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Abstract

This study investigates the impact of increased extrusion ram speed—achieved by utilizing
liquid nitrogen as a die cooling agent—on the mechanical properties of a 6060-aluminum al-
loy. Mechanical characterization of the extruded profiles was performed using both tensile
and nanoindentation tests. In addition, nanoindentation was employed to evaluate creep
behaviour and to extract key parameters, such as the steady-state creep strain rate. The
findings indicate that while the enhanced ram speed has a minimal influence on Ultimate
Tensile Strength (UTS) and Yield Tensile Strength (YTS), it has a more noticeable effect on
elongation. Finite Element Analysis (FEA) was used in conjunction with nanoindentation
data to model the mechanical behaviour of the alloy, showing good agreement with experi-
mental tensile test results. This confirms the effectiveness of FEA-assisted nanoindentation
as a reliable tool for mechanical assessment. Moreover, the results demonstrate that creep
displacement is significantly influenced by the increased ram speed. However, the steady-
state creep strain rate remained largely unaffected by variations in ram speed with the use
of liquid nitrogen as a coolant. Notably, the creep stress exponent (n) was found to increase
with higher ram speeds enabled by liquid nitrogen cooling.

Keywords: 6060 aluminum alloy; liquid nitrogen cooling; nanoindentation; tensile testing;
creep behavior; Finite Element Analysis (FEA)

1. Introduction

Aluminum profiles are extensively utilized as lightweight components in various
industries due to their low density, excellent recyclability, high specific strength, and
superior corrosion resistance [1-3]. Among these, the 6xxx series aluminum alloys are the
most widely used extruded products globally [4]. These commercial 6000 series alloys
typically contain Mg, Si, Fe, and Cu as primary alloying elements, with Mg and Si being
crucial for strengthening through intermetallic phase precipitation during appropriate heat
treatments [5].

Given the widespread use of aluminum extruded products, numerous studies have
focused on characterizing their mechanical properties. Zang et al. [6] investigated the
precipitation behaviour of 6000 series aluminum alloys featuring elevated Mg/Si ratios
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and high Cu content under various ageing conditions, using Vickers hardness testing,
tensile measurements, differential scanning calorimetry (DSC), and transmission electron
microscopy (TEM). Dariusz et al. [7] introduced a technique to simulate the welding process
within the chamber of aluminum extrusion dies specifically for 6xxx series alloys, evaluating
the welding quality using tensile testing. Similarly, Hannard et al. [8] utilized tensile tests
to characterize the strengthening behaviour and fracture mechanical behaviour of three
aluminum alloys from the 6xxx series subjected to different heat treatment heating cycles.

Regarding the mechanical evaluation of 6xxx series aluminum alloys, Mroz et al. [9]
investigated the impact of the ageing process on the dynamic stability of aluminum thin-
walled extrudates. According to the evaluation criteria used, the extruded profiles exhibited
notable strength and dynamic stability, though the specific dynamic behaviour depended
on the temper of the alloy. Technologically, heat treatment emerges as a viable approach
for adjusting the strength of aluminum extrudates, particularly when modifications to the
profile’s weight and cross-sectional dimensions are restricted.

Several studies have investigated the impact of extrusion speed on the microstructure
and mechanical properties of various alloys. The effect of extrusion speed on the Mg-Ca
binary alloy revealed significant changes in microstructure and mechanical properties,
highlighting the importance of optimizing extrusion parameters. Similarly, research on the
AA2024 alloy demonstrated that ram speed influences both surface quality and mechanical
properties, suggesting a critical balance between speed and material performance. The
Mg-Al-Ca-Sn alloy study further emphasized the role of extrusion speed in determining
microstructural characteristics and mechanical strength. Additionally, the continuous
extrusion of 6063 Al alloy with double billets showed that extrusion speed affects welding
performance, indicating potential improvements in manufacturing processes. Collectively,
these findings underscore the necessity of controlling extrusion speed to enhance the
mechanical properties and overall quality of aluminum and magnesium alloys [10-13].

Controlling the exit temperature of extrudates through liquid nitrogen systems plays
a key role in extending die lifespan, minimizing defects, and boosting productivity in
aluminum alloy extrusion. Accurate temperature regulation is essential, and various ap-
proaches have been implemented to manage thermal conditions during the process. Over
the past ten years, die cooling through liquid nitrogen has become a commonly used
method. With the growing demand for high-quality aluminum extrusions at competitive
costs, these cooling systems are increasingly recognized as an effective and forward-looking
solution. Moreover, liquid nitrogen is a highly eco-friendly option for boosting extrusion
productivity, thanks to nitrogen’s abundance and minimal environmental impact. The main
safety concern is ensuring proper ventilation, as evaporated nitrogen can displace oxygen
in enclosed areas. Although die design optimization also contributes to efficiency, thermal
challenges—especially at high ram speeds—remain. In this context, liquid nitrogen pro-
vides an effective cooling solution to manage heat and support higher throughput [14-19].

Additionally, nanoindentation tests have been employed to characterize the mechan-
ical behaviour of aluminum alloys. Kim et al. [20] utilized nano/micro-indentation and
nanoscratch techniques, combined with optical microscopy and atomic force microscopy
(AFM), to investigate the mechanical and tribological properties of 6061 aluminum alloy.
Their results were compared with those obtained using the Vickers hardness test. Peng
et al. [21] created a hardness distribution map of the cross-section of 6061 and 5A06 alu-
minum alloy joints using the nanoindentation method with 700 indents. Furthermore,
Ogura et al. [22] successfully applied nanoindentation measurements to the interfacial
reaction layers formed in dissimilar metal joints of 6000 series aluminum alloys to steel,
characterizing their mechanical properties.
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Numerous studies have explored nanoindentation creep behaviour at room temper-
ature. Charitidis et al. [23] performed an in-depth investigation into the time-dependent
characteristics of 6082 aluminum alloy using nanoindentation to examine its creep response.
Their findings revealed that the stress exponent is influenced by both the loading rate
and the peak load applied during indentation. Nanoindentation is particularly valuable
for assessing creep in confined regions, such as microstructures and thin films, where
conventional methods may be impractical. Precise control over loading conditions enables
the detection of minor creep displacements in materials exhibiting very low creep rates.
Indentation creep phenomena are detectable in nearly all metallic substances, even at
room temperature—well below half their melting point—where diffusion processes are
still notably active [24]. Considerable attention has been directed toward understanding
creep mechanisms in micro- and nanostructured materials, as well as thin films, through
nanoindentation techniques [25,26]. Liu et al. [27] examined how grain size affects key
creep parameters, including the stress exponent (n) and steady-state creep rate, in ultrafine-
grained (UFG) and coarse-grained (CG) titanium. Their study showed that UFG Ti exhibits
superior creep resistance compared to its CG counterpart. Previous research investigated
the effects of ageing temperature and the application of liquid nitrogen on the nanoin-
dentation creep behaviour of 6060 aluminum alloy [28]. That study explored a wide
range of ageing temperatures and durations. Among the conditions examined, an ageing
temperature of 180 °C was identified as yielding the most favourable creep performance.
Consequently, the same temperature has been selected for further investigation in the
present work. The following sections present a more in-depth and strategic perspective
on this research, integrating finite element analysis (FEA) and tensile test results to assess
the impact of increased ram speed on the overall mechanical behaviour of 6060 aluminum
alloys. Moreover, in the current research FEA was combined with nanoindentation mea-
surements to simulate the mechanical response of the alloy. The results from this modelling
approach aligned well with the experimental tensile test data, confirming the reliability of
the method. The impact of extrusion ram speed on the mechanical behaviour of a specific
6060 aluminum alloy has also been examined, with liquid nitrogen employed to cool the
die. As the demand for aluminum extrusion alloys continues to grow, it becomes essential
to assess less commonly explored parameters and testing methods—such as nanoinden-
tation and creep analysis—alongside conventional techniques like tensile testing. These
assessments provide insight into long-term deformation and potential failure under sus-
tained loading, contributing to improved safety, performance, and durability of aluminum
alloy-based products.

2. Methodology
2.1. Materials and Sample Preparation

Figure 1 illustrates the methodology applied in this research. The material selected
for investigation is the 6060 aluminum alloy, with its elemental composition detailed in
Table 1. The samples were measured through an Optical Emission Spectrometer (OES)
FOUNDRY MASTER COMPACT from Hitachi (Uedem, Germany). To produce suitable
specimens for testing, the material was extruded using a 37.5 MN Danieli Breda (Buttrio
(UD), Italy)Extrusion Press. The exit temperature of the extrudates was consistently mea-
sured at 520 °C, regardless of the ram speed. This consistency was achieved by carefully
monitoring the billet’s preheating temperature and using liquid nitrogen as a cooling
agent to keep the exit temperature the same, even at higher ram speeds. The software
N5NITROGEN (a part from the Extrusion Management System (EMS) version 3) from
ATIEUNO (Lecco, Italy) and the AXEDA 6.0 SCADA control system from the extrusion
press ensure the smooth running of the whole operation. After the extrusion process, the
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extrudates were subjected to ageing at 180 °C for 1 h, 4 h and 8 h, respectively. Cooling
channel design in aluminum extrusion dies is largely guided by empirical methods, given
the challenges associated with modelling multiphase flow and variable heat transfer. To
ease the design process and minimize computational inaccuracies, manufacturers typically
rely on practical design standards. These simplified principles offer an economical solution
for developing effective cooling systems. Figure 2a illustrates the configuration of nitrogen-
based cooling channels in the aluminum extrusion die used to produce the samples for
this study, while Figure 2b depicts the extrusion operation and the resulting extrudates.
In this setup, liquid nitrogen enters through inlet point (A), is distributed via the outer
ring (B), and then flows through designated cooling channels (C) to reach the injectors
(D). The layout of these channels is determined by factors such as the symmetry of the
profile, the quantity of cooling holes, and structural limitations of the die. Although initial
configurations may require iterative refinement, following these proven design principles
can greatly enhance the efficiency of the cooling system [28]. The extrudates produced
through this method served as the source material for the nanoindentation and tensile
testing conducted in this research.

Design and Fabrication Stage

4 Selection of the aluminum alloy and

the experimental parameters (Ram
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time)

Alminum Extrusion
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Figure 1. Flowchart of the current research.

Table 1. Elemental composition of the investigated alloy. Adapted from Ref. [28].

Alloy

Mg

Si Fe Mn Cu Cr Zn Ti

6060

0.38

0.5 0.23 0.019 0.021 0.005 0.061 0.014
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Figure 2. (a) Liquid nitrogen channels at the aluminum extrusion die, (b) Extrudate after the
extrusion process.

2.2. Tensile Tests

Tensile tests involve applying a force that stretches the specimen, assessing in this
way the material’s ability to withstand uniaxial tensile loads. Tensile tests were conducted
using a universal testing machine (M500-50AT, Testometric, Lincon, UK). The specimens
for the tensile tests were prepared according to the EN ISO 6892-1:2019 [29] with a gauge
length at 50 mm and a rectangular cross-section measuring 12.5 mm (+ 1 mm) in width
and thickness according to the extrudates geometry at 1.63 mm. The crosshead speed
that was used during the tensile tests was at 5 mm/min. Five specimens were tested for
each experimental condition to ensure the results reflect a representative sample of the
material’s behaviour.

2.3. Nanoindentation Testing Supported by Finite Element Analysis

Nanoindentation experiments were carried out at ambient temperature using the
DUH-211S instrument from Shimadzu (Kyoto, Japan), which offers a load resolution of
0.196 uN. A Berkovich diamond indenter, characterized by its three-sided pyramidal
shape with a triangular projection, a 65° included angle, and a tip radius of 100 nm, was
employed for the measurements. During the nanoindentation testing, a controlled load
with a peak of 800 mN was applied through the diamond tip to the surface and cross-
section of the specimens at the upper end of nanoindentation and held for 3 s. The applied
force was intentionally chosen to penetrate sufficiently into the aluminum, ensuring that
any superficial surface unevenness was addressed. At this depth, a greater volume of
precipitates is engaged, allowing for a more accurate assessment of the bulk material’s
mechanical behaviour. The indentation depth was recorded as a function of load, and the
indenter was then unloaded to zero load. During the creep time, the maximum indentation
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load was maintained. The average value of ten measurements was used to calculate the
elastic modulus and hardness.

The elastic modulus and indentation hardness of the specimens were evaluated using
the Oliver and Pharr calculation method [30]. The hardness (H) was derived by incorporat-
ing the maximum depth of indentation into the calculation function:

Pmax
H=—7>— 1
A M

where Py, represents the maximum load applied, measured at the deepest penetration
point (14x), while A represents the projected contact area between the surface and the
indenter. For an ideal Berkovich indenter, A can be calculated as a function of the contact
indentation depth (/) as follows:

A = 33V/3h7tan® 65 = 23.96/13 )

The contact indentation, known as /i, can be calculated using the given formula:

hf = hmax — s—P";”x 3)

where ¢ represents a geometric constant with a value of 0.75 for a pyramidal indenter,
while S is the contact stiffness. The contact stiffness (S) is calculated as the gradient of the
unloading curve at the point of maximum applied load, as expressed below:

dpP
= (@)1 ?

The elastic modulus E is given by:

S |«
PV a ®)

where $ is a constant determined by the indenter’s shape. For the Berkovich indenter used
in this study, S is set to 1.034. Subsequently, the elastic modulus of the specimen (Es) can be
calculated using the following formula:

1 _1-v7 1-7

E E, E;

(6)

where E; ; and v; ; correspond to the elastic modulus and Poisson’s ratio, respectively. For a
diamond indenter, the elastic modulus (E;) is 1140 GPa, and the Poisson’s ratio (v;) is 0.07.
The specimen’s hardness (H) and elastic modulus (Es) are determined using the previously
outlined equations.

This instrumented technique enables the precise measurement of the local discrepan-
cies of elastic modulus and hardness over the surface of the specimens [31-33].

Finite element analysis (FEA) was applied to align the nanoindentation test curves and
derive the stress—strain characteristics by comparing aluminum alloy samples subjected
to varying ram speeds, specifically, higher speeds with liquid nitrogen cooling and lower
speeds without it. The interaction between the indenter and the specimen surface was
represented using contact elements. The loading phase of the indenter’s penetration was
simulated to replicate the nanoindentation tests computationally. Prior research [34,35]
has shown that incorporating kinematic hardening enhances the convergence rate of FEA
simulations, which is why this method was adopted for the curve-fitting process. The model
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incorporates a symmetrical boundary condition along the left edge to reduce computational
complexity, while the bottom edge of the specimen is fully constrained to prevent any
movement. A vertical displacement is applied to the indenter, which interacts with the
specimen through contact elements. Additionally, the reaction force is computed at the
bottom support to evaluate the mechanical response of the material.

2.4. Fractographic and Metallographic Assessment Methods

An in-depth fractographic analysis was carried out on the selected 6060 aluminum al-
loy subjected to severe ageing treatments for one hour and eight hours at 180 °C. This study
employed Phenom ProX scanning electron microscopy (SEM) (ThermoFisher Scientific,
Waltham, MA, USA) and imaging methods to assess the effects of these ageing conditions
on the material’s microstructure. Additionally, metallographic evaluation was conducted.
The sample preparation process involved several meticulous steps. The specimens were
initially embedded using cold mounting resins, followed by grinding with silicon carbide
(SiC) papers of progressively finer grit sizes (320, 800, and 1200). Polishing was then
performed using soft cloths and diamond pastes of 3 pm and 1 um for six minutes. The
final polishing step utilized an Oxide Polishing Suspension (OPS) solution for four minutes
to achieve the desired surface finish.

3. Results and Discussion
3.1. Production Data

Figure 3 illustrates the progress of the average ram speed and the exit temperature
of the extrudates. Twenty five billets have been extruded for the aims of this experiment.
Table 2 presents the billet length and temperature parameters relevant to the objectives of
this study. Zones 1 through 3 correspond to the initial three positions along the billet, where
temperature measurements are taken to enable thermal regulation of the extrusion process.
The tenth billet has been selected in order to start the liquid nitrogen use. The significant
increase in the ram speed did not affect the exit temperature of the extrudates due to the use
of liquid nitrogen as a cooling agent as Figure 3 outlines. The liquid nitrogen use resulted
in an increase in the average ram speed of 15.25% (from 9.31 mm/s to 10.73 mm/s).

12 530
@ &
@
525
10 0
o 520
Q —
2 O
£ 8 515 <
£ o
3 510 2
g 6 g
7 505 g
S
2
c 4 500 -
x
w
495
2
m Average Ram Speed 490
0 » Average Exit Temperature 485

1234567 8 910111213141516171819202122232425
Billet Number

Figure 3. Average ram speed and exit temperature evolution for the extrudates.
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Table 2. Billet length and Temperatures during the experiment.
Billet Length (mm) Temp. at Zone 1 (°C) Temp. at Zone 2 (°C) Temp. at Zone 3 (°C)
1000 470 450 430

3.2. Tensile Test Results

Figures 4 and 5 show the tensile test results, where the use of liquid nitrogen as a
cooling agent seems to have no important effect on the yield stress for an ageing temperature
of 180 °C. Figure 5 displays a typical stress—strain curve chosen to illustrate the average
values presented in Figure 4. Moreover, for the ageing temperature of 180 °C, it seemed
that ageing after 4 h had no significant effect on yield stress. A small increase in the YTS by
0.72% has been found for the ageing for 8 h at 180 °C, due to the use of liquid nitrogen as
coolant and the higher ram speeds. Furthermore, the use of liquid nitrogen as a cooling
agent seems to have no important effect on the UTS. Moreover, it appeared that ageing
after 4 h has no significant effect on UTS. A small increase in the UTS by 0.20% has been
found for the ageing for 8 h at 180 °C, due to the use of liquid nitrogen as coolant and
the higher ram speeds. However, the use of liquid nitrogen as a cooling agent appears to
have some effect on the strain (%) at UTS for ageing temperatures of 180 °C. At greater
ageing temperatures, these effects seemed to be smaller, due to the possibility of the faster
formation of bigger Mg,Si precipitates. More specifically, the increased ram speed using
liquid nitrogen as a cooling agent resulted in an increase in strain (%) at UTS by 36.9%,
14.6% and 12.1% for 1 h, 4 h, and 8 h of ageing at 180 °C, respectively. This suggests that
while strength parameters remained relatively stable, ductility was significantly enhanced.
The increased strain may be attributed to refined microstructural features induced by
higher ram speeds, such as finer precipitate distribution or suppressed coarsening of
Mg5Si particles. These findings highlight the potential of liquid nitrogen cooling to tailor
mechanical properties—particularly ductility—without compromising strength. Further
microstructural analysis in the future would be beneficial to elucidate the mechanisms
behind this strain enhancement.

a 250

B No Nitrogen m With Nitrogen
200

150

100

Yield Stress (MPa)
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Figure 4. Cont.
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Figure 4. (a) YTS, (b) UTS and (c) strain (%) at UTS for ageing at 180 °C for 1,4 and 8 h.
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Figure 5. Tensile tests for ageing at 180 °C: (a) higher ram speed and (b) lower ram speed.

3.3. Fractographic and Metallographic Characterization

A comprehensive fractographic examination was conducted on tensile specimens cor-
responding to the maximum ageing conditions (1 h at 160 °C and 8 h at 180 °C). Figure 6a
illustrates typical ductile failure, characterized by micro-void coalescence. It is evident that
with increased ageing conditions, the voids become fewer and larger compared to those in
less aged material. Additionally, there is a notable increase in the number of dimple regions
on the surface of the peak-aged specimen, attributed to the presence of more precipitates
that promote the formation of these regions. Figure 6b reveals more transgranular brittle
fractures of particles on the surface, forming shallow dimples of varying sizes due to the
higher strength at theses ageing conditions. Furthermore, the metallographic examination
of the two ageing conditions has also been performed. Figure 7a provides a visual represen-
tation of the x-AlFeSi particles, which are observed to be smaller and have an aspect ratio
close to one with smoother edges under the lower ageing condition. Figure 7b illustrates
the EDX mapping of the detailed image for the material aged for 8 h at 180 °C. The element
Si was selected to confirm that the white spots are «-AlFeSi particles.

Figure 6. SEM images of fracture surface from tensile tests: (a) ageing for 1 h at 180 °C, (b) ageing for
8hat 180 °C.



Metals 2025, 15, 1136

11 of 21

1 hour at 180 °C 8 hours at 180 °C

Figure 7. (a) Craters and «-AlFeSi particles for 1 h at 180 °C and 8 h at 180 °C after etching and
(b) Detail and EDX mapping of a an-AlFeSi particle for 8 h at 180 °C.

3.4. Nanoindentation Test Results
Load-Depth Curves

Figure 8 illustrates the load-depth behaviour at an ageing temperature of 180 °C for
three distinct ageing cycles, comparing higher ram speed (utilizing liquid nitrogen) with
lower ram speed (without liquid nitrogen). It is evident that hardness increases with longer
ageing time as the penetration depth is decreasing. Furthermore, the nanoindentation
results show that increasing the ram speed—achieved through liquid nitrogen cooling—
leads to a slight reduction in hardness after 1 and 4 h of ageing, and a minimal reduction
after 8 h. Specifically, extrudates processed at higher ram speeds exhibited an increase in
maximum indentation depth of 6.2% and 2% for 1 h and 4 h ageing durations, respectively.
For the 8 h ageing cycle, the increase in maximum depth was only 1%. This figure presents
a more detailed analysis of data obtained from our prior research [28].



Metals 2025, 15, 1136

12 of 21

900

— 1hr 4hr 8 hr

800

700

600

500

400

Load (mN)

300

200

100

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
Depth (um)

Figure 8. Load-Depth curves for ageing at 180 °C.

3.5. Finite Element Analysis Results

The force-depth curves of the aluminum alloy specimens with higher and lower ram
speed at 4 h were used as input for the developed computational model. An axisymmetric
FEA model was developed, where multilinear stress—strain curves were iteratively adjusted
until the computed force response matched the experimental curves. The model boundary
conditions replicated the experimental setup; the bottom surface of the specimen was
fixed and the experimental indentation depth was step-applied to the model’s indenter
as an imposed displacement, while the corresponding force reaction was computed and
compared to the measured values.

The initial force applied and its corresponding penetration depth were first analyzed.
The elastic modulus was directly derived from the nanoindentation results and served as
the starting tangent modulus for the specimen’s stress—strain profile. The experimentally
obtained indentation depth was incrementally applied to the model’s indenter, and the
resulting reaction force was calculated and compared with the measured data. In the
simulations, the maximum indentation depth reached 6.72 pm for aluminum alloy samples
tested at both high and low ram speeds. If the force predicted by the FEA did not align
with the experimental values, the tangent modulus was recalculated. When the simulated
force matched the measured force, the tangent modulus was validated, and the next
set of force and depth values was introduced into the model. Each new computation
began from the previous indentation depth, incorporating the existing stress state and
the last accepted tangent modulus. This iterative procedure continued until the final
load-depth pair achieved convergence, completing the cycle. Computationally generated
force—depth curves are presented in Figure 9a, showing good correlation between the
measured nanoindentation tests and the simulation results for both higher and lower ram
speed aluminum alloy specimens. At least 20 simulation steps were required to achieve
converged FEA solutions and satisfactorily reproduce the nanoindentation curves. Beyond
fitting the experimental data, the FEA framework enables the reconstruction of constitutive
stress—strain curves directly from nanoindentation force-depth results. This provides an
efficient methodology to estimate material behaviour under different ram speed conditions
and can be extended to other alloys or processing parameters where extensive tensile
testing is impractical.
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Figure 9. Comparison of (a) load-depth nanoindentation curves, (b,c) Experimental and FEA-
Generated Stress-Strain Curves for Aluminum Alloy Specimens at Different Ram Speeds.

The corresponding stress—strain behaviour was deduced by optimizing the curve-
fitting results of the nanoindentation data. The FEA results revealed that the aluminum
alloy specimen with lower ram speed exhibited a higher elastic modulus (55,659 MPa)
compared to the higher ram speed specimen (49,740 MPa). Similarly, the experimentally
determined indentation modulus was higher for the lower-ram-speed sample (51,920 MPa)
compared to the higher-ram-speed sample (50,350 MPa), confirming that decreasing the ram
speed leads to increased stiffness and strength. Figure 9b,c illustrates the FEM-extracted
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stress—strain laws for both aluminum alloy specimens, demonstrating that the lower ram
speed resulted in a moderate increase in strength. These results indicate that the ram
speed significantly influences the mechanical properties of aluminum alloys. The lower-
ram-speed specimen exhibited a higher elastic modulus and overall strength compared
to the higher-ram-speed specimen, suggesting that processing conditions play a crucial
role in defining the material’s stress—strain response. Based on these findings, it can be
concluded that the experimental nanoindentation technique, combined with FEA, is an
effective method for determining the mechanical behaviour of aluminum alloys under
varying ram speed conditions. The ageing cycle of 4 h was selected because it meets the
minimum mechanical performance requirements specified in EN 755-2:2016 [36].

3.6. Nanoindentation Creep Behaviour

To investigate creep behaviour through nanoindentation testing, the data obtained
during the holding phase of the experiment were evaluated. The measurements recorded
in this stage were accurately fitted using the following equation [27]:

h=hi+a(t7ti)1/2+b(t*ti)1/4+C(t*ti)1/8 (7)

where h is the indenter displacement during the holding stage, t represents the creep
time, and hi, ti, a, b and c are the parameters obtained through curve fitting. Figure 10
illustrates the experimental creep displacement data over time for a sample aged at 180 °C
for one hour, obtained during the holding stage of the nanoindentation test. The red curve
corresponds to the fitted model described by Equation (7), while the blue markers represent
the actual experimental measurements. The onset of the holding phase was designated as
the origin of the x-axis to accurately define the time window for creep analysis. Table 3
lists the optimized fitting parameters derived from Equation (7). The results clearly show
a strong correlation between the fitted curve and the experimental data for the room-
temperature creep behaviour of the 6060 aluminum alloy during nanoindentation. The
fitting parameters were computed using Gnuplot (http://www.gnuplot.info/), a versatile
command-line graphing tool, based on the experimental dataset and in accordance with
Equation (7).
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Figure 10. Experimental and fitted creep displacement and time curve of ageing at 180 °C for 1 h for
the extrudates produced with higher ram speed (utilizing liquid nitrogen).
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Table 3. Values of the best fit parameters and asymptotic standard error (ageing at 180 °C for 1 h) for
the extrudates produced with higher ram speed (utilizing liquid nitrogen).

Set of Parameters Asymptotic Standard Error

a = —0.0236804 +0.005829 (24.62%)
b =0.137568 +0.03071 (22.32%)
c = —0.0827564 +0.03781 (45.69%)
h; = 7.4573 +0.01295 (0.1737%)
t; = 12.7157 +0.01287 (0.09366%)

Figure 11 shows the creep displacement-time curves during the nanoindentation creep
at an ageing temperature of 180 °C for three distinct ageing cycles, comparing higher ram
speed (utilizing liquid nitrogen) with lower ram speed (without liquid nitrogen). In contrast
with the load-depth graph (Figure 8), concerning creep displacement, it seems that for all
ageing cycles at 180 °C, the higher ram speeds (with liquid nitrogen as the coolant) result
in lower creep displacement from the start until the end of the holding stage. Furthermore,
it is evident that by increasing the ageing time the creep displacement is decreased.
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Figure 11. Creep displacement-time curves for ageing at 180 °C.

Based on the aforementioned results, it is important to note that the use of liquid
nitrogen as a cooling agent, and the resulting increased ram speeds, do not significantly
impact the maximum depth during the nanoindentation test. However, there is evidence
suggesting that the creep behaviour may be affected, as smaller creep displacements were
observed in all experiments. It is possible that a more significant impact on these findings
might be observed in stronger alloys, such as 6005 or 6082.

As reported by Mayo et al. [37], the creep strain rate ¢ was derived from displacement
data using the following mathematical expression:

. h  1dh
ThT hat ®

The creep strain rate was derived by differentiating the fitted displacement-time (h-t)
curves obtained during the holding phase, as described by Equation (7). Figure 12 presents
the comparative results for extrusion processes conducted with and without liquid nitrogen
cooling of the dies. The resulting e-t curves display two distinct phases: an initial transient
stage followed by a steady-state phase. For calculating the creep stress exponent, only the
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steady-state region is considered, as its value fluctuates across different points on the creep
strain rate versus hardness (H) plot. At the beginning of the holding period, a notably
high creep strain rate was recorded, which then declined sharply and stabilized at minimal
levels after approximately 2.4 s—hence the x-axis cutoff in the figure. Similar observations
have been documented in prior research [27]. This behaviour is likely attributed to work
hardening from plastic deformation and precipitate accumulation, characteristic of the
transient creep phase. Beyond 3 s of holding time, the material enters a near steady-state
creep regime, with the strain rate decreasing gradually due to the interplay between work
hardening and dynamic recovery mechanisms [38]. Figure 13 shows that incorporating
liquid nitrogen as a cooling medium does not significantly alter the creep strain rate
progression. Each figure includes detailed visuals that emphasize the distinctions between
different ageing treatments. The prevailing creep mechanism and the material’s behaviour
under ambient-temperature conditions can be analyzed using Equation (9), which relates
stress (0) to the creep strain rate (¢) [39]:

£ =a0 )

where 1 represents the creep stress exponent, and « is a material-specific constant. During
nanoindentation testing, the applied stress is associated with the pressure exerted by the
indenter. Using the relationship H=P/A =P/ 24.56hC2, where P is the holding load and A
is the projected contact area of the Berkovich indenter, the creep stress during the holding
phase can be approximated by o = (H/3)/(hmax/ h)? [40]. Furthermore, the value of the
creep stress exponent 7 is obtained by calculating the slope of the plot of In¢ versus InH, as
described in Equation (10).
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Figure 12. Creep strain-time curves for ageing 180 °C.

Figure 13 displays the plots of Ine versus InH, constructed using the defined relation-
ships between creep strain rate and stress, both with and without liquid nitrogen cooling
applied to the extrusion dies. To determine the creep stress exponent for each specimen
(based on varying ageing durations) only the steady-state creep region is considered, as the
exponent value fluctuates across different segments of the creep strain rate versus stress
curve. The figure includes two detailed visuals that emphasize the slopes of the plotted Ine
versus InH curves for all conditions examined.
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Figure 13. The Ine-InH curves for ageing at 180 °C.

Figure 14 presents the steady-state creep strain rate (¢) and creep stress exponent (n) for
various ageing conditions, both with and without the application of liquid nitrogen cooling
during extrusion. The steady-state strain rate remains relatively unchanged across different
ageing durations, with values so low that they are highly susceptible to fluctuations,
making firm conclusions difficult to establish. The creep stress exponent (n) serves as
an indirect indicator of a material’s susceptibility to creep deformation—higher values
typically suggest greater resistance to creep. In many instances, the value of n helps
characterize the dominant creep mechanism. The results obtained in this study align with
previously reported experimental data [41-47]. Notably, increasing the ram speed with
liquid nitrogen cooling does not significantly affect the value of n. However, extended
ageing durations of 4 and 8 h result in elevated creep stress exponents at 12.59% and 26.43%
for lower ram speeds, and 12.19% and 25.59% for higher ram speeds.

Some important remarks that derive from all the results presented above are as follows.
The creep displacement is significantly reduced as the metal strengthens due to increased
ageing, and similarly, the creep stress exponent n increases. This trend explains the shape
observed in Figures 11 and 14b. Under the experimental conditions (relatively short holding
time of 3 s and large preset depth of 5-6 um), the creep strain rate is numerically very low.
The selected experimental conditions also contribute to the slightly elevated value of n, and
thus the creep strain rate cannot be reliably evaluated. Generally, as n increases, the creep
strain rate tends to decrease; however, under our specific conditions, this behaviour is not
typical. The same findings are presented by Karantzalis et al. [45]. With longer holding
times or smaller preset depths at maximum loading, n tends to decrease, potentially
making the creep strain rate more sensitive. The above results present great interest in
future research. It is possible that the precipitation hardening effect in combination with
the applied stresses may lead to the above findings as during higher applied stresses, the
dominant creep mechanism shifts to dislocation creep and thus the interaction between the
precipitates during the experiment contribute to these characteristics [48].
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Figure 14. (a) Steady creep strain rate (¢) and (b) Creep stress exponent (n) for ageing at 180 °C.

4. Conclusions

The 6060 aluminum alloy was chosen for the current study to investigate the impact of
increased extrusion ram speed, facilitated by the use of liquid nitrogen as a die cooling agent,
on the mechanical performance of the alloy. The mechanical behaviour of the extruded
sections was assessed through tensile and nanoindentation tests. Additionally, the creep
behaviour and relevant parameters, such as steady creep strain rate, were examined using
nanoindentation tests. The presented results indicate that for the tensile tests, ageing at
180 °C for 4 h does not significantly affect the ultimate tensile strength (UTS) and yield
tensile strength (YTS). The use of liquid nitrogen as a cooling agent appears to have a
minimal impact on UTS and YTS for the ageing of 8 h at 180 °C, with only slight increases
of 0.2% and 0.72%, respectively. However, liquid nitrogen cooling does influence the strain
at UTS for ageing at 180 °C, with increased ram speeds resulting in strain increases of
36.71%, 24.76%, and 16.94% for 1 h, 4 h, and 8 h of ageing, respectively. Regarding the
nanoindentation tests, the maximum displacement of the indenter decreases with longer
ageing times at 180 °C. Liquid nitrogen cooling of the die does not significantly affect
the maximum displacement during these tests. Higher ram speeds with liquid nitrogen
cooling result in lower creep displacement throughout the holding stage, and increased
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ageing time further reduces creep displacement. The steady creep strain rate remains
relatively unchanged with ageing, but the creep stress exponent (n) increases with longer
ageing times at 180 °C. Specifically, ageing for 4 and 8 h increases the creep stress exponent
by 12.59% and 26.43% at lower ram speeds, and by 12.19% and 25.59% at higher ram
speeds. These findings may have a more pronounced impact on stronger alloys due to
their quench sensitivity. An important finding of the present research is the fact that the
strain seems to be importantly affected by the increased extrusion ram speeds (with the
liquid nitrogen as cooling agent). In addition, the higher ram speeds (with the use of
liquid nitrogen as a coolant) give lower creep displacement throughout the holding stage.
Furthermore, it is evident that by increasing the ageing time, the creep displacement is
also decreased. Moreover, the experimental nanoindentation technique, coupled with
finite element analysis (FEA), has proven to be an effective method for assessing the
mechanical behaviour of aluminum alloys under different ram speed conditions. The
findings demonstrate that ram speed significantly affects the mechanical properties of
aluminum alloys. Specifically, specimens processed at lower ram speeds exhibited higher
elastic modulus and overall strength compared to those processed at higher ram speeds.
This underscores the critical role of processing conditions in shaping the material’s stress—
strain response. For many aerospace and automotive applications this behaviour is of great
importance, so further research efforts should target the assessment of harder alloys such
as 6063, 6005 and 6082 to examine if a similar relationship to that of the 6060 alloy exists.
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