)

(b)

Fig. 5 Tomographic cross-sectional slices showing the evolu-

tion of two cracks in the sample subjected to 141 MPa. Each

snapshot has been labelled with the corresponding exposure time

from the moment the heaters were turned on. The arrow in b indi-

cates the white Al–Cu–Fe particle at the location where the crack

initiated. The cracks have been labelled 1 and 2, corresponding

to the labels in Fig. 9a, showing an image with the entire fracture

surface of the sample

these deviated from the main cracking plane following

grain boundaries. This section presents several results

by exploiting the 3D nature of the tomographic data,

including: (a) a statistical analysis of the distribution

and size of cracks, (b) the identification of the main

cracks causing fracture, (c) the identification of crack

initiation sites, (d) the characterisation of crack initia-

tion and growth relative to the microstructure and (e)

the estimation of the crack growth rates.

3.1 Crack volume distribution

The volumes of the cracks at the gauge section were

estimated at every snapshot to analyse the size distri-

bution. The growth of the crack population and their

size are presented in Fig. 6 for both samples. Several

observations can be made:

1. A large population of cracks were detected for

both samples. However, more cracks were found

to nucleate in the sample loaded at 184 MPa. After

150 min of exposure, the total number of cracks

detected in the 141 and 184 MPa samples were 61

123



100 U. De Francisco et al.

Fig. 6 Box and whisker plots showing the evolution of the vol-

ume distributions of the cracks for the samples subjected to 141

MPa and 184 MPa. The dot plots of the crack volumes were over-

laid to show the total population of cracks. The total number of

detected cracks have been presented as linear plots, with labelled

initial and final values. Trend lines have been added to highlight

the exponential growth of the largest cracks. These have been

labelled as cracks 1 and 9, corresponding to the labels in Figs. 9a

and 10a, for the 141 and 184 MPa samples respectively

Fig. 7 Box and whisker plots showing the evolution of the vol-

ume distributions of internal cracks and surface cracks for the

sample subjected to 141 MPa. The dot plots of the crack vol-

umes were overlaid to show the total population of cracks. The

total number of detected cracks have been presented as linear

plots, with labelled initial and final values. After an exposure of

160 min, the number of internal cracks detected decreased by 8

and the number of surface cracks increased by 9 (indicated in the

linear plots). This can be ascribed to internal cracks surfacing

and 103 respectively. Similarly, after 180 min of

exposure, the total number of cracks increased to

85 and 155 respectively. Therefore, the nucleation

of cracks appears to be highly dependent on the

magnitude of the tensile stress and the exposure

time.

2. Few cracks grew to a large size (7–8% of popu-

lation). The logarithmic scale used underlines the

large difference in volume between the largest

cracks and the bulk population. After extended

exposure times, the mean crack volume was an

order of magnitude greater than the median, show-

ing the large asymmetry of the population. Similar
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behaviour was observed for the environmentally

induced cracking of AA5083, where only about

10% of cracks grew to a large size beyond 800 µm

(Gudla et al. 2020).

3. The first cracks which grew beyond a volume of

about 5 × 104
µm3 can be seen to dominate and

grow exponentially with time. Two trend lines have

been included to highlight the exponential growth

of the largest cracks in both samples. The trend lines

were determined using the equation

Vi = V0ebt , (2)

where Vi is the crack volume of the i th crack, V0

is the pre-exponential constant, b is the exponential

coefficient and t is the exposure time. The exponen-

tial coefficient (b) for the largest cracks in the 141

and 184 MPa samples were found to be 0.0372 and

0.0376 min−1 respectively. The similarity of the

coefficients implies very similar crack growth rates

despite the difference in the initial tensile stress of

the samples. The exponential growth of the largest

cracks can be identified to be the cause of the large

disparity in size relative to the bulk population of

cracks.

Figure 7 shows the evolution of the population of

internal cracks (left) and surface cracks (right) for the

sample initially loaded at 141 MPa. All of the cracks

which grew to a large size were surface cracks. Addi-

tionally, between the time interval of 151 and 160 min,

the number of internal cracks can be seen to decrease

from 41 to 33. However, the number of surface cracks

increases from 20 to 29. A similar observation can be

made for the time interval between 95 and 113 min of

exposure. Therefore, many small cracks can be seen

to nucleate internally and subsequently surface. Fig-

ure 8 illustrates 2D and 3D views of the cracks present

in the sample loaded at 141 MPa after different expo-

sure times. The internal cracks (black) are distinguished

from surface cracks (green). The images confirm the

rapid growth of several superficial cracks and the lim-

ited growth of the cracks near the sample axis.

3.2 Fracture behaviour

Fracture in both samples occurred via the coalescence

of several intergranular cracks. The entire fracture sur-

face of the 141 and 184 MPa samples have been shown

in Figs. 9a and 10a. The different intergranular cracks

contributing to fracture have been outlined and labelled.

The area fraction of the fracture surfaces covered by

brittle intergranular regions was approximately 40%

and 50% for the 141 and 184 MPa samples respec-

tively. The remaining regions of the fracture surfaces

are linked mostly to ductile overload and the onset of

transgranular fracture at the edges of the intergranu-

lar cracks. The overload region is predominant at the

centre of the samples and in between intergranular

cracks. It can be inferred that after sufficient growth

and the coalescence of intergranular cracks, the reduc-

tion in the effective cross-sectional area resulted in

overload, despite loading under constant displacement

conditions. Figure 11 shows matching SEM images

of a ductile overload region in the 141 MPa sample.

The topography of the overload region can be seen to

be stepped, linking flat regions containing Al–Cu–Fe

stringers (coarse bright intermetallic phases). Ductile

tearing is evident by the presence of ductile ridges

and microvoid coalescence (microvoids ≈1.5 µm in

size) in between Al–Cu–Fe particles. Most Al–Cu–Fe

particles appear to be uncracked, indicating decohe-

sion at the particle–matrix interface. In comparison to

the overload region, the fraction of Al–Cu–Fe particles

on the intergranular surfaces is much lower (Figs. 9a,

10a). Therefore, preferential cracking at grain bound-

aries containing stringers only takes place during final

fracture.

From Fig. 9a, the 141 MPa sample can be seen to

have a total of nine surface cracks intersecting with the

fracture surface. The cracks labelled 1–7 and 9 can be

seen to be adjacent in the final fracture surface, indi-

cating coalescence prior to overload. Together, the coa-

lesced cracks (1–7, 9) encompass an angle of approx-

imately 220◦ around the circumference of the fracture

surface. Crack 8 is also located at the edge, but oppo-

site the other cracks. Snapshots of the evolution of these

cracks are presented in Fig. 9c–e; for exposure times

of 140, 160 and 199 min. The evolution of the fracture

surface cracks can be summarised as follows:

1. 140 min five surface cracks (1–2, 4–6) had nucle-

ated close to each other along the sample circum-

ference. Crack 1 was significantly larger than the

others.

2. 160 min the area of crack 1 increased significantly,

showing dominance. Two more cracks (3, 7) were

seen to nucleate near the main cluster. Another
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Fig. 8 2D projections of

the cracks at the gauge

section of the sample loaded

at 141 MPa after 80, 113,

151 and 178 min of

exposure. 3D views of the

cracks have also been

included for the snapshots at

151 and 178 min. Internal

cracks have been coloured

black and surface cracks

have been coloured green

crack (8) can be seen to nucleate at a distance along

the tensile axis of about 1 mm from the other cracks.

3. 199 min crack 9 was found to nucleate near the

main cluster. The crack growth of cracks 1–8 accel-

erated rapidly and the area of crack 1 doubled.

Additionally, the crack mouth opening displace-

ment (CMOD) was seen to widen notably for all

cracks. Particularly for crack 1, the CMOD dou-

bled from 0.07 to 0.14 mm between the snapshots

after 160 to 199 min of exposure. Despite the prox-

imity of most cracks, no coalescence was visible at

this stage.

Cylindrical projections of the cracks in the 141 MPa

sample after an exposure time of 160 min are shown in

Fig. 9b, together with the position of the crack centres.

The cracks labelled 1–7 are in close proximity to each

other. However, the clustered cracks are not coplanar.

Most cracks nucleate on a line at an angle of about

30◦ from the ST plane. Cracks nucleated sequentially

at different grain boundaries which were presumably

more prone to crack nucleation. However, it is unclear

why the largest cracks formed specifically along 30◦

lines. As cracks were not coplanar and cracking occurs

preferentially along the short transverse plane, no crack

coalescence was visible in the early stages of cracking.

For the 184 MPa sample, most of the intergranular

cracks also appear to be adjacent at the fracture surface.

Cylindrical projections of the fracture surface cracks

in the 184 MPa sample are shown in Fig. 10b together

with 3D snapshots at different exposure times in Fig.

10c–e. From the cylindrical projections of the cracks,

regression lines were overlaid along the crack centres
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(a) (b)

(c)

Fig. 9 a SEM fractograph of the sample subjected to 141 MPa

with several outlined and labelled intergranular cracks. b Cylin-

drical projection of the labelled cracks after 160 min of environ-

mental exposure, showing the crack centres. Linear regressions

for the position of the crack centres are shown between cracks

2–5 and 5–7. c 3D view of the labelled cracks after 140, 160 and

199 min of environmental exposure

of cracks 1, 9–11 and cracks 2–7. Similar to the 141

MPa sample, the regression lines show that the cracks

nucleate at angles ranging between 22◦ and 36◦ from

the short transverse plane relative to each other. As a

result, fracture surface cracks in both samples appear

to nucleate along a helix around the quasi-cylindrical

sample surface. This is particularly evident for cracks

2–7 in the 184 MPa sample.

From the snapshots (Fig. 10c–e), the fracture sur-

face cracks were found to nucleate earlier in the 184

MPa sample. After 135 min, 9 out of the 11 fractures

surface cracks had nucleated in the 184 MPa sample,

compared to 5 out of 9 in the 141 MPa sample. After

150 min of exposure, all of the cracks present in the 184

MPa sample grew at similar rates. This is in contrast to

the 141 MPa sample, where a single crack dominated

fracture. After 166 min, the coplanar cracks in the 184

MPa sample were found to coalesce prior to fracture

(cracks 8–9 and 10–11).

3.3 Crack growth rates

The fractured area is defined as the projected area on

the ST plane, not the true 3D crack surface. Figure 12a

shows the evolution of the fractured area in each sample

as a function of time. The fractured area is presented
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Fig. 10 a SEM fractograph of the sample subjected to 184 MPa

with several outlined and labelled intergranular cracks. b Cylin-

drical projection of the labelled cracks after 150 min of environ-

mental exposure, showing the crack centres. Linear regressions

for the position of the crack centres are shown between cracks

2–7 and 1, 9–11. c 3D view of the labelled cracks after 135, 150

and 166 min of environmental exposure

Fig. 11 Matching fracture

surface images showing a

ductile overload region of

the sample loaded at 141

MPa. Different features

have been labelled

including: MVC microvoid

coalescence, cleavage a flat

region showing cleavage

and no constituent particles,

Al–Cu–Fe a stringer

opposite the ‘cleavage’

labelled region in the

matching fracture surface,

IG an intergranular region,

step steps linking regions at

different heights
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(a)

(b)

(c)

Fig. 12 a Semi-log plot showing the fractured area fraction

(AF/A) of the 141 and 184 MPa samples with time. b A plot

of the lateral growth rate of the fractured area for both samples.

The crack growth rate of crack 1 for the 141 MPa sample was

also included. c A plot of the lateral growth rate for crack 8 in

the 141 MPa sample and cracks 2–4 in the 184 MPa sample

(a)

(b)

Fig. 13 The portion of the fractured area corresponding to each

crack (Ai /AF ) for a the 141 MPa sample and b the 184 MPa

sample. The largest crack in each sample has been highlighted

for comparison

as the ratio AF/A, where AF is the fractured area and

A is the cross-sectional area of the samples (π d̄2/4).

Additionally, Fig. 13 shows the portion of the fracture

surface area constituted by each individual crack. This

was calculated as the ratio Ai/AF , where Ai is the

cross sectional area of the i th crack. The largest cracks

in each sample (cracks 1 and 9 for the 141 MPa and the

184 MPa samples respectively) have been highlighted

for comparison.

Linear regression lines were drawn in the semi-log

plot in Fig. 12a to highlight the exponential growth of

the fractured area fraction after exposures of 100 min.

The fractured area for the 141 MPa sample grew expo-

nentially over an extended period of time. However,

for the 184 MPa sample this was only true during the

cracking period between 100 and 150 min of exposure.

Similar to the volume increase of cracks, the regression

lines for the fractured area fractions were fit using the

equation

AF/A = A0ebt , (3)

where A0 is a pre-exponential constant and b is the

exponential coefficient. The values of b obtained for

the 141 and 184 MPa samples were 0.023 and 0.049

min−1 respectively, indicating faster growth in the 184

MPa sample during the exponential growth stage. How-

ever, during the initial stages (up until an exposure of

135 min), the cracked fraction was greater for the 141

MPa sample. This initial growth is clearly dominated by

crack 1 (Fig. 13a). For example, after 129 min, crack 1

accounts for 70% of the fractured area for the 141 MPa

sample. In contrast, Ai/AF for crack 9 in the 184 MPa

sample peaks at only 35% after 135 min (Fig. 13b).

The growth rate of the fracture surfaces were

extracted from the rate of change of the curves in Fig.

12a. These growth rates are shown in Fig. 12b. The frac-

ture surface growth rate for the 184 MPa sample dis-

plays a monotonic increase with time, up until an expo-

sure time of about 170 min. In contrast, the growth rate

curve for the 141 MPa sample exhibits greater noise.

The growth rate curve of the 141 MPa sample is more

evidently affected by the growth of the largest crack.

This results in dips occurring at the time intervals of

104–121 min, 151–168 min and after an exposure of

178 min. This variability in the growth rates implies a

dependence on: (i) the growth of other cracks, due to a

relaxation from the nominal stress of the sample, (ii) the

interaction with nearby cracks, causing crack shielding

or coalescence, and (iii) the microstructure. The influ-

ence of the microstructure is more closely analysed in

the following section.

The fracture surface growth rate in the 184 MPa

sample follows an exponential increase without dis-

playing much variability. The growth rate of the largest

crack (9) was found to remain constant at a value of

about 14 µm2/s, after an exposure of 118 min. It can

be concluded that the reduced variability in the 184
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MPa sample can be attributed to the dependence of the

fracture surface area on multiple cracks rather than a

single dominating crack.

3.4 Correlating crack growth with fracture surfaces

The projections of the cracks obtained from the 3D

snapshots were overlaid onto SEM images of the final

fracture surfaces and marked with the exposure time

(Figs. 14-17).

Fractographs of the dominating crack 1 (141 MPa)

are shown in Fig. 14. The crack can be seen to nucle-

ate and subsequently grow along a long grain boundary

(outlined in Fig. 14a as i). From Fig. 12b, it can be seen

that the growth rate of this crack did not increase mono-

tonically with time, with three distinct drops occur-

ring after exposures of about (i) 120 min, (ii) 155 min,

and (iii) 195 min. The first and second hindrances are

linked with the crack front running into the triple junc-

tions labelled as (i) and (ii) in Fig. 14a. Further, the

triple boundary labelled as (i) can be seen to contain

a 100 µm long Al–Cu–Fe particle. The presence of

this particle also reduced the crack growth rate, as the

particle did not crack and formed a ligament visible

in the matching fracture surface (Fig. 14d). The influ-

ence of grain boundary triple junctions on crack growth

is consistent with previous microscopy observations

for AA7449-T7651 under static 4-point bending (De

Francisco et al. 2020). The acceleration of the crack

after 168 min coincided with the onset of transgran-

ular fracture, particularly visible in Fig. 14c. In addi-

tion to transgranular cracking, small regions containing

intergranular microvoid coalescence (IGMVC) can be

seen after extended growth, together with large voids

at the location of coarse constituent particles. The final

decrease in the crack growth rate after 195 min can be

linked to various phenomena. The crack front after 209

min can be seen to approach crack 2 (left) and crack 9

(right). Thus, crack shielding is likely to impede further

crack growth around the circumference until coales-

cence. Additionally, a recrystallised grain can be seen

to detach almost completely from the fracture surface

(Fig. 14c), revealing the bifurcation of the crack at this

location. The competing growth of the crack on both

sides was also likely to reduce the growth rate. Finally,

the sample stress relaxation due to the increased growth

of other cracks can also be considered to contribute to

this final drop.

Matching fractographs of crack 8 (141 MPa) are

shown in Fig. 15. The crack growth rate of this crack

is shown in Fig. 12c. The first SEM image shows the

evolution of the crack front and the other illustrates

the grain boundary triple junctions. The crack initiated

after approximately 140 min at the location of a coarse

Al–Cu–Fe particle. Initial growth, until an exposure of

178 min, was slow (2 µm2/s) and was contained within

a small grain boundary. As the crack propagated beyond

this grain boundary, crack growth accelerated rapidly

to about 5 µm2/s (labelled as (iii)). Cracking contin-

ued along the interface of a recrystallised grain. After

propagating past this recrystallised grain, at about 209

min, the cracking mechanism changed from intergran-

ular to predominantly transgranular. In comparison to

crack 1, crack growth was much slower, not exceeding

7 µm2/s. This can be associated with the large delay in

crack formation, as well as the smaller size of the grain

boundary at which the crack initiated. Additionally, the

lateral growth of the crack was hampered on one side,

where a ligament has been labelled.

Figure 16 shows SEM fractographs of several cracks

in the 141 MPa sample including cracks (a) 2–3 and (b)

4–7. It is evident from the crack fronts at 199 min in Fig.

16a, b, that crack shielding reduced the crack growth of

several nearby cracks. For example, the crack profiles

after 199 min of cracks 1–5 and cracks 6–7 are at a

lateral distance from each other of less than 10 µm.

However, since these cracks were not coplanar (Fig.

9), coalescence did not occur even after 209 min of

exposure. The growth of crack 5 after 199 min can be

seen to occur radially into the sample, with striations

indicating ductile fracture.

Several intergranular cracks in the 184 MPa sample

have been displayed in Fig. 17. The crack growth rates

of cracks 2–4 (Figs. 12c and 17d–e) can be seen to

steady out in the interval between 166 and 181 min.

As with the cracks in the 141 MPa sample, this can

be attributed to the proximity of the cracks resulting

in crack shielding. Further, cracks 1,3,4,6 and 8 can

be seen to display significant ductility in the form of

white striations at intergranular surfaces. These ductile

intergranular surfaces occur after an exposure time of

181 min. This reveals a gradual transition from brittle

intergranular to ductile intergranular cracking, and then

transgranular cracking prior to the final coalescence of

cracks and overload.

A previous investigation suggested that cracks nucle-

ated preferentially at coarse intermetallic particles and
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Fig. 14 SEM fractographs of crack 1 for the 141 MPa sample. a

and d Matching fracture surface images. b And c Close up images

of the regions labelled as ‘B’ and ‘C’ in a. In image a, the crack

profiles at different times have been overlaid and labelled with

the exposure time in minutes. Additionally, two grain boundary

triple junctions (i) and (ii) have been outlined. Different fea-

tures have been labelled including: recrystallised grains (RG),

the presence of intergranular microvoid coalescence (IGMVC),

Al–Cu–Fe constituent particles and the onset of transgranular

fracture from intergranular cracks

Fig. 15 SEM fractographs

of crack 8 for the 141 MPa

sample. The crack profiles

at different times have been

overlaid and labelled with

the exposure time in

minutes. Grain boundary

triple junctions have been

outlined with white lines.

Different features have been

labelled including:

recrystallised grains (RG),

Al–Cu–Fe constituent

particles and the onset of

transgranular fracture from

intergranular cracks. The

regions labelled as RG

denote the whole area

enclosed by white lines
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Fig. 16 SEM fractographs of cracks a 2 (top) and 3 (bottom) and

b 4–7 (left to right) for the 141 MPa sample. c Close-up of the

region labelled as ‘C’. The crack profiles at different times have

been overlaid and labelled with the exposure time in minutes.

Different features have been labelled including: recrystallised

grains (RG), Al–Cu–Fe constituent particles and ductile fracture

at the interface of recrystallised grains (De Francisco

et al. 2020). In this case, 4 out of 9 fracture surface

cracks nucleated at coarse Al–Cu–Fe stringers (cracks

2, 5, 7, 8) for the 141 MPa sample. However, only

cracks 3 and 8 were found to nucleate at coarse inter-

metallic particles for the 184 MPa sample. Similarly,

4 out of 9 cracks originated at the interface of recrys-

tallised grains for the 141 MPa sample (cracks 5–8).

In contrast, for the 184 MPa sample, this portion was

greater of 8 out of 11 cracks (cracks 1–6, 9, 11). There-

fore, it is possible that the grain boundaries of recrys-

tallised grains are more sensitive to crack nucleation,

as a large fraction of the fracture surface cracks orig-

inated at these interfaces; despite recrystallised grains

constituting only about 11% of the bulk material.

The largest cracks in the 141 MPa and 184 MPa sam-

ples were cracks 1 and 9 respectively. These are shown

in Figs. 14 and 17g. In both cases, the cracks nucleate

at locations of the sample surface which are tangential

to the longitudinal direction. Additionally, these cracks

can be seen to have large aspect ratios, with a greater

size along the longitudinal axis. Therefore, these cracks

propagate more easily around the sample surface than

radially. In contrast, crack 4 in the 141 MPa sample

and cracks 1 and 6 in the 184 MPa sample appeared

at positions along the sample surface tangential to the

transverse axis. In contrast to the largest cracks, which

formed tangential to the longitudinal axis, the growth

of these cracks was not predominantly along the sample

surface.

3.5 Onset of transgranular fracture

The onset of transgranular growth resembles a change

in the main HEAC propagation mechanism after

extended exposure and crack growth. Therefore, it is

useful to determine the mode I stress intensity fac-

tor (K I ) at the onset of transgranular crack growth.

This can elucidate whether an increase in this param-

eter is responsible for transgranular cracking. The

mode I stress intensity factor can be estimated using

the finite element solution of circumferential semi-

elliptical cracks in rods obtained by Raju and Newman

(1986). In this case, K I is given by Raju and Newman

(1986)

K I = σt

√

π
a

Q
F, (4)

where σt is the remote uniform tensile stress, a is the

depth of the surface crack, F is the stress–intensity

boundary correction factor and Q is the shape factor for

the elliptical crack given by Raju and Newman (1986)

Q = 1 + 1.464(a/c)1.65 for a/c ≤ 1, (5)
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Fig. 17 SEM fractographs of the sample subjected to 184 MPa.

The fractographs show cracks: a and b 1, c 10–11, d 2–4, e 2–3, f

6 and g 8-9. The crack profiles at different times have been over-

laid and labelled with the exposure time in minutes. Different

features have been labelled including: recrystallised grains (RG)

and Al–Cu–Fe constituent particles

123



110 U. De Francisco et al.

Fig. 18 Diagram showing the estimation of a and c for crack 1

(141 MPa sample), just before the onset of transgranular fracture

(178 min of exposure time)

where c is the half-arc length of the surface crack.

It must be noted that this solution is an overestimate

for the given experimental setup. K I is calculated by

assuming a constant remote tensile stress, σt . However,

in displacement control, sample relaxation due to the

nucleation and growth of cracks, will cause a drop in the

remote tensile stress. Further, the existence of nearby

cracks can influence the stress field at the crack tip.

Crack 1 in the 141 MPa sample was deemed the

best to calculate K I at the onset of transgranular crack

growth. This is because crack 1 was the largest and the

first to display transgranular cracking, after an expo-

sure time of 178 min. Additionally, the 141 MPa sam-

ple contained fewer cracks, minimising the uncertainty

due to stress relaxation and the interaction with other

cracks. The crack depth and half-arc length at the onset

of transgranular cracking have been shown in Fig. 18.

Two points have been labelled ‘A’ and ‘B’, representing

the locations at the centre and at the sample surface of

the crack front.

Table 4 shows an estimate of K I at point ‘A’, where

transgranular cracking initiated. The variables used to

calculate K I are also shown, including the geometri-

cal parameters and the stress–intensity boundary cor-

rection factor, F , at ‘A’ and ‘B’. The values of F were

interpolated from the tables provided by Raju and New-

man using the geometrical ratios a/c and a/d (d is the

sample diameter). K I prior to transgranular fracture

was estimated as 2.8 MPa
√

m. It must be noted that at

the onset of transgranular growth, the crack continues

predominantly along an intergranular fracture path.

4 Discussion

4.1 Fracture behaviour

Two tensile samples of AA7449-T7651 were initially

loaded at 141 and 184 MPa. HEAC of the samples was

surveyed using in situ µCT till fracture. The fracture

process of the tensile samples can be summarised as

follows:

1. 0–100 min (nucleation) many small cracks nucle-

ated at the interior and surface of the samples.

Within 100 min of exposure, around 30 cracks

nucleated within the gauge volume of both sam-

ples (approximately 1.5 mm3).

2. 100–180 min (exponential growth) at this time, the

total number of cracks in both samples increased

to 85 and 155 for the 141 and 184 MPa sam-

ples respectively. Some small cracks were found to

nucleate near the exterior and subsequently reach

the sample surface. For most cracks, growth due

to intergranular HEAC was limited. However, the

volume of several surface cracks grew exponen-

tially and dominated. The growth rates of the largest

cracks in both samples were very similar.

3. > 180 min (onset of transgranular growth) the

cracking mechanism started to shift to a trans-

granular mode. For the dominating crack in the

141 MPa sample, the stress intensity factor at the

onset of transgranular growth was estimated as 2.8

MPa
√

m. Additionally, crack shielding prevented

rapid crack growth of large intergranular cracks in

close proximity to each other. This was consistent

with findings from SSRT during environmentally

induced cracking of AA5083 (Gudla et al. 2020).

4. 240/200 min (141/184 MPa) (final fracture) Large

surface cracks coalesced, resulting in a sudden

reduction of the effective cross-sectional area of

the samples. The abrupt increase in the true stress

caused the samples to overload and fracture from

ductile tearing. This occurred preferentially at grain

boundaries containing Al–Cu–Fe particles.

4.2 Recrystallised grains

Recrystallisation of 7xxx alloys is typically undesir-

able in order to maintain a high strength and toughness

(Robson and Prangnell 2002). In the case of AA7449-

T7651, the recrystallised fraction was estimated as 11%
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Table 4 Crack geometry and stress intensity factor for crack 1 (141 MPa sample), just before the onset of transgranular fracture

Time (min) σt (MPa) a (µm) c (µm) a/c a/d Q FA FB K I (MPa
√

m)

178 141 202 478 0.85 0.20 2.12 1.13 1.20 2.8

The stress intensity factor was computed using FA, given that the onset of transgranular fracture initiated at location A

using optical microscopy. Most intergranular cracks

belonging to the fracture surfaces of the tensile samples

appeared at the interface of recrystallised grains (4 out

of 9 for the 141 MPa sample and 8 out of 11 for the 184

MPa sample). In a previous study using static 4-point

bend samples, cracks were also found to form prefer-

entially at the grain boundaries of recrystallised grains

(De Francisco et al. 2020). Therefore, it can be inferred

that the grain boundaries of recrystallised grains are

more sensitive to HEAC. The crack growth behaviour is

also affected by recrystallised grains. For example, sec-

ondary cracking and the bifurcation of cracks occur to

a greater degree at recrystallised grains (De Francisco

et al. 2020). Kannan and Raja performed HEAC SSRT

and static U-bend tests on a 7xxx alloy with and with-

out scandium (Sc) additions (Kannan and Raja 2010).

Sc additions are used to prevent the recrystallisation of

grains in the alloy (Riddle and Sanders 2004). The alloy

without Sc was found to be more sensitive to HEAC,

with clear brittle intergranular fracture occurring pref-

erentially at the interface of recrystallised grains (Kan-

nan and Raja 2010). The grain boundary precipitates

were found to be distributed discontinuously for the

non-recrystallised grains. This was suggested to cause

the improvement in the HEAC resistance.

4.3 Sub-surface cracking

For both samples investigated, cracks were observed

to nucleate throughout the volume with no preference

for surface cracking. Therefore, it is likely that hydro-

gen diffused rapidly to the centre of the sample. All of

the cracks belonging to the fracture surface were found

to initiate at, or close to, the surface. This was associ-

ated to the faster growth of surface cracks and not the

preferential formation of cracks at the surface.

Subsurface cracking was also observed in previous

experiments by the authors using static 4-point bend

tests on AA7449-T7651 and AA7075-T651 (De Fran-

cisco et al. 2020). At least 70% of the cracks in the

4-point bend samples were found to nucleate subsur-

face. This is unexpected, given that HEAC is expected

to occur at locations with a high tensile stress; implying

that crack growth should be facilitated at the maximum

tension surface. Moreover, subsurface cracks in the 4-

point bend samples could grow to macroscopic sizes

without surfacing. Therefore, the geometry of the sam-

ples can be assumed to affect the diffusion of hydrogen

due to differences in the hydrostatic stress gradients

(Brocks et al. 2012; Martínez-Pañeda et al. 2016).

4.4 Crack initiation at intermetallic particles

Particles in 7xxx series aluminium have been associ-

ated with pits formed via multiple mechanisms (Tsai

and Chuang 1996; Birbilis and Buchheit 2005; Hol-

royd and Scamans 2013), however, in moist air, coarse

intermetallic phases are not seen to dissolve or cause

localised corrosion. From Figs. 14, 15, 16 and 17, the

fracture surfaces did not display any thick films or signs

of corrosion.

Previous 4-point bend samples by the authors

found that most cracks in AA7075-T651 and some in

AA7449-T7651 nucleated in the proximity of coarse

intermetallic particles (Mg2Si and Al–Cu–Fe stringers)

(De Francisco et al. 2020). Similarly, Schwarzenböck

et al. found that most cracks in static tensile samples

formed at coarse Cu and Fe rich intermetallic particles

near the sample surface (Schwarzenböck et al. 2020).

Al–Cu–Fe particles have also been established as crack

initiation sites of 7xxx alloys under other loading con-

ditions. For example, Payne et al. found that Al7Cu2Fe

and Mg2Si particles in AA7075 were prone to crack-

ing and initiating cracks during fatigue (Payne et al.

2010). Al–Cu–Fe particles close to the surface were

also found to be responsible for crack initiation of

AA7150 modified to contain high amounts of Zn and

absorbed hydrogen during monotonic tensile loading

(Bhuiyan et al. 2016). In this report, 4 out of 9 and 2 out

of 11 fracture surface cracks nucleated at coarse inter-

metallic particles for the samples loaded at 141 and 184

MPa respectively. Therefore, cracks do not necessarily

form at intermetallic particles for AA7449-T7651 sub-
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jected to a low stress. At low stress, coarse particles are

unlikely to crack. However, the stress concentration and

enhanced hydrogen trapping due to lattice distortions

at the particle–matrix interface may cause some cracks

to nucleate.

4.5 Delay in crack formation and fracture

Even though the samples of AA7449-T7651 were sub-

jected to a low initial stress (28% and 37% of yield),

many cracks nucleated both internally and superficially

after very short exposure times of less than 80 min.

Fracture also occurred rapidly, within 240 min of expo-

sure for both samples. In contrast, the formation of large

cracks (at least 5 mm long) in smooth 4-point bend sam-

ples of the same material under similar environmental

conditions, took more than 700 h (42,000 min) when

loaded at 200 MPa (40% of yield) (De Francisco et al.

2020). Thus, there is a large discrepancy in the time

to failure between the small tensile samples and the 4-

point bend samples. This is partly as a consequence of

the small cross-section of the tensile samples. This is

evident by the presence of large overload regions in the

fracture surfaces of both tensile samples. The coales-

cence of multiple surface cracks was made possible by

the reduced cross-section after extended exposure and

resulted in slanted fracture surfaces from cracks which

were not coplanar. Additionally, the tensile samples are

much more sensitive to HEAC, as they do not have

a region subjected to compressive stresses. Finally, it

must be noted that the use of a KCl salt solution to

obtain constant relative humidity conditions in the ten-

sile rig results in the presence of HCl gas in the enclo-

sure (Opila et al. 1989). The presence of chloride ions

in the gaseous environment may therefore accelerate

surface reaction rates and promote hydrogen absorp-

tion.

4.6 Preferential growth of surface cracks

The rapid lateral growth and volume increase of sur-

face cracks relative to internal ones can be ascribed

to two main reasons: a greater crack opening, and the

direct environmental exposure at the fracture surface.

For surface cracks, the presence of a free lateral sur-

face allows for a wider crack opening, thus increasing

the crack volume. Additionally, a wider crack opening

ensues an increase in the stress intensity factor, K I ,

at the crack edge (Levan and Royer 1993). K I at the

onset of transgranular crack growth was estimated as

2.8 MPa
√

m. From a previous paper, the onset of stage

II cracking for AA7449-T7651 exposed to moist air at

80◦C was found to be approximately 8.3 MPa
√

m (De

Francisco et al. 2021). This implies that intergranular

HEAC in the tensile samples took place in the highly

K I -dependent stage I. Therefore, a higher stress inten-

sity factor due to a wider opening can be assumed to

increase the lateral growth rates of surface cracks. This

is consistent with the increasing lateral growth rates

and the exponential volume increase of surface cracks

with time.

The direct exposure of surface cracks also enhances

the evolution of atomic hydrogen near the crack tip. The

newly created fracture surfaces with a direct exposure

do not initially have a passive oxide/hydroxide layer

(Young and Scully 2002). Therefore, surface reactions

may initially occur rapidly, resulting in high hydrogen

concentrations at the crack surfaces. Additionally, it

is possible that high stresses may cause the passive

layer to rupture at the crack tip, following the film

rupture model (Anderson 2017). Therefore, hydrogen

may be preferentially absorbed at the crack tip region.

This hydrogen only needs to diffuse a short distance

to reach the fracture process zone, further reducing the

total delay in accumulating critical hydrogen concen-

trations.

4.7 Effect of microstructure on crack growth

Gudla et al. suggested a sequence for environmen-

tally induced cracking with six steps: precursor, incu-

bation, nucleation, crack growth of cracks suscepti-

ble to arrest, sustained crack propagation and final

fracture (Gudla et al. 2020). In this case, the precur-

sor stage involves loading the sample in tension and

increasing the temperature and moisture in the envi-

ronment to enable cracking. The incubation period

comprises the transport of hydrogen accumulating at

critically stressed grain boundaries. After nucleation,

short cracks are affected appreciably by microstructural

obstacles. After extended crack growth, microstruc-

tural obstacles are small relative to the cracks and

the stress intensity factor increases. Therefore, cracks

enter the sustained crack growth stage. This sequence

is consistent with the crack growth rates, which were
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Fig. 19 Diagrams illustrating four different possibilities for

crack propagation after encountering triple junctions

found to increase progressively with time. In this case,

the sustained crack growth stage was characterised by

localised ductility in the form of ductile intergranular

and transgranular fracture at high K I .

Different microstructural features were found to be

responsible for delaying crack growth during microstruc-

turally short cracking. As intergranular cracks nucle-

ated and grew along grain boundaries, the size, shape

and arrangement of grains had a strong influence on

the crack growth rates. Grain boundary triple junctions

were found to obstruct crack growth. Figure 19 shows

four different possibilities for the behaviour of cracks

approaching triple junctions:

a. The crack growth rate decreases as a crack approaches

triple junctions of coplanar grain boundaries. As the

crack propagates beyond the triple junction, crack

growth accelerates along the new grain boundary.

Two clear examples are the triple junctions labelled

as (i) and (iii) in Figs. 14a and 15a.

b. As a crack intersects with a triple junction where

the crack can propagate along two branches (

Y

-

shaped), the crack will preferentially propagate

along the grain boundary which is most perpen-

dicular to the tensile loading direction. However,

in some cases a bifurcation occurs and the crack

branches along both grain boundaries. This has

been seen to occur particularly at recrystallised

grains, which are more sensitive to HEAC. An

example of a detached recrystallised grain due to

crack branching is shown in Fig. 14c.

c. During sustained crack growth, some cracks con-

tinue via a transgranular path after encounter-

ing unfavourable triple junctions where the new

grain boundaries deviate from the main propaga-

tion plane (normal to the tensile axis). This may

only occur for cracks with a high K I .

d. Alternatively, cracks may arrest completely at

unfavourable triple junctions. These are triple junc-

tions where the crack approaches grain boundaries

with a low resolved normal tensile stress (De Fran-

cisco et al. 2020). The stress field near the crack

tip may subsequently cause another crack to nucle-

ate at a nearby grain boundary with a high resolved

normal stress. Consequently, cracks due to HEAC

in 7xxx alloys are really composed of colonies of

coplanar cracks which branch and coalesce (Bur-

nett et al. 2015). In this case, the tensile sam-

ples with a 1 mm gauge section were too small

to observe this kind of behaviour. However, the

fracture surface cracks were found to nucleate in

clusters at an angle ranging between 22◦ and 36◦

from each other. This could be attributed to this

phenomenon, rather than cracks nucleating inde-

pendently.

In both samples, the largest cracks were found to

initiate at the sample surface, tangential to the longitu-

dinal direction. This can be attributed to the combined

effect of a large free surface and a long grain size along

the longitudinal direction. This resulted in cracks with

a large aspect ratio, growing mainly around the sample

circumference.

5 Conclusion

This study investigated crack initiation and microstruc-

turally short cracking of AA7449-T7651 during sus-

tained loading in moist air of two samples subjected

to 141 and 184 MPa (28 and 37% of yield stress). In

situ µCT snapshots were combined with fractographic
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observations to correlate the fracture behaviour with the

microstructure. The main findings can be summarised

as:

1. Crack nucleation of both samples occurred within

80 min of exposure, indicating a short incubation

period.

2. After an exposure of 180 min, as many as 57 and

98 cracks/mm3 nucleated in the 141 and 184 MPa

samples respectively. The cracks appeared inter-

nally and at the sample surface. However, only

surface cracks grew rapidly and contributed to the

final fracture surfaces of both samples. This may

be attributed to the greater free lateral surface and

crack opening, as well as the direct environmental

exposure.

3. Crack initiation of both samples mostly took place

at the interface of recrystallised grains. Therefore,

the grain boundaries of recrystallised grains may

be more sensitive to HEAC than those of unrecrys-

tallised grains. This data is consistent with a previ-

ous investigation, where recrystallised grains were

also observed to be more susceptible to cracking

(De Francisco et al. 2020).

4. For both samples, only about a quarter of the cracks

contributing to the fracture surfaces nucleated at

coarse intermetallic particles.

5. Grain boundary triple junctions were identified as

an obstacle for crack growth during the microstruc-

turally short cracking stage.

6 Future work

The cracking behaviour and fracture rates during

HEAC can differ significantly between nominally iden-

tical samples subjected to equivalent loading condi-

tions (De Francisco et al. 2020; Schwarzenböck et al.

2020). This is due to the statistical nature of HEAC,

particularly during the crack initiation and microstruc-

turally short cracking stages. This variability is exacer-

bated by the use of small samples, where small differ-

ences in the microstructure can influence the cracking

behaviour significantly. In this study, only two sam-

ples have been investigated. Additionally, these sam-

ples have a thin 1 mm gauge section. Thus, the obser-

vations made in this study are insufficient to ascertain

whether the trends identified are definitive or could

represent an anomaly. To verify whether the influence

of triple junctions, inclusions, recrystallised grains and

the proximity of cracks to the surface described in this

report are accurate, duplicate tests on multiple sam-

ples are required to perform a statistical analysis. How-

ever, the observations regarding the influence of triple

junctions and recrystallised grains are consistent with

a previous extensive investigation (De Francisco et al.

2020).

Due to the thin 1 mm gauge section of the sam-

ples, ductile overload occurred after a short period of

time. Consequently, intergranular cracks did not grow

beyond a size of 650 µm. Therefore, it is recommended

that thicker samples are used in the future to allow for

the propagation of longer intergranular cracks. This can

allow for the observation of crack segmentation at a

meso-scale, as well as minimising the statistical vari-

ability inherent of small samples. The P07 high energy

material science beamline used in this study has the

capability of imaging thicker samples while maintain-

ing the same resolution.
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