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Abstract

Aluminium alloy 6061-T6 (AA6061-T6) shows a promising potential for cryogenic structural applications. This alloy exhibits
remarkable monotonic tensile properties at low temperatures. However, there is a limited number of studies on the cryogenic
deformation behaviour. In this study, both monotonic and cyclic loading were conducted, and various microstructure char-
acterisation techniques were performed to understand influence of cryogenic temperatures on microstructure evolution and
deformation behaviour of this alloy. At cryogenic temperatures, the aluminium alloy exhibited superior mechanical proper-
ties over those at room temperature. Yield stress, UTS and elongation at failure increased by 18%, 33%, and 53% at 77 K
compared to those at room temperature. Such increase in mechanical properties was attributed by the stronger resistance to
dislocation movement due to the reduced thermal assistance. Work hardening rate also increased as dynamic recovery was
suppressed at lower temperatures. As a result, a high density of dislocations was evenly distributed within grain interior and
led to a homogeneous deformation. The test temperature appeared to have a significant influence on fatigue performance;
maximum stress response increased by 23% at 108 K with respect to those at room temperature. During cyclic loading, a high
number of dislocations was generated to accommodate prescribed strain because of the resistance to dislocation movement
including the pinning of dislocations by f’* precipitates which are known to be sheared at room temperature. Thus, the alloy
exhibited an enhanced cyclic hardening behaviour without a noticeable cyclic softening phase. Fatigue life improved by
143% at 108 K with respect to that at room temperature as the homogeneous deformation prohibited localised slip activity
and delayed formation of slip bands which act as crack initiation sites. Moreover, the initiation and propagation of secondary
cracks at 108 K retarded the propagation of main crack to improve fatigue life.
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1 Introduction

In the recent decade, the replacement of carbon-based
fossil fuels has been a crucial issue considering the seri-
ous climate change crisis. In order to overcome the crisis,
hydrogen has been recognised as a sustainable alternative
energy source thanks to its abundant availability and zero
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emission characteristic [1, 2]. In particular, liquid hydrogen
has been considered as it exhibits a high transportation effi-
ciency owing to a high storage density. Importantly, liquid
hydrogen can be stored at an atmospheric pressure, which
allows to maintain a higher degree of safety in compari-
son to the gaseous hydrogen stored at a high-pressure [3].
Hydrogen liquefies at an extremely low temperature of 20 K,
and application of alloy components at cryogenic conditions
poses a challenge in material selection. The material should
be able to withstand extremely low temperatures without
embrittlement while maintaining good strength and fracture
toughness.

For cryogenic applications, aluminium alloys have
received a significant interest as a potential candidate owing
to their good strength-to-weight ratio. In the recent decades,
an extensive number of studies have reported that aluminium
alloys exhibit enhanced tensile properties at cryogenic tem-
peratures [4—13]. Furthermore, aluminium alloys have been
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utilized for the cryogenic structural application such tanks
for liquefied natural gas (LNG) at 108 K [4-8]. Among vari-
ous aluminium alloys, AA6061-T6 is a precipitation harden-
ing alloy with a combination of good mechanical properties,
weldability, and formability [9, 14, 15]. The study by Park
et al. [8] showed that there was a significant increase in ten-
sile properties of AA 6061-T6 with decreasing temperatures;
yield stress and ultimate tensile strength (UTS) increased
by 16% and 20% at 110 K, respectively, compared to those
at room temperature. Magalhdes et al. [16] also reported
strong temperature dependent mechanical properties of the
AA 6061 (with no T6 artificial ageing). UTS increased by
56% at 77 K in comparison to that at room temperature,
and the elongation at fracture increased from 30 to 47% as
temperature decreased to 77 K. Such fascinating low tem-
perature mechanical properties indicate this alloy holds a
promising potential as a reliable structural alloy at cryogenic
conditions.

Despite the remarkable cryogenic tensile properties, there
is a limited number of studies is available on the cryogenic
deformation behaviour of this alloy [8, 9, 16]. Understanding
cryogenic deformation behaviour especially fatigue behav-
iour is important as most of mechanical systems operate
under cyclic loading conditions, and most of the failures
of the systems were associated with cyclic plasticity and
fatigue damage [17-19]. This suggests a need for the study
focusing on the cryogenic deformation behaviour and fatigue
properties of this alloy. There are some preceding studies
on cryogenic fatigue behaviour of aluminium alloys with
different chemical compositions (e.g., AA5083 and Al-Li
alloys) are available [20-23]. These studies on AA5083 and
Al-Li alloys [21-23] mainly focused on the investigation of
fracture surfaces to analyse fracture mechanisms after cryo-
genic fatigue test, except for the research of Xu et al. [20]
which represented a detailed observation on microstructure
evolution in Al-Li alloy (Al 8090-T6). The author reported
that the decrease of test temperature increases the fatigue
strength by changing the deformation mode. The fracture
at liquid nitrogen temperature exhibited deeper and larger
numbers of delaminations which seem to disperse the strain
concentration, leading to the shear deformation localisa-
tion. The dislocation behaviour changed from inhomoge-
neous planar slip to homogeneous distribution in grains
with decreasing temperature, contributing to the improved
fatigue performances at cryogenic temperatures. However,
to the author’s knowledge, the study concerning the fatigue
properties of the current AA6061-T6 under cryogenic con-
ditions is very limited. Especially, investigation on cyclic
plasticity (i.e., cyclic softening and hardening) in terms of
microstructures including crystallographic analysis and the
dislocation behaviour in precipitation hardened AA6061-T6
alloy at cryogenic conditions is still lacking. Therefore, the
aim of this study is to provide an in-depth understanding
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on microstructure evolution and both monotonic and cyclic
deformation behaviour at cryogenic temperatures to recog-
nise the potential of the aluminium alloy. The current study
was conducted at two well-known cryogenic conditions, lig-
uefied natural gas (108 K) and liquid nitrogen (77 K) tem-
peratures, prior at the liquid hydrogen temperature (20 K).
However, as mentioned in the first paragraph, the authors are
also aware of the significance of liquid hydrogen. Hence, a
subsequent study is currently in progress investigating the
mechanical performances and microstructural evolution of
the current alloy at 20 K. Ultimately, the collection experi-
mental results of the current study and the following study
can establish a database of the current alloy, verifying its
reliability over a wide range of cryogenic temperatures.

2 Experimental
2.1 Materials and Heat Treatment Process

The material used for this study was a commercial alu-
minium alloy 6061 (Al-Mg—Si) sheet with a thickness of
15 mm. The chemical composition (wt%) of the aluminium
alloy is given in Table 1. The aluminium sheet was heat
treated according to T6 Temper process presented in Fig. 1.
The aluminium sheet was solution treated at 793 K (520 °C)
for 1 h followed by water quenching, then artificially aged at
453 K (180 °C) for 8 h and air cooled.

2.2 Microstructure characterisation

Fractography of tensile tested and fatigued specimens were
carried using JEOL 7100F scanning electron microscope
(SEM). For EBSD analysis, the tensile tested specimens
were cut along their longitudinal axis, which corresponds to
the loading direction. Phases of AA6061-T6 were identified
using X-ray diffraction analysis (XRD, D/Max-2500, Rigaku
Co., USA, radiation Cu Ko, wavelength 1.5406 10\, scan rate
5° min~"). The specimens ground using silica grit papers
(500, 1200, 2400, 4000), and polished in an OP-S solu-
tion with 0.4 for electron backscattered diffraction (EBSD)
analysis. EBSD analyses were performed using a Hitachi
SU-6600 SEM equipped with a Field Emission Gun (FEG)
electron source and a voltage of 20 kV. EBSD analyses were
set at a step size of 0.3 um per pixel and grain boundaries
were defined at a misorientation larger than 5°. Discs with a
diameter of 3 mm were prepared from the gauge parts of the
fatigued specimens. The discs were electrochemically pol-
ished at 30 V and — 30 °C using a twin-jet Struers Tenupol
in an electrolyte consisting of 30% nitric acid in methanol
for transmission electron microscopy (TEM) investigation.
Bright field (BF) TEM analysis was conducted using JEOL
2100F at voltages of 100 eV and 200 eV.
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2.3 Mechanical Testing

Cylindrical dog bone specimens were prepared from the as-
received AA6061-T6 sheet with for tensile tests in accord-
ance with ASTM ES8 standard (gauge length of 25 mm, par-
allel to rolling direction). Tensile tests were performed at
three different temperatures (room temperature (RT), 108 K
and 77 K) with a strain rate of 10~ s~!. The tensile tests were
conducted three times at each temperature condition. Strain-
controlled fatigue tests were conducted at a strain ampli-
tude of +0.5% (R=0.01, 0.1 Hz). The fatigue tests were
conducted at two different temperature conditions: room
temperature (RT) and 108 K. The lowest temperature that
could be during fatigue test was 108 K due to limitations in
test machine specifications, and 108 K was maintained by
controlling input amount of liquid nitrogen into chamber.
Fatigue life was defined at a number of cycles when maxi-
mum stress response dropped by 20% from a plateau region.

3 Results

3.1 Microstructural Characterization
and Mechanical Properties

Figure 2 shows as-received microstructure of aluminium
alloy 6061-T6 (Fig. 2). EBSD IPF and IQ map show grains
on normal direction (ND) plane are elongated towards
rolling direction (RD), and their average grain size was
310+ 50 pm (Fig. 2a). KAM map revealed volume fraction
of 48% has been recrystallised during solution treatment,
but some grains remained without recrystallisation with a
higher KAM value (Fig. 2b). Compressive stress during
extrusion of the AA6061 sheet resulted in grains elongated
along transverse direction (TD) as shown in RD plane
IPF + 1Q map. Their average grain size was 170 +34 pm
with a narrower width in comparison to those on the ND
plane. The volume fraction of recrystallisation was 29%.
Mechanical tests were conducted with the loading axis that
was parallel to the RD and gauge of specimens.

Figure 3 and Table 2 present monotonic tensile proper-
ties of AA6061-T6 at three different temperatures (RT,
108 K, and 77 K). Yield stress, ultimate tensile strength
(UTS), and elongation at failure of the aluminium alloy
increased significantly with decreasing temperature. The
yield stress, UTS and elongation increased by 18%, 33%,
and 53% at 77 K compared to those at room temperature.
Figure 4 shows true stress—strain curves (solid lines) and

corresponding work hardening rate curves (dashed lines)
of specimens tested at the three different temperatures.
The work hardening rate of the aluminium alloy increased
significantly with decreasing temperature. The true strain
value at the intersection between the tensile curve and the
work hardening curve represents percentage of a uniform
elongation [24]. The uniform elongation of the aluminium
alloy increased from 9 to 12% and 14% as temperature
decreased from RT to 108 K and 77 K, respectively.

Figure 5 shows the maximum stress responses of the
aluminium alloy during cyclic loading at RT and 108 K.
Cyclic hardening behaviour was observed regardless of
test temperature. At room temperature, specimens exhib-
ited a short cyclic hardening during the first 5 cycles, fol-
lowed by cyclic softening. On the other hand, a cyclic
hardening behaviour with a higher hardening rate contin-
ued up to the first 100th cycles at 108 K, followed by a
constant maximum stress response up to ~ 700th cycle with
no apparent cyclic softening stage. The test temperature
appeared to have a significant influence on fatigue perfor-
mance; maximum stress response increased by 23%, and
fatigue life improved by 143% at 108 K with respect to
those at room temperature (Table 3).

3.2 Fracture Surface Examination

Fractography of the specimens after tensile tests at the three
different temperatures (RT, 108 K, 77 K) (Fig. 6) shows
ductile dimples on fracture surfaces of the specimens, indi-
cating ductile fracture occurred regardless of the test tem-
peratures. Aluminium oxide inclusions were often observed
on the fracture surface of the specimens tested at the low
temperatures (108 K, 77 K) (indicated by white arrow shown
in Fig. 6¢ and e). Nevertheless, the aluminium oxide inclu-
sions were embedded in ductile dimple region without trace
of brittle cleavage fractureThis indicates that they work as
initiating sites of microvoids to form dimples on the frac-
ture surface at cryogenic temperatures [25]. Furthermore,
the improved ductility at cryogenic temperatures (Fig. 3 and
Table 2) despite the presence of the aluminium oxides also
suggests the influence of the oxides on fracture behaviour
was insignificant.

Fractography of the specimen fatigued at room tem-
perature show cracks initiated from the free surface of the
specimen with river patterns (Fig. 7a). The crack initiation
sites are indicated with yellow dashed circles, and five ini-
tiation sites were observed. The fracture surface was seen
to be transgranular with fatigue striations. The striations

Table 1 Chemical composition

N o Element Al Mg
of the aluminium alloy 6061-T6

Si Fe Cu Mn Cr Zn Ti

wt% Balance 1.02

0.5 0.33 0.21 0.085 0.14 0.009 0.013
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Fig.1 A schematic diagram of the T6 heat treatment procedure

became broader along crack propagation direction which
was towards the centre of the specimen (Fig. 7b—d). Ductile
dimples were found at the centre region (Fig. 7e), indicating
a ductile fracture occurred due to an overload by reduction
in load-bearing area with crack propagation.

Fracture surface of the specimen fatigued at 108 K
appeared to be similar to that at the room temperature. Crack
initiation sites with river patterns were observed at free sur-
face of the specimen fatigued at 108 K (Fig. 8a), and fracture
mode appeared to be transgranular. Aluminium oxide inclu-
sions were not observed at crack initiation sites, suggesting
their influence on fracture behaviour was negligible. Ductile
dimples were also present at overloaded region (Fig. 8b).
The significant difference at 108 K was presence of second-
ary cracks on the fracture surface, rather than the evolution
of striation (indicated by blue ellipsoids shown in Fig. 8c—e).
These secondary cracks were located along crack propaga-
tion direction and propagated in a direction perpendicular
to the primary crack propagation direction.

3.3 Microstructure Evolution After Deformation

Figure 9 shows the microstructures of the specimen after
tensile tests at room temperature and 77 K. Kernel Average
Misorientation (KAM) maps show GND density varied in
each grain within the same specimen. As demonstrated in
Fig. 2b, d, some grains remained without recrystallisation
after solution treatment (indicated by the black dashed lines
shown in Fig. 9a, b). The accumulation of the GNDs gen-
erated during the rolling and the GNDs generated during
tensile test resulted in a higher GND density in the non-
recrystallised grains in comparison to the recrystallised
grain. Hence, the line profile analysis was conducted along
the recrystallised grains to analyse only the GNDs gener-
ated during tensile tests. Figure 9a shows the KAM map
of the specimen tested at room temperature with the line
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profile analysis across a recrystallised grain (indicated by
the white dashed arrow shown in Fig. 9a). Figure 9¢ presents
misorientation (red curve) and KAM values (blue curve)
corresponding to the line profile analysis. A steep rise of
the red misorientation curve was seen at grain boundaries
(GBs), and blue KAM curve also reached a peak near GBs.
The high KAM values at GBs is associated with the strain
localisation due to dislocation pile up as GBs act as barri-
ers to gliding dislocations [26]. The noticeable increase in
dislocation density at GBs at room temperature suggest that
inhomogeneous plastic deformation occurred at GBs rather
than grain interior. On the other hand, the KAM map and
line profile analysis of the sample tested at 77 K showed a
different tendency in microstructure evolution (Fig. 9b). The
line profile analysis along the grains in the sample tested at
77 K showed rises of the blue KAM curve between GBs
(peaks of the red misorientation curves) (Fig. 9b), indicat-
ing there was a noticeable increase in dislocation density
within interior of the grains. Dislocations were distributed
homogeneously within grain interior at the cryogenic tem-
perature in comparison to that at room temperature (Fig. 9d).
Moreover, a slip trace along {111} planes (red lines shown
in Fig. 9e) suggests strain localisation developed within the
grain interior.

Figure 10 shows x-ray diffraction patterns of AA6061-T6
in as-received state, and after tensile tests at room tempera-
ture, 108 K and 77 K with diffraction peaks corresponding to
aluminium matrix. Dislocation density (p) was determined
from the XRD peak profiles using the Debye—Scherrer equa-
tion [27, 28]:

p=>s (1)
K1
- PcosO @

where D is the crystal size, K is a constant (0.9) [28], and
A is the wavelength of the incident X-ray (1.5406 A), pis
the fill width at half maximum (FWHM), and @ is the Bragg
angle of the major XRD peaks. The miller indices (hkl),
2-theta (26), FWHM, and dislocation density (p) along
the major diffraction peaks (111) and (200) are summa-
rised in Table 4. XRD was performed at least three times
for each specimen to ensure data reproducibility. The aver-
age dislocation density for the as-received state, and after
tensile tests at room temperature, 108 K and 77 K are
4.256+0.89x 10", 7.698 +:0.57 x 10", 8.004 +£0.29x 10",
and 8.361 +0.37 x 10'* m™2, respectively. This shows that
the dislocation density increased through the applied strain
during tensile test, and that the increase in elongation as the
test temperature decreases can further increase the disloca-
tion density. In the preceding study by Liu et al. [9], the
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Fig.2 As-received microstructure of AA6061-T6 specimens. a IPF and IQ map, and b KAM map with volume fraction of recrystallised grains
on ND plane. ¢ IPF and 1Q map, and d KAM map with volume fraction of recrystallised grains on RD plane
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Fig. 3 Monotonic tensile stress—strain curve of aluminium alloy
6061-T6 at the three different temperatures (RT, 108 K, 77 K)

Table2 Tensile properties of AA6061-T6 at room temperature,
108 K and 77 K

Condition  Yield stress (MPa)  Ultimate tensile Elongation
stress (UTS) (MPa) at failure
(%)
RT 238 +2 274 +1 15.5+0.3
108 K 268 +1 337+1 2015
77K 280+2 366+3 23.6+0.4

dislocation density increased by about 0.58 x 104 m~2 as the
rolling reduction ratio increased from 50 to 70% in a solution
treated 6061 alloy. In addition, in the study examining the
dislocation density during tensile test of 7020-T6 alloy, the
change in dislocation density according to tensile strain was
about 0.6 X 10'* m~2, which is similar to our observations
[29]. Therefore, it is believed that our results are reliable and
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Fig.5 Evolution of the maximum peak stresses of the AA6061-T6
specimens during cyclic loading at room temperature (RT) and 108 K

Table 3 Fatigue lives of

> Condition ~ Number of cycles
AA6061-T6 samples at room at 20% stress drop
temperature and 108 K
RT_#1 760
RT_#2 730
RT_#3 820

108 K_#1 1870
108 K_#2 1930
108 K_#3 1820

there is a clear difference in dislocation densities depending
on applied strain in different temperature.

Figure 11a—d are BF TEM images of dislocation structure
and active dislocation glide (Fig. 11a—c) in the specimen
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fatigued fractured at room temperature showing. Figure 11a
shows dislocations rearranged themselves to form a dislo-
cation wall with a thickness of ~0.2 um throughout cyclic
loadings. Dislocation walls were observed as the number
of cycles at room temperature was too short to form cell
structures. Glide of dislocations was dominant at room tem-
perature, suggesting dislocation slip was the main defor-
mation mechanism during the fatigue test. As AA6061-T6
(Al-Mg-Si) is a precipitation hardened alloy, the presence
of various types of Mg and Si intermetallic particles such as
B (Mg,Si), p” (MgySie), and semi-coherent °” (MgsSi,) has
been recognised after ageing [9, 11, 15, 30-32]. Figure 11d
shows an intermetallic precipitate, possibly B’ with a diam-
eter of ~ 10 nm, was sheared by a gliding dislocation.

Figure 12 shows the BF TEM images of the specimen
after fatigue test at 108 K. Dislocation walls were also
observed as shown in Fig. 12a. However, the dislocation
walls after fatigue test at 108 K was narrower, and the dislo-
cations forming the walls appeared less organised in com-
parison to that of the room temperature (Fig. 11a). Further-
more, the dislocation behaviour at 108 K was different to
that of the room temperature; dislocation pinning became
more noticeable with decreasing temperature as shown in
Fig. 12b, c. Dislocations were pinned at the intermetal-
lic precipitates, but in particular, dislocations appeared to
pinned at B°’ precipitates which are known to be sheared at
room temperature [31, 32]. A high-resolution TEM (HR-
TEM) image was taken at the point where a dislocation
(indicated by dotted orange line) appeared to be pinned by a
B’ precipitate (indicated by red dashed line) (Fig. 12d). The
atom arrangement of the °” precipitate was present without
any distortion, suggesting the dislocation was not able to
shear the precipitate at 108 K. Some of pinned dislocations
exhibited bowing behaviour acting as a possible dislocation
generation source during cyclic loading.

4 Discussion

4.1 Influence of Cryogenic Temperature on Tensile
Behaviour

Results in Sect. 3.2 show that the monotonic tensile
properties of the aluminium alloy 6061-T6 increased
with decreasing temperatures (Fig. 3 and Table 2). The
enhanced tensile properties of aluminium alloys at cryo-
genic temperatures have been recognised in many stud-
ies [4—13]. The enhanced yield stress was associated with
increase in the Peierls stress with decreasing temperature
[33, 34]. Dislocation movement involves breaking of bond-
ing between atoms in a lattice, and the shear stress required
to overcome the atomic bond strength to move disloca-
tions is known as the Peierls stress. In general, atoms are
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Fig. 6 Fracture surfaces of tensile tested specimens a, b at room temperature, ¢, d at 108 K, and e, f at 77 K. The white arrows shown in ¢ and e
indicate aluminium oxide inclusions on fracture surfaces of the specimens tested at 108 K and 77 K

Fig.7 SEM fractography of the sample tested at room temperature showing a crack initiation site with river patterns, b—d fatigue striations
formed along crack propagation direction (towards the centre of cylindrical dog bone specimen), d ductile dimples at centre of the specimen
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Fig.8 SEM fractography of the sample tested at 108 K showing a crack initiation site with river patterns, b ductile dimples in overloaded
region, c—e secondary cracking formed along the crack propagation direction indicated by blue ellipsoids

known to vibrate, and their vibration becomes more vigor-
ous with increasing temperature thanks to thermal assis-
tance. The thermal assistance results in a weaker atomic
bond strength and hence the Peierls stress becomes lower
at a higher temperature. On the other hand, the vibration
of atoms diminishes at cryogenic temperatures due to a
reduced thermal assistance. As a result, the increase in
Peierls stress might have suppressed slip of mobile dislo-
cations at lower temperatures, resulting in a higher stress
required to start glide of dislocations [33].

The increased work hardening behaviour and uniform
elongation at lower temperatures shown in Fig. 4 were due
to suppressed dynamic recovery and subsequent high den-
sity of dislocations [7, 9—-14, 35]. Dynamic recovery occurs
via cross slip of screw dislocations and their annihilations
[10, 36, 37]. The activation energy for cross slip is related
to stacking fault energy. In general, stacking fault energy is
known to decrease with decreasing temperature, and this
leads to an increase in the activation energy [10, 36, 37].
Thus, the cross slip becomes less active (i.e., planar slip
becomes dominant), and rate of the annihilation decreases
at lower temperatures. Hence, a higher density of dislo-
cations remained after plastic deformation at cryogenic
temperatures as shown in Table 4. Gruber et al. [10] also
confirmed presence of a high density of dislocations at

@ Springer

cryogenic temperature in Al-Mg alloy and Al-Mg-Si alloy
after monotonic tensile tests using in-situ synchrotron. The
dominant planar slip and increased dislocation density result
in more frequent accumulations between planar dislocations,
reducing dislocation mean free path. Therefore, a higher
stress for dislocation glide is required to overcome the accu-
mulated dislocation barrier due to the increased encounter
frequency of the barrier. This increase in the critical stress
for glide leads to a greater work hardening rate at cryogenic
temperatures. The KAM distribution map (Fig. 9b) demon-
strated the uniform distribution of dislocations according
to the dislocation accumulation within the grain interior.
This indicated the accommodation of homogeneous plastic
deformation throughout the grain. The TEM observations
by Xu et al.[5]. and Ma et al.[11]. also showed a high den-
sity of dislocations forming dislocation substructures with a
uniform distribution within grain interior at cryogenic tem-
peratures (113 K and 77 K). Furthermore, Xu et al. [5] and
Cheng et al. [7] suggested the higher resistance to disloca-
tion movement at cryogenic temperatures (the high Peierls
stress and reduced dislocation mean free path) may reduce
influence of the Schmid factor. Therefore, the slip along the
favoured slip system became harder, the strain localisation at
grain boundaries due to pile up of dislocation becomes less.
Hence, the strain localisation was rather developed within
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Fig. 10 X-ray diffraction patterns of AA6061-T6 with peaks corre-
sponding to aluminium matrix in as-received state, and after tensile
tests at room temperature (RT), 108 K and 77 K

the grain as shown in the KAM map (Fig. 9b). This strain
localisation within the grain rather than the grain bound-
ary also improves the uniform elongation at cryogenic
temperatures.

4.2 Influence of Cryogenic Temperature on Fatigue
Behaviour

In general, the initial dislocation density in the as-received
state aluminium alloy 6061-T6 is low, but dislocation density
increases significantly at the early stage of cyclic loading to
accommodate the prescribed strain. The increase in dislo-
cation density results in more interactions between disloca-
tions, causing cyclic hardening and consequent increase in
the maximum peak stress as shown in Fig. 5. Upon further
cyclic loading, once dislocation density reaches its maxi-
mum, dislocations start to annihilate and rearrange to lower
energy structures such as dislocation walls and cells [38—42].
This reduction in dislocation density resulted in cyclic sof-
tening. The BF-TEM images of the specimen fatigued at

room temperature demonstrates the presence of the disloca-
tion walls formed during the cyclic softening stage (Fig. 11),
whereas dislocation cells were not observed as the number
of cycles was too short for the annihilation and rearrange-
ment of dislocations.

However, the fatigue behaviour at 108 K is significantly
different to that at room temperature. As described in
Sect. 4.1, dislocation mobility was low due to the high Pei-
erls stress and the dynamic recovery of screw dislocation via
cross slip was suppressed at lower temperatures. Moreover,
BF-TEM images (Figs. 11 and 12) showed dislocation slip
was the single dominant deformation mechanism responsible
for cyclic plasticity regardless of temperature. Therefore, the
generation of mobile dislocations outweighed the annihila-
tion of dislocations to accommodate prescribed strain, which
in turn caused a longer cyclic hardening phase (up to the
first 100th cycles). In contrast, the high mobility of disloca-
tions thanks to the thermal assistance at room temperature
means a smaller number of mobile dislocations was required
to be generated to accommodate prescribed strain [43, 44].
Thus, a short cyclic hardening (up to first Sth cycles) was
exhibited followed by the cyclic softening at room tempera-
ture. Interestingly, a constant maximum stress response up
to~700th cycle occurred after the cyclic hardening phase
instead cyclic softening. The constant stress response could
be the result of the change in dislocation slip behaviour;
dislocations were pinned by f’° precipitate which can be
sheared at room temperature (Fig. 12b—d) [11, 31, 32]. Such
change in slip behaviour was associated with a greater shear
modulus, the temperature dependent component of the Pei-
erls stress, owing to the increased atomic bond strength at
cryogenic temperature [45, 46]. The pinning effect by §°’
precipitates contributed to an additional resistance to glide
of dislocations, which resulted in a further reduction in the
annihilation rate. Nevertheless, dislocations annihilated
and rearranged into walls as shown in Fig. 12a, but with
a narrower wall thickness in comparison to that at room
temperature considering the restricted dislocation mobility.
The constant maximum stress response phase suggests that

Table 4 Dislocation densities

Specimen  Plane (hkl) Degree (20) FWHM (102 rad) Disloca- (111) and (200) average dis-
calculated 'based on XRD peak tion density location density (10" m™2)
profiles using the Debye— (10" m™2)

Scherrer equation

As-received 111 38.39 0.279+£0.045 3.617+£0.96 4.256+0.89
200 44.65 0.332+0.051 4.895+1.22

RT 111 38.4 0.367+0.029 6.231+0.82 7.698 +0.57
200 44.66 0.454+0.017 9.165+0.57

108 K 111 38.37 0.384+0.008 6.840+0.25 8.004+0.29
200 44.64 0.454+0.014 9.166+0.46

77K 111 38.4 0.384+0.012 6.840+0.36 8.361+0.37
200 44.67 0.471+0.016 9.883+0.54
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Fig. 11 a—d BF-TEM image of AA6061-T6 specimen after fatigue test at room temperature

Fig. 12 a-d BF-TEM image of AA6061-T6 specimen after fatigue test at 108 K
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an equilibrium between the dislocation generation and the
annihilation could have been established.

As demonstrated in Fig. 5 and Table 3, the other signifi-
cant influence of the cryogenic temperature was the improved
fatigue life. Fractography showed the main cracks which led
to a fatigue failure initiated from the free surface of the speci-
mens fatigued at both temperature conditions (Figs. 7 and 8).
In general, fatigue crack initiation is associated with the per-
sistent slip band (PSBs) which consists of a large number of
slip planes [17]. During cyclic loading, localised slip activity
occurs along those PSBs and results in the discontinuity at the
interface between matrix and PSBs. Such discontinuity leads
to the formation of extrusions and intrusion, and subsequent
roughening of free surface [47, 48]. Plastic strain localisa-
tion occurs at the rough free surface and crack initiation [38,
49-51]. However, the homogeneous deformation thanks to
the evenly distributed dislocations at cryogenic temperature
prohibited glide of dislocations along the favoured slip system
and subsequent formation of slip bands as shown in Fig. e.
Furthermore, fine B’ precipitates were dispersed evenly in
comparison to other MgSi based intermetallic precipitates
(Fig. 12b—d), contributing to the homogeneous deformation.
As the formation of slip bands was suppressed, crack initia-
tion was delayed at cryogenic temperatures, which in turn
led to an improved fatigue life. The localised strain within
grain interior could have acted as initiation sites for second-
ary cracks which propagated in the direction perpendicular to
the primary cracks as shown in Fig. 8c—e. The initiation and
propagation of secondary crack lowers stress intensity and
absorbs the energy, retarding the growth of main cracks [52],
contributing the enhanced fatigue life at 108 K.

5 Conclusion

The influence of cryogenic temperatures on the microstruc-
ture evolution and deformation behaviour of aluminium
alloy 6061-T6 has been discussed in this study. The signifi-
cant increase in yield stress of aluminium alloy 6061-T6 with
decreasing temperature was associated with the stronger
resistance to dislocation movement due to the reduced ther-
mal assistance at cryogenic temperatures. Thus, a higher
stress was required to overcome atomic bond strength and
start glide of dislocations. Furthermore, the greater activa-
tion energy for the cross-slip of screw dislocations at lower
temperatures suppressed dynamic recovery. As a result, a
high density of dislocations was evenly distributed within
grain interior and increased work hardening rate, which in
turn resulted in homogeneous deformation behaviour and a
higher ductility at cryogenic temperatures.

Dislocation slip was the main deformation mechanism dur-
ing cyclic loading. At cryogenic temperature, a higher num-
ber of dislocations was generated to accommodate prescribed

@ Springer

strain during cyclic loading as movement of dislocations
were restricted. The generation of dislocations outweighed
the annihilation of dislocations and resulted in the enhanced
cyclic hardening behaviour. Cyclic softening behaviour was
not observed at 108 K because of the low annihilation rate
attributed to the pinning of dislocations by ’’ precipitates.
Fatigue life improved significantly at the cryogenic condi-
tion thanks to the homogeneous deformation which prohib-
ited localised slip and delayed formation of persistent slip
bands (PSBs) that act as crack initiation site. Fractography
revealed the presence of the secondary cracks propagated in
the direction perpendicular to main cracks on the fracture sur-
face of the specimen fatigued 108 K. Their presence lowered
stress intensity which resulted in the retardation of main crack
growth and contributed to the improved fatigue life.
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