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This paper investigates the role of a hybrid treatment considering severe shot peening as a pre-treatment to age-
hardening in enhancing the fatigue properties of an advanced high-strength Al-Cu-Li alloy. The alloy was
subjected to severe shot peening with a combination of two different heat treatment regimes, aiming for
microstructural modification to promote precipitation of heterogeneously nucleating phases. The effects of
different treatments based on combined ageing and severe shot peening on residual stresses, hardness, micro-
structural characteristics, and fatigue properties were evaluated and critically discussed. The results have shown

that in the case of heat treatment regimes at which the formation of heterogeneously nucleating T; precipitates
occurs, the application of severe shot peening prior to ageing results in significant refinement of strengthening
particles, enhancing the fatigue properties in the short and medium fatigue lifetimes.

1. Introduction

Al-Cu-Li alloys offer high mechanical strength while still main-
taining sufficient ductility [1-4]. These properties are achieved by the
age-hardening (ageing) heat treatments — during which strengthening
precipitates are formed in the aluminum matrix. The main strengthening
phase in advanced Al-Cu-Li alloys is T; (AlyCuLi), whose particles
preferentially nucleate in a heterogeneous manner on the lattice defects
[5-7]. Optimal mechanical properties are obtained in the case of
advanced Al-Cu-Li alloys through T8 class tempers, which utilize plastic
deformation in terms of 2-3 % stretching between solution annealing
and ageing. However, due to its nature, the use of T8 tempers is limited
to standardized profiles and cannot be applied to parts after forming or
shaping processes with complex geometry. The conventional ageing
treatments do not reach the optimal mechanical properties comparable
to those obtained by the T8 regimes. This opens the question of whether
applying any surface strengthening technique followed by
age-hardening can improve the local mechanical properties of the sur-
face layer sufficiently to enhance the overall fatigue resistance, or not.

Several studies have proven the positive effect of the severe shot
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peening (SSP) surface treatment on the fatigue properties of Aluminum
alloys, especially in the very high cycle fatigue region [8-11]. A com-
bination of multiple factors induced by SSP contribute to improving
fatigue properties; however, the most significant can be considered grain
refinement and introduction of compressive residual stresses in the
surface and subsurface region after SSP, retarding the fatigue crack
initiation, thus enhancing the overall fatigue properties of treated parts
[10-13]. Surface hardening is usually considered as a secondary bene-
ficial factor - the severe plastic deformation of the surface introduces
lattice defects to the surface and subsurface region. However, besides
the positive contribution of surface strengthening to fatigue properties,
further enhancement of resistance to foreign object damage was re-
ported [13]. The simplicity of the process, besides its scalability and
applicability even for components with complex shapes, makes SSP a
suitable candidate for strengthening Al-Cu-Li alloys. Combined with
age-hardening performed after surface strengthening, SSP treatment can
substitute non-applicable T8 tempers and enhance the overall fatigue
properties of high-strength alloys.

In the past, several studies were performed focusing on the possi-
bility of precipitation enhancement by the pre-aging severe plastic
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deformation [14-20]. An increase in the dislocation density is reported
to result in the precipitation of densely populated finer particles. Besides
that, due to dislocation interactions, vacancies are emitted, enhancing
the diffusion rate and thus affecting the kinetics of precipitation pro-
cesses [16,20,21]. On the other hand, excessive severe plastic defor-
mation results in the formation of numerous high-angle grain
boundaries, which can act as a sink for the solutes and decrease the
supersaturation of the solid solution [21]. Despite the unambiguous
precipitation enhancement capabilities of the pre-ageing plastic defor-
mation, the effects of these treatments on the mechanical and, espe-
cially, fatigue properties are questionable. Only a few studies have
focused on the fatigue performance of aluminum alloys with pre-ageing
severe plastic deformation applied to the surface [20,22]. Applying such
a surface treatment enhances precipitation in the affected region; but on
the other hand, it creates significant surface roughness and can cause the
creation of various surface and sub-surface discontinuities. Another
aspect is residual stress distribution. In many severe plastic deformation
techniques, residual stresses are the critical factor responsible for
improving the high cycle fatigue performance. The ageing treatment can
partially or even fully relieve residual stresses. Increased surface
roughness and relieving residual stresses can easily outbalance the
positive effects of enhanced precipitation. This underlines the necessity
for carefully choosing the pre-ageing severe shot peening parameters to
balance plastic deformation intensity with the level of surface damage.

In the present study, SSP was applied as a pre-treatment to age-
hardening with the aim of promoting precipitation of the heteroge-
neously nucleating precipitates. Four series of samples were prepared as
shown in Fig. 1. Two different age-hardening heat treatments were
chosen — low-temperature (130 °C) and high-temperature (160 °C) re-
gimes, each of them promoting precipitation of the different strength-
ening particles. For both heat treatment types, two sample series were
prepared. In the first series, SSP was applied after solution annealing and
before the ageing step. In the second (control) series, SSP was applied
after completing age-hardening, which is conventional engineering
practice. In the low-temperature regime, the strengthening is mainly
governed by copper-rich precipitates such as Guinier-Preston (GP) zones
and @". These precipitates are formed homogeneously, so their precip-
itation does not depend on the local dislocation density. On the other
hand, the high-temperature heat treatment regime promotes precipita-
tion of Ty precipitates predominantly nucleating on the dislocations [6,
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7,23,24]. High dislocation density formed during SSP treatment can
promote precipitation of the denser population of finer precipitates in
the affected surface zone. The fatigue properties of all four series in the
high cycle region were then examined to evaluate if the application of
the SSP before ageing can improve global fatigue properties. The results
were then discussed in light of the microstructural characterization of
the subsurface-affected layers and the evaluation of the residual stresses.

2. Material and experimental methods

Commercially available 2055 alloy was considered as an experi-
mental material. The alloy was delivered as extruded bars with a
diameter of @ 66 mm. Microstructure and nominal chemical composi-
tion are shown in Fig. 2. Four series of specimens were machined and
subjected to SSP process. In two series, SSP treatment was applied after
solution annealing and before ageing (one of the specimen series was
subjected to low-temperature heat treatment and the second one to high-
temperature heat treatment). In the other two series, the SSP treatment
was applied after the heat treatment (again, one series was subjected to
the low-temperature heat treatment, and the other was subjected to the
high-temperature heat treatment). SSP treatment was applied in all
cases with an Almen intensity of 8.9 N and a coverage of 650%. The SSP
process parameters were chosen based on our previous studies [10,11]
carried out on AW7075 high-strength aluminium alloy, aiming for
optimal parameters for high cycle fatigue properties. Such treatment
induced severe plastic deformation to the surface layer while the surface
damage (cracks and other discontinuities) was kept as low as possible.

Heat treatments were carried out with the following parameters: Low
temperature (LoHT) - solution annealing at 520 °C for 1 h followed by
water quenching, ageing at 130 °C for 50h, and, High-temperature heat
treatment (HiHT) - solution annealing at 520 °C for 1 h followed by
water quenching, ageing at 160 °C for 64h. The parameters of the
applied heat treatments were chosen based on a parallel study of the
heat treatment effect on the microstructure, which is currently being
prepared. The heat treatment parameters were chosen to obtain a peak
hardness state at a given temperature. Two temperature regimes of
160 °C and 130 °C were selected. The hardening curves for selected
temperatures are shown in Fig. 3. The high-temperature regime was
chosen in order to obtain peak strength microstructure containing T;
precipitates, which are the main strengthening phase in the current
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Fig. 1. Schematic view of the tested sample series. Four different series were tested, differing in the ageing temperature and the application of the SSP process

before/after aging treatment.
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Fig. 2. Microstructure and nominal chemical composition of the experimental material, loading axis corresponds with the extrusion direction.
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Fig. 3. Hardening curves for chosen temperature regimes. Circles mark chosen
peak hardness parameters-50h ageing time for LoHT and 64h for HiHT.

generation of Al-Cu-Li alloys and which nucleate preferentially on lat-
tice defects. The second heat treatment regime was chosen to obtain a
microstructure containing a combination of Cu-rich GP zones and 6™
particles, which are the main strengthening phases in Al-Cu-Mg alloys,
and where the introduction of additional lattice defect via SSP does not
expect to promote their nucleation.

Fatigue tests were carried out on the MTS Acumen12 electrodynamic
test system. Tests were performed under a stress control regime with a
fully reversible tension-compression loading cycle (R = —1). The testing
frequency was 30 Hz, and the tests were terminated if there was no
failure in 107 loading cycles.

In order to support the obtained fatigue results, residual stresses and
surface hardening were examined within not-loaded specimens sub-
jected to the hybrid treatments. In-depth residual stress profiles were
examined using X-ray diffraction. A Proto iXRD diffractometer equipped
with a Cr X-ray source was used, and the measurements were performed
using the sin?y method, with 6 inclinations between +40°. Diffraction
peaks from {222} planes were collected at 156.9° diffraction angle. To
assess the residual stress levels at different depths, electrolytic polishing
was used for a gradual removal of a thin surface layer. After each pol-
ishing step, the depth of the removed layer was measured via a depth
gauge, and the whole process was repeated until the required depth was
reached. Due to the strong crystallographic texture of the base material,
the residual stress levels could be measured only in the very thin, heavily
deformed layer, where the deformation process suppressed the texture.
As the effect of suppressed texture gradually disappeared, the results
started to show higher scatter. Therefore, the most reliable information
on residual stress values was obtained in the surface and near-surface
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region.

The surface hardening extent was also monitored via nano-
indentation measurements. Experiments were conducted using Zwick
ZHN nanomechanical machine. The indentation was performed with the
Vickers diamond tip, which was force driven and loaded up to 100 mN.
The hardness was calculated as the ratio of maximal applied force and
indent area at this maximal force. The indent area was estimated using a
calibration function depending on the indentation depth measured
during loading. The individual indents were placed in a “zigzag” pattern
to keep their mutual distance of 40 pm while achieving the spatial res-
olution of 10 pm in the direction perpendicular to the surface. Mea-
surements were performed at electropolished cross-sections from the
surface up to a depth of 250 pm. The surface roughness was evaluated
using DSX1000 digital optical microscope. For each specimen, three
areas with a size of 380 x 380 pm were scanned, and the areal surface
roughness parameters were extracted. The application of a cut-off filter
compensated for the curvature of the sample gauge length. Final surface
roughness parameters for each examined state were then calculated as
an average value from all three measurements.

The microstructure of the subsurface region was examined with the
help of transmission electron microscopy. Firstly, lamellas were pre-
pared from all four specimen series using the focused ion beam tech-
nique (FIB). The approximate dimensions of the lamellas were 25x15
pm, and they were oriented in a way to show the gradual microstructural
changes from the surface to 25 pm depth below the surface. Micro-
structure was then observed using a Thermofisher Talos F200i trans-
mission electron microscope. The size of the strengthening particles was
evaluated at a distance of 10 pm from the surface of the specimens. In
the case of the LoHT, images for precipitate evaluation were taken close
to the zone axis <001>, while for the HiHT series, specimens were
oriented close to the <011> zone axis. The size of the particles in edge-
on orientation was measured, and the average values were calculated.

3. Results

Results of the fatigue tests are shown in Fig. 4. Both series of LoHT
exhibited similar behavior at the short and medium fatigue lifetimes.
However, for longer fatigue lifetimes, series with the SSP process applied
after age-hardening showed superior fatigue properties compared to
series with the SSP applied before ageing. Based on this, it can be stated
that in the case of LoHT, the application of severe plastic deformation
before ageing treatment has no beneficial effect. Different behavior was
recorded for the HiHT series. In this case, specimens with SSP applied
before ageing showed superior fatigue properties at short and medium
fatigue lifetimes. At long fatigue lifetimes, the differences between both
HiHT series diminished. Application of SSP before ageing in the case of
HiHT was therefore beneficial in certain regions of the fatigue lifetimes.
As several factors contribute to the fatigue properties of SSP-treated
specimens, each was separately analyzed in the following sections.

At first, residual stress depth profiles were evaluated, as shown in
Fig. 5. Additional measurements were performed on the specimens after
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Fig. 4. Results of the fatigue tests in the form of S-N curves. While in the case
of LoHT, no beneficial effect of introducing the SSP process before ageing is
visible, in the HiHT series, application of the SSP before ageing improves fa-
tigue properties at short and medium fatigue lifetimes.

solution annealing and SSP without any additional ageing treatment.
This allowed monitoring of possible relaxation during applied heat
treatments. In all examined series, the SSP application resulted in the
formation of compressive residual stresses in the subsurface region.
Fig. 5a shows residual stress depth profiles measured on the LoHT series.
No significant differences were recorded between LoHT SSP + A, LoHT
A + SSP, and the reference Solution annealed + SSP series, suggesting
minimal residual stress relaxation during the applied low-temperature
heat treatment. Different behavior was recorded for the HiHT series
(Fig. 5b). In the case of the HiHT A + SSP, the magnitude of the
compressive residual stresses was similar to the reference state (solution
annealed + SSP), but the affected zone was very shallow. This can be
explained by the higher initial hardness of the HiHT A + SSP series.
However, the residual stress profile of the HiHT SSP + A series showed a
significant drop compared with the reference ones, whereas the depth of
the introduced residual stresses was greater when compared to the HIHT
A + SSP series. It is expected that the ageing temperature of 160 °C is
sufficiently high for a partial relaxation of residual stresses induced by
SSP. Similarly to the residual stress distribution, differences were also
recorded in the surface roughness. Results of the optical surface
roughness measurements are shown in Fig. 6 and Table 1. The higher
initial hardness of LoHT A + SSP and HiHT A + SSP series resulted in
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lower surface roughness compared to the series with SSP applied before
ageing.

The hybrid treatment resulted in distinctive differences in the me-
chanical properties as evaluated with the help of the nanoindentation
measurements (see Fig. 7). In all cases, the SSP process resulted in the
hardening of the surface region, while the extent of the hardening and
the depth of the affected layer depended on the applied regime of the
hybrid treatment. In the case of LoHT SSP + A combined treatment, a
steep increase in hardness was recorded in the surface layer up to the
depth of approximately 50 pm, after which the hardness levels reached
the average hardness values of the core. A similar situation was recorded
for the LoHT A + SSP series. The maximal hardness in the proximity to
the surface was comparable to that of LoHT SSP + A. However, at higher
distances from the surface, hardness values slightly exceeded the
average hardness in the core, and that of the LoHT SSP + A. A possible
explanation for this observation could be a decrease in the dislocation
density after SSP by partial annealing of the microstructure when the
heat treatment is applied after the SSP.

Hardness values in the HiHT series were significantly higher than in
the LoHT series, highlighting the larger hardening potential of the
strengthening phases forming during the HiHT regime. Peak hardness in
the near-surface region was similar in both HiHT series, with moderate
hardness decreasing towards the core. At larger distances from the
surface, the HiHT SSP + A series exhibited slightly higher hardness than
the HiHT A + SSP series, but due to the considerably large scatter of the
experimental data, it is impossible to properly quantify the difference.

The application of SSP significantly modified the microstructure in
the near-surface region (Figs. 8 and 9). Within the LoHT series, intensive
plastic deformation induced by SSP resulted in very high dislocation
density within the whole examined area. In both LoHT variants, a fine
nanocrystalline layer with a depth of 2-3 pm was recorded. Densely
populated strengthening particles were, in the case of LoHT, identified
as GP zones and 0’ precipitating in the form of laths on {001}, planes.
A comparison of images taken at a distance of 10 pm from the surface did
not reveal any differences in shape or size of the strengthening particles
between the LoHT A + SSP and LoHT SSP + A series.

Microstructures of the HiHT series in the surface and subsurface
regions are shown in Fig. 8. Similarly to the LoHT series, both HiHT
specimens exhibited very high dislocation density within the examined
area. Besides that, a fine nanocrystalline layer was present near the
surface. In both HiHT series, no intergranular precipitates were present
in the nanocrystalline surface layer. The HiHT SSP + A series exhibited
pronounced grain boundary precipitation (Fig. 8c—f). Distinctive dif-
ferences were recorded in the size of the strengthening particles.
Microstructure was analyzed at a distance of 10 pm from the surface,
emphasizing the appearance of the main strengthening phase Al,CuLi
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Fig. 5. Residual stress depth profiles of all examined series. Compressive residual stresses in the subsurface region induced by the SSP process were recorded in

all series.
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b)LoHT SSP+A

Fig. 6. Comparison of the surface quality of examined series. Quantitative data of the areal surface roughness are shown in Table 1.

Table 1
Area surface roughness parameters of all tested sample series.
Series Sa [pm] Sz [pm] Sp [pm] Sv [pm] Sq [pm]
LoHT A + SSP 2.192 18.55 10.081 8.47 2.732
LoHT SSP + A 2.41 19.532 8.718 10.813 2.979
HiHT A + SSP 2.045 16.138 8.369 7.768 2.55
HiHT SSP + A 2.313 17.948 7.733 10.215 2.881
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Fig. 7. Results of the nanoindentation measurement show hardness evolution
with increasing distance from the surface.

(T1). In the case of the HiHT A + SSP series, the average particle size was
measured to be (122.4 + 39.4) nm. Treatment applied to the HiHT SSP
+ A series resulted in significant refinement of the precipitates, as the
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average precipitate size was revealed to be (37.1 £ 10.2) nm. The results
indicate that the introduction of the SSP process before ageing thus
promotes nucleation of the precipitates, resulting in the formation of
very fine dispersed strengthening particles.

4. Discussion

The performed fatigue tests revealed noticeably different effects of
SSP application in combination with ageing on the fatigue properties of
2055 alloy. As the mechanisms are significantly different with respect to
the ageing temperature and the type of precipitating particles, the re-
sults are discussed here individually for the low-temperature and high-
temperature age-hardened series.

4.1. LoHT series

In the case of applied LoHT treatment regimes, the introduction of
SSP before ageing did not show any benefits in terms of high cycle fa-
tigue properties. Moreover, a deterioration of the fatigue resistance was
recorded, especially at the longer fatigue lifetimes. LoHT SSP + A
exhibited moderate enhancement of the fatigue properties at shorter
lifetimes, closer to the low cycle fatigue region, while LoHT A + SSP was
superior in the regions at longer lifetimes, closer to the fatigue limit. As
the residual stresses and the microstructure observations did not reveal
any significant differences, the main aspects are the surface state and the
difference in substrate hardness prior to the SSP process. A softer matrix
when SSP was applied before ageing resulted in the slightly higher
surface roughness of the substrate, with negative consequences for the
fatigue resistance, highlighted at longer fatigue lifetimes. The slightly
higher hardness of LoHT A + SSP at larger distances from the surface
suggests that in the case of LoHT SSP + A, a partial recovery occurred
during applied ageing. However, the residual stress profiles did not
reveal any significant differences. Based on the performed experiments,
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Fig. 8. Microstructure of LoHT A + SSP (a—c) and LoHT SSP + A (d-f) series (STEM-BF). High dislocation density is visible in both series, with a nanocrystalline layer
near the surface (c, f). Microstructure contains fine dispersion of strengthening precipitates of Al;Cu phase, with no difference in size or shape between the examined

series (b, e).

Fig. 9. Microstructure of HiHT A + SSP (a-c) and HiHT SSP + A (d-f) series. Like the LoHT series, both HiHT series exhibited high dislocation density and a fine
nanocrystalline layer near the surface (c, f). The size of the strengthening precipitates (Al,CuLi) was distinctively different (b, e), with an average size of the particles
within HiHT A + SSP more than three times larger than in the HiHT SSP + A series.

it can be concluded that in the case of the LoHT regimes of heat treat-
ment, the application of SSP before ageing does not bring any advantage
in improving HCF properties. Trying to generalize this statement, it
seems that if there is no modification of the structure and morphology of
the precipitates, the conventional SSP process, applied after finished
heat treatment, provides better fatigue properties of the treated com-
ponents. Application of SSP before ageing can enhance diffusion, thus
reducing the time required for ageing [25]. Nevertheless, this effect is
considered almost negligible in the present study.

4.2. HiHT series

In the case of the HiHT treatment regimes, the application of the SSP
before ageing improved the fatigue properties within the whole tested
region, except for the zone close to the fatigue limits. This behavior
differs from the results of the conventional application of SSP on Al al-
loys, as usually more significant improvements are reported at longer
fatigue lifetimes [8,11,26,27]. The residual stress profiles revealed dif-
ferences between the HiHT series. Conventional application of the SSP
(HiHT A + SSP) resulted in the maximal compressive stresses forming at
a depth of about 0.01 mm, followed by a rapid decline in magnitude. On
the other hand, when SSP was applied before ageing (HiHT SSP + A), the
residual stresses were induced into larger depths, although at a lower
magnitude. When comparing the residual stress profile of the HiHT SSP
+ A series and an additional control sample with SSP applied after
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solution annealing, it is evident that ageing treatment relieved a sig-
nificant part of the introduced residual stresses (Fig. 5). In light of the
in-depth residual stress profiles, it was noticed that the HiHT SSP + A
series exhibited improved fatigue properties despite the reduced overall
level of the compressive residual stresses in the subsurface region. While
in the case of conventional application of SSP, the residual stresses and
surface grain refinement seemed to be the key factors determining fa-
tigue properties [8,12]; the results indicate that other factors (defor-
mation-stimulated precipitation) played a dominant role since also both
samples exhibited similar surface grain refinement.

Nanoindentation revealed that the hardness in the affected zone of
the HiHT series was significantly higher than the LoHT series. This can
be attributed to the different nature of the strengthening particles,
which, in the case of HiHT, provided more effective obstacles for
dislocation movement. Focusing on the HiHT series itself, both variants
exhibited similar hardness profiles. Further from the surface, the HIHT
SSP + A series’ hardness was slightly higher than that of HiHT A + SSP.
However, due to the overall large scatter of the experimental data, this
difference was insignificant.

More distinct differences were observed in the microstructure when
the appearance at a distance of 10 pm from the surface was compared.
The high dislocation density induced by the SSP process resulted in the
precipitation of the very fine T, particles in the HiHT SSP + A series. The
average size of the particles was 37.1 + 10.2 nm at a distance of 15 pm
from the surface. In the same area, the average size of T; particles in the
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HiHT A + SSP series was 122.4 + 39.4 nm. Significant refinement of the
strengthening particles appeared to be the decisive factor responsible for
improving the fatigue properties. It is worth noting that such a signifi-
cant difference did not show a more pronounced difference in the
hardness of both series. It is believed that the finer precipitates mainly
enhanced yield strength, while the overall hardness may correspond
better with the changes in ultimate strength.

It is generally known that finer and more densely populated pre-
cipitates provide a more effective barrier for dislocation movement and
exhibit higher resistance to the crack initiation and short crack propa-
gation stage [28,29]. Thus, the diminishing of the positive effect at
longer lifetimes is attributed to the differences in the residual stress field,
whose partial relaxation depends on whether the ageing is applied
before/after SSP treatment. Based on numerous studies, in the case of
SSP application on metallic materials, enhancement of the fatigue
properties is mainly attributed to the presence of the compressive sur-
face residual stress fields, and the effect is more pronounced at longer
fatigue lifetimes close to the fatigue limit. Considering the negative
impact of lower initial hardness, the related high surface roughness and
the partial relaxation of the residual stresses in HiHT SSP + A,
enhancement of the fatigue properties at shorter and medium fatigue
lifetimes is given by the strengthening particle refinement. These results
provide a promising future prospect for the application of
surface-strengthening methods in the case of advanced Al-Cu-Li alloys.
The mentioned negative effect of this treatment can be suppressed or
reduced, for example, via the application of a two-step SSP process to
improve the surface quality or by introducing another SSP step after the
hybrid treatment with the potential of further improvement of the fa-
tigue properties.

5. Conclusions

The obtained results indicate that the application of the severe shot
peening process as a pre-treatment before age-hardening is beneficial for
fatigue properties when the strengthening particles tend to heteroge-
neously nucleate on introduced lattice defects, which is the case of high-
temperature heat treatment regime in Al-Cu-Li alloys. Application of
SSP before ageing results in the formation of a finer and denser popu-
lation of Tp-strengthening particles. Conversely, no beneficial effect
regarding particle distribution was recorded in the case of low-
temperature heat treatment, where the precipitation of Cu-rich Al,Cu
particles dominates, and the applied SSP process did not enhance their
precipitation.

Specimens with the severe shot peening process applied before high-
temperature ageing showed superior fatigue resistance in short and
medium fatigue lifetimes, compared to the series with shot peening
conventionally applied after finished age-hardening. At long fatigue
lifetimes, the superiority of shot peened + aged samples diminished, and
both series exhibited similar properties.
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