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Abstract

This study investigates the mechanical behaviour of the AISi9Cul alloy after T6 heat treatment, with a focus on its strain hardening response.
Uniaxial tensile tests were conducted on heat-treated specimens to determine the strain hardening exponent n and the strength coefficient K.
These parameters were subsequently used to assess the alloy’s potential for strain strengthening during mechanical surface treatments such
as roller burnishing, shot peening, and grit blasting. The results indicate that specimens subjected to artificial aging within the peak-aged
condition exhibited the highest values of strain hardening exponent n and strength coefficient K, implying the greatest capacity for strain
hardening under plastic deformation. Conversely, the lowest hardening potential was observed in specimens exposed to overaged conditions,
where both n and K were significantly reduced. These findings underscore the strong dependence of strain hardening behaviour on the

thermal exposure parameters applied during aging.
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1. Introduction

Aluminium casting alloys of the Al-Si-Cu system, such as
AlSi9Cul, are widely used in the automotive and aerospace
industries due to their favourable combination of low density, good
castability, and satisfactory mechanical properties. However, their
final performance strongly depends on the applied heat treatment,
which influences the microstructure and, consequently, the
mechanical response of the alloy.

In addition to heat treatment, the mechanical performance of
aluminium alloys can be further improved by surface mechanical
treatments such as roller burnishing, shot peening, or grit blasting.
These processes are commonly employed to enhance surface
integrity, increase fatigue resistance, and extend the service life of
components [1-3]. Their effectiveness, however, strongly depends
on the material’s ability to undergo plastic deformation, as
described by its flow behaviour.
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Several strain-hardening laws, such as the Hollomon, Swift,
Voce, and Ludwigson models, can describe the plastic response of
metals [4]. These models differ mainly in how well they capture
the initial curvature of the hardening curve or its saturation at large
strains. In this study, the experimental data show a monotonic
power-law type hardening without evident saturation, making the
Hollomon law sufficiently accurate. Its simple two-parameter form
also minimizes overfitting and ensures stable numerical
implementation. Therefore, the Hollomon model was chosen as the
most appropriate description of the material’s hardening behavior
[5,6].

The plastic response of the material is described by the
Hollomon law, which uses the strain hardening exponent n and the
strength coefficient K to characterize the flow behavior. These
parameters characterize the ability of a material to distribute plastic
deformation and resist localized necking. A higher value of n
indicates an increased capacity for uniform plastic deformation
prior to necking, which is closely related to ductility, formability
and fatigue resistance. As the value of n increases, the
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strengthening effect from shot peening or deep rolling also
increases, the surface becomes harder and more resistant. The
strength coefficient K represents the overall strength level of the
material and is influenced by alloy composition, microstructure,
and thermal history.

Both n and K are strongly affected by heat treatment, which
modifies the microstructure of Al-Si-Cu alloys through changes in
the morphology of silicon particles, precipitation of intermetallic
phases, and redistribution of solute atoms. For example, solution
treatment followed by artificial aging typically increases strength
(K), while the effect on strain hardening capacity (n) depends on
precipitate size and distribution [7,8]. Since higher strain hardening
capacity enhances the material’s response to surface treatments by
enabling greater plastic strain accumulation and more stable
compressive residual stresses, understanding the influence of heat
treatment on n and K is essential for optimizing both bulk
mechanical properties and surface performance. For most wrought
aluminium alloys, the strain hardening exponent typically ranges
between 0.2 and 0.4. This group includes, for example, Al-Mn
alloys, Al-Mg alloys, and commercially pure aluminium. In the
case of Al-Si and Al-Mg-Si based alloys, the strain hardening
exponent is slightly lower, ranging from 0.15 to 0.35 [7,9,10].

Previous studies have investigated related questions for various
aluminium alloys, providing useful context for the present work.
Experimental and modelling efforts on wrought and casting Al-
alloys have shown that heat-treatment state (e.g., solutionized,
peak-aged, overaged) can markedly change K and, in many
instances, n. In several precipitation-hardenable alloys, peak aging
generally increases K but the influence on n may be non-monotonic
and dependent on precipitate size, distribution and matrix
hardening. Studies on both high-strength wrought alloys and cast
alloys also indicate that overaging or coarsening of precipitates
typically reduces work-hardening capacity and may diminish the
beneficial effects of surface mechanical treatments [11-13].
Collectively, the literature suggests that tailoring heat-treatment
parameters is a viable route to optimise an alloy’s response to
surface strengthening, but that specific outcomes are alloy- and
process-dependent.

The present study focuses on the evaluation of how different
heat treatment regimes affect the strain hardening behaviour of
AlSi9Cul alloy, with emphasis on the variation of the strain
hardening exponent n and the strength coefficient K, and on
implications for the effectiveness of surface mechanical treatments.

2. Materials and methods

2.1. Experimental material

The experimental material used in this study is the AlSi9Cul
alloy, which, due to its high Si content, is primarily intended for
casting applications. The increased Cu content provides improved
retention of mechanical properties at elevated temperatures and
enables hardenability of the final components through heat
treatment. The AlSi9Cul alloy is commercially employed in the
production of internal combustion engine components. Owing to
its high resistance to elevated operating temperatures, good
ductility, and low susceptibility to linear shrinkage, it is

predominantly used in the manufacture of cylinder heads for
turbocharged diesel engines. The chemical composition of the
experimental alloy, as determined from the inspection certificate,
is given in Tab.1, while the mechanical properties of the as-cast
material are presented in Tab.2.

Table 1.
Chemical composition of AlISi9Cul (wt.%)
Si Fe Mn Ni Ti
9.42 0.36 0.35 0.15 0.10
Cu Pb Mg Zn Al
1.20 0.07 0.22 0.40 bal.
Table 2.
Mechanical properties of AISi9Cul
AlSi9Cul Rpo.2 (MPa) Rm (MPa) Aso (%)
F)* (K)** 175 230 7.80

*(F) — as cast; **(K) — cast into a metal mold

The experimental material was gravity cast into a metallic mould
preheated to 150 + 5 °C. The pouring temperature of the melt was
740+ 10 °C. Melting was carried out in a resistance furnace without
the use of protective atmosphere or degassing procedures.

2.2. Heat treatment

The heat treatment consisted of solution annealing followed by
artificial aging (designated as T6 according to ISO 3522), which is
commonly applied to increase the yield strength, ultimate tensile
strength, and hardness of the material. Solution annealing was
carried out in a resistance furnace without protective atmosphere
by heating to 530 + 10 °C, followed by accelerated quenching in
water at 80 + 5 °C and subsequent cooling in air. The temperature
profile of the solution annealing treatment is shown in Fig. 1.
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Fig. 1. Temperature profile of the solution annealing treatment of
AlSi9Cul

Artificial aging, which followed the solution annealing, was
performed in a resistance furnace without protective atmosphere at
temperatures of 160, 180, 200, and 240 °C, with soaking times of
4, 6.5, 8.5, and 10 h, followed by air cooling. The temperature
profiles of the artificial aging treatments are shown in Fig. 2. Four
specimens were subjected to each heat treatment cycle. In addition,
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four specimens were taken after solution annealing only, without
subsequent aging. In total, 68 test specimens were exposed to the
complete heat treatment procedure.

240

200 -
— - DRI
160 - S -
E \\\\ \x\‘\‘ -
£120 - NN
:lé)- I‘I A § . A
8 801/ —160°C NN

180 °C
40 - 200 °C
— 240°C
0 . : :
0 10000 20000 30000 40000
Time [s]

Fig. 2. Temperature profile of artificial aging of AlSi9Cul

2.3. Static tensile test

Static tensile tests were performed on all specimens subjected
to heat treatment. The geometry of the test specimens, which were
machined from the castings, is shown in Fig. 3. The tests were
conducted in accordance with the STN EN ISO 6892-1, with strain
recorded during the entire test by means of an extensometer. The
crosshead displacement rate was kept constant at 0.083 mm-s™* for
all specimens. Tensile test was performed on WDW?20 tensile test
device.
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Fig. 3. Dimensions of tensile test specimens

2.4. Hardness test

Hardness was measured using the Brinell method (HBW) with
a 2.5 mm wolfram carbide ball and a 187.5 kgf load applied for 10
s (HBW 2.5/187.5/10). For each sample, five individual
indentations were performed, and the average value was taken as
the final hardness. All measurements were carried out at the mid-
thickness of the transverse section to ensure representative results.

2.5. Determination of the strain hardening
exponent n and strength coefficient K

The strain hardening exponent was determined from the stress—
strain (o-¢) relationship obtained by static tensile test. To obtain
relevant data for the calculation of the strain hardening exponent,
the engineering stress—strain curve was converted into a true stress—
true strain (ci-€&() curve using the following relations:

oi=0c-(l+¢) (D

e=ln(l+eg) 2)

The strain hardening exponent n and the strength coefficient K
were determined from the true stress—true strain (ci—¢;) curve in the
plastic deformation region, specifically between the yielding point
and the onset of plastic instability (necking point). These
parameters were obtained by fitting the experimental data to the
Hollomon equation (3):

or=K-& (3)

where o is the true stress, & is the true strain, K is the strength
coefficient, and n is the strain hardening exponent.

For data processing, the Hollomon equation (3) was linearized
by applying a logarithmic transformation (4):

Inmor=ImK+n-lne 4)

The values of n and K were then determined by performing
linear regression on the log o, — log & data in the specified plastic
deformation range, where the slope of the regression line
corresponds to n and the intercept corresponds to In K.

3. Results and discussion

By performing a static tensile test on heat-treated test
specimens and subsequent data analysis, the values of the yield
strength, tensile strength, and ductility of A1Si9Cul were obtained.
Table 3 shows the mechanical properties of the AlSi9Cul alloy
after T6 heat treatment.
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Table 3.

Mechanical properties of heat treated samples of AlISi9Cul

Rpo.2 (MPa) 160°C 180°C 200°C 240°C
4h 205 315 308 238
6.5h 230 326 299 252
85h 274 285 280 202
10h 282 309 294 188

Rm (MPa) 160°C 180°C 200°C 240°C
4h 324 362 372 334
6.5h 330 378 321 325
85h 350 345 363 355
10h 352 360 365 328

Asp (%) 160°C 180°C 200°C 240°C
4h 6.6 24 1.7 1.9
6.5h 43 2.1 25 1.7
85h 1.5 1.2 2.4 2.0
10h 2.1 2.2 1.8 1.2
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Fig.4 Yield strength of AlSi9Cul after T6 heat treatment

Fig.5 shows the microstructure of the Al1Si9Cul alloy in the as-
cast condition, characterized by a heterogeneous distribution of
eutectic Si and intermetallic phases. In contrast, Fig.6 illustrates the
microstructure after the T6 heat treatment (4 h at 160 °C), where
the Si particles appear more spheroidized and the microstructure is
noticeably refined. These changes

confirm the expected

microstructural evolution associated with artificial aging.

AFig. 5. Microstructure of AISi9
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Tab.4 shows the average values of strain hardening exponent n
and strength coefficients K of samples subjected to solution
annealing and artificial aging.

Table 4.
Values of n and K of heat treated samples of AlSi9Cul.
n (-) 160°C 180°C 200°C 240°C
4h 0.18 0.17 0.12 0.06
6.5h 0.17 0.16 0.10 0.05
85h 0.15 0.11 0.09 0.04
10 h 0.15 0.11 0.08 0.04
K (MPa) 160°C 180°C 200°C 240°C
4 h 619 684 576 387
6.5h 616 619 527 391
85h 570 589 522 368
10 h 562 544 501 351

For the specimens subjected only to solution annealing, without
subsequent artificial aging, the strain hardening exponent was
determined as n = 0.22 and the strength coefficient as K =716 MPa.
Yield strength of AISi9Cul after solution heat treatment was 191
MPa.
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Fig. 5. Strength coefficient of AlSi9Cul after heat treatment

From the above values, it can be observed that with increasing
artificial aging temperature and soaking time, the value of the strain
hardening exponent decreases significantly. Compared to the state
after solution annealing, a decrease of up to 80% can be observed.

The hardness values obtained from Brinell testing are
summarized in Tab.5. These values show good agreement with the
measured mechanical properties, specifically the yield strength,
strength coefficient K, and strain hardening exponent n, confirming
the internal consistency of the experimental results.

Table 5.
Hardness values of AISi9Cul after T6 heat treatment
HBW 2.5/187.5/10 160°C  180°C  200°C  240°C
4h 127 124 122 95
6.5h 119 123 112 86
85h 120 128 112 75
10 h 101 122 111 78

4. Conclusions

The experimental results demonstrate a clear decreasing trend
in both the strain hardening exponent n and the strength coefficient
K with increasing temperature and duration of artificial aging.
While direct microstructural evidence was not obtained in this
study, the observed behaviour is consistent with well-established
mechanisms in Al-Si—Cu alloys. At lower aging temperatures and
shorter times, a fine and relatively homogeneous distribution of
precipitates is typically expected, which can hinder dislocation
motion and enhance both strength and strain hardening capacity.
Conversely, extended or high-temperature aging is generally
associated with precipitate coarsening and a reduction in their
number density, which reduces the ability of the material to
accumulate dislocations during plastic deformation. Such
microstructural processes, reported in the literature, provide a
plausible explanation for the observed reduction in n and K.

From a practical perspective, these findings are highly relevant
for surface mechanical treatments such as shot peening and roller
burnishing, which rely on the introduction of controlled plastic
deformation in the near-surface region. A higher strain hardening
exponent n promotes more uniform distribution of plastic strain and
stabilizes compressive residual stresses, thereby enhancing fatigue
resistance. Similarly, a higher strength coefficient K reflects the
material’s ability to sustain greater stresses during surface plastic
deformation. As a result, specimens exhibiting higher n and K
values are expected to respond more effectively to surface
strengthening treatments, accumulating greater beneficial residual
stresses and improved resistance to crack initiation.

In contrast, overaged conditions characterized by reduced n and
K values limit the efficiency of surface mechanical treatments. In
these cases, the alloy exhibits reduced work-hardening capability
and a diminished ability to sustain compressive residual stresses
induced by peening or burnishing. This suggests that optimal aging
conditions should be carefully tailored not only to maximize bulk
strength but also to preserve sufficient strain hardening capacity,
thereby ensuring maximum benefit from subsequent surface
modification processes.
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