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Abstract. Providing a good balance between lightweight and high mechanical properties, the aluminum-
based metal matrix composites (MMC) became an interesting alternative for specific industrial applications.
However, considering an Al-Mg-Si alloy with a high silicon excess, the ceramic particles added as
reinforcement can act on : i) the precipitation kinetics of the coherent and semi-coherent phases, ii) the
precipitation sequence of the alloy and iii) the loss of mechanical strength from a peak-aged microstructure
obtained by a T6 condition. In order to understand the influence of reinforcement on these aspects, the
composite was characterized during isothermal ageing between 100°C and 350°C, allowing us to propose an
experimental Isothermal Transformation Curve. Compared to the unreinforced alloy, heterogeneous
precipitation of disordered semi-coherent phases occurs on dislocations and the precipitation kinetics were
found to be accelerated in the composite leading to an acceleration of the loss of strength from the T6 state,
due to the precipitation of the Type-C phase. A study performed on a deformed alloy, demonstrated that the
most of the differences observed between the unreinforced alloy and the composite can be explained by the
high dislocation density generated in the matrix of the composite due to the presence of ceramic particles.
Finally, the JMAK approach turned out to be a powerful tool to model the decrease in mechanical strength
occurring during isothermal treatments from T6 state.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0

1 Introduction

The aluminum-based metal matrix composites (MMC)
have been developed for specific applications such as
aerospace, aeronautic and automotive fields [1-2]. The
addition of ceramic particles to Al-Mg-Si alloys is a
successful method to achieve a good combination
between lightweight, high mechanical properties at
elevated temperatures and good conductivity properties.
In some cases, silicon can be in excess in Al-Mg-Si
alloys, since it enhances the forming properties and the
alloy’s yield strength. In particular, the silicon excess
increases the maximum mechanical strength reached
after a T6 treatment (8 hours at 170 °C) [3-4].

However, both the addition of silicon excess and ceramic
particles affect the precipitation sequence and its kinetics
during artificial ageing. The study of the impact of these
two factors on microstructural modifications during
ageing has a particular interest for industrial applications
since it can lead to changes of mechanical properties
during the use of the materials.

Al-Mg-Si  alloys are characterized by their
structural  hardening property attributed to the
precipitation of the coherent needle-shaped B phase
during ageing. In the literature, several studies proved
that the peak in mechanical strength, achieved after the
T6 treatment, is higher and reached earlier, with an
increase in the silicon excess [5-7]. However, it is
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generally accompanied by an acceleration of the over-
ageing, resulting in a sudden loss of mechanical strength
beyond the peak. The precipitation sequence is also
affected by the silicon excess since it is marked by the
formation of new semi-coherent precipitates, besides the
conventional quasi-binary semi-coherent P phase,
named Type-A, Type-B and Type-C, distinguished by
their crystallographic properties as detailed in the
literature [8-14].

A recent study [15], carried out on the effect of
silicon excess in an unreinforced Al-Mg-Si alloy on the
precipitation kinetics and microstructural evolutions
during isothermal ageing, between 100°C and 350°C,
highlighted that precipitation can be correlated to
ThermoElectric Power (TEP) and Vickers hardness. The
treatment conditions leading to high variations of TEP
and hardness were characterized by Conventional and
High-Resolution Transmission Electron Microscopy (C-
TEM and HR-TEM) and provided the following
precipitation sequence for the investigated alloy [15]:

p” — B+ Type-B — Type-B/Type-A/Type-C /p’+ Si
particles
— Type-A + Type-C + Si particles
In this previous work, the f phase was found to be
responsible for the maximum of strength as expected. Its
precipitation was associated with an increase in hardness
to its maximum value while, at the same time, the TEP
decreased to its minimum value. Further ageing leads to
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the precipitation of the Type-B phase followed by the
Type-A and the Type-C. The beginning of the semi-
coherent precipitation was correlated with a decrease in
hardness and a TEP increase.

Using the TEP and hardness variations during ageing,
combined with the microstructural characterization, an
isothermal transformation curve (Time Temperature
Precipitation diagrams) was proposed in the considered
temperature range.

Finally, the loss of alloy’s strength was followed by
hardness measurements from the T6 state during
isothermal ageing. In this work, the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) formalism was an
efficient approach to predict the hardness decrease.

In MMC, the ceramic particles affect the alloy
microstructure during ageing. Namely, they lead to : i) a
decrease in the grain size [16], ii) the presence of
interfaces and residual stresses [17-18], and iii) a high
dislocation density generated during cooling from
solutionising temperature [19-21]. The effect of
reinforcing particles on precipitation in Al-Mg-Si alloys
has been widely studied in the literature. Based on the
results obtained by TEP, hardness measurements, and
Differential Scanning Calorimetry (DSC) [19,22-25],
the presence of reinforcement seems to accelerate the B
precipitation and it is explained by the abovementioned
microstructural modifications [8,23,25-27]. By means of
the same experimental techniques, an acceleration of the
semi-coherent B precipitation has been observed as well
[34-36,38-40]. In this case, the high dislocation density
is considered to be responsible for this acceleration since
it provides preferential nucleation sites for the
heterogeneous precipitation.

In spite of the numerous studies carried out on the
effect of the ceramic particles on the Al-Mg-Si alloy
behaviour during thermal ageing, the prediction of this
behaviour remains difficult. Namely, several parameters
(volume fraction, morphology, size and nature of
reinforcement [16,28-30], matrix composition [31]...)
have to be considered for the analysis of the results. In
addition, in presence of silicon excess in the matrix, the
effects were not extensively studied.

Considering this context, the aim of this work is to
clarify how the ceramic particles act on the precipitation
kinetics, the microstructural and the strength evolutions
during the thermal treatment of an Al-Mg-Si alloy with
silicon excess.

To this end, the same alloy as that studied in [15]
reinforced with 10 % of carbide particles was
investigated. In order to compare the isothermal
transformation curve of the unreinforced and reinforced
alloy, both TEP and hardness measurements were
performed throughout ageing treatments. C-TEM/HR-
TEM was also used for microstructural characterization
and identification of the precipitates responsible for the
main TEP and hardness variations observed.

In a second part, the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) formalism was used to predict the loss of
strength during isothermal ageing between 100°C and
350°C from a T6 state and compare to the unreinforced
alloy behaviour.

Lastly, the effect of a high dislocation density in the
composite due to the presence of reinforcement was
isolated considering a deformed alloy wherein
dislocations were artificially introduced. Following the
same procedure than for the reinforced alloy, the
deformed alloy was characterized and its behaviour was
compared with that of the composite.

2 Materials and experimental procedure

2.1 Material

The composite investigated in this work is an Al-Mg-Si
alloy with silicon excess and reinforced with 10 % of
carbide particles added to the molten metal. As
illustrated in Fig. 1, the carbide particles, irregularly
shaped, have a size between 15 and 20 pm. The thermal
dilatation coefficient is of the order of 6x10° K. The
chemical composition of the alloy is Al-0.9 wt.% Mg,Si-
0.7 wt.% Si with a content in Fe and Mn of between 0.1-
0.3 wt.% and 0.5-0.7 wt.% respectively.

Fig. 1. SEM image of the reinforcement.

2.2 Thermal treatments

In order to follow the precipitation kinetics and the
microstructural evolutions during ageing, the samples
were, initially, solution treated for 1 hour at 540°C in a
salt bath and water-quenched.

Artificial ageing was also carried out in salt bath at
temperatures between 100°C to 350°C. The ageing was
interrupted by water-quench after different treatment
times to perform TEP or hardness measurements and
microstructural characterization.

For the characterization of the loss of strength from
a T6 state, a treatment of 8 hours at 170°C was made
between homogenization and artificial ageing.

2.3 Experimental techniques

2.3.1 ThermoElectric Power (TEP)
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Fig. 2. Comparison of the hardness and TEP evolution of the unreinforced alloy and the composite during isothermal ageing at (a)

170°C and (b) 250°C.

This technique was used to follow, indirectly, the
microstructural transformations occurring during heat
treatment. The measured TEP variations, noted
(4S,(T.1)), during ageing for a time ¢ at temperature 7 are
the result of two main contributions: one due to the
alloying elements in solid solution (A4S.(7,#)) and one
due to the intrinsic effect of precipitates (AS,,.(7.?)).

In this work, the TEP measurements were performed at
room temperature on samples 70 mm long, 5 mm wide
and 1 mm thick.

More details on the technique and on the influence of the
parameters of the microstructure on the TEP can be
found in paper [15].

Based on previous work [27], it was considered that the
reinforcement does not affect the TEP wvariations
measured in the matrix.

2.3.2 Hardness

The hardness measurements were performed on samples
5 mm thick with an applied load of 1 kg on a BUEHLER
Micromet 500 apparatus. As in the case of the TEP
measurements, the hardness measurements were
performed after different treatments times. The values,
presented in this work, are averaged values of 10
measurements.

2.3.3 Transmission Electron Microscopy (TEM)

The microstructural characterization by TEM was used
to identify the phases responsible for the TEP and
hardness variations observed during ageing treatments.
Selecting the appropriate ageing states, the samples were
first characterized by Conventional-TEM (C-TEM) in
order to determine the morphology and the average size
of precipitates. These observations were performed on a
Jeol 2100 microscope equipped with a CCD camera
Gatan Orius SC1000. Then, for more precise
information, such as the crystallography and nature of
precipitates the samples were characterized by High
Resolution - TEM (HR-TEM). In this case, the

observations were performed on a field-emission gun
Jeol 2010 microscope.

The composite thin foils were mechanically
thinned from the bulk sample after ageing treatment, and
thinned by ion beam.

The precipitates were observed along a <100>-
zone axis. The identification of the precipitates was
based on the numerical fast-Fourier transforms of the
images obtained with the CCD camera.

3 Results

3.1 Characterization of the precipitation from
the supersaturated solid solution state

3.1.1 Study of the TEP and hardness kinetics
during isothermal ageing

TEP and hardness measurements were carried out during
isothermal ageing and compared during a treatment at
170 °C and 250 °C after quench from the solid solution
state for both the unreinforced alloy and the composite.
Fig.2 illustrates the perfect correlation between the TEP
and hardness kinetics; the microstructural modifications
responsible for the decrease in TEP gives rise to a
hardness increase and conversely, a hardness decrease
corresponds to a TEP increase.
Due to their high sensitivity to microstructural
modifications, these techniques reflects the complex
transformations taking place during thermal treatment. In
Fig.2, three domains can be defined:
= Domain I : TEP/hardness variations are related to the
Guinier-Preston zones (GPZ). At low temperatures,
the GPZ can precipitate and generate an hardness
increase (TEP decrease) as observed in fig.2.(a) for
an ageing at 170 °C. At higher temperatures, the GPZ
already created during the quench after solution
treatment are dissolved resulting in a hardness
decrease (TEP increase) illustrated in Fig.2.(b).

= Domain II : marked by the hardness increase until the
maximum value (respectively, TEP decrease until its
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minimum). This significant variation, seen in Fig.2(a)
and (b), can be attributed to the precipitation of the
hardening phase, p . The maximal value reached is
higher at 170°C because this temperature
corresponds to the conditions giving the finer
microstructure and the higher density of p .

= Domain III : defined by a sharp hardness decrease
(TEP increase) corresponding to the precipitation of
the semi-coherent phases.

Considering the domain I, no effect of ceramic particles
can be deduced from the TEP/hardness measurements.
The magnitude of the hardness/TEP variations and the
kinetics are similar for the alloy and the composite,
indicating that the density of GPZ formed could be more
or less identical. In the domain II, the reinforcement
leads to an acceleration of the kinetics and a higher
hardness peak. In the domain III, the composite exhibits
a faster loss of strength beyond the peak, meaning that
the precipitation of semi-coherent phase would begin
sooner.

In order to wunderstand the microstructural
transformation responsible for the difference of
behaviour, C-TEM and HR-TEM characterization was
used for specific ageing conditions: 8 hours and 1 month
at 170°C, 6 minutes, 8 hours and 1 month at 250°C.
These treatments can be located on the hardness/TEP
kinetics of Fig. 2 thanks to the orange points

3.1.2 TEM characterization of the microstructure
evolution

TEM  characterization in peak-aged conditions
highlighted that the homogeneous precipitation of B and
the heterogeneous precipitation of a semi-coherent and
disordered phase on dislocations occur simultaneously
(Fig.3.) in the early stages of ageing of the reinforced
alloy, while it has not been observed in the unreinforced
alloy. As illustrated in Fig.4., after the peak hardness the
loss of strength obtained after 1 month at 170°C and 8
hours at 250°C is mainly due to the precipitation of the
Type-C phase, even if the microstructure contains also
Type-B and P phases. In over-aged conditions (1 month
at 250°C), the microstructure consists in a mixture of
Type-C and Type-A precipitates with the Type-A
precipitate as main phase.

(a) (b)
Fig. 3. (a) C-TEM and (b) HR-TEM micrographs of disordered
B disoc phase observed after 6 minutes at 250°C in the

Based on the precipitates identified in the ageing
states characterized by TEM, the following precipitation
sequence could be proposed:

(2)

Fig.4. TEM micrographs of semi-coherent phases responsible
for the loss of strength in the composite during isothermal
ageing

Solid Solution = ZGP — B~ + B gistec + B — Type-B
+ B + Type-C + Type-A — Type-A + Type-C

3.1.3 Isothermal Transformation Curve

The isothermal transformation curves for the
unreinforced and reinforced material were built from the
TEP kinetics obtained at different temperatures. They
present two lines: the first line indicating the time
corresponding to the beginning of the coherent
precipitation () and the second corresponding to the
beginning of the semi-coherent precipitation. The
method used to obtain the Isothermal Transformation
Curve is described in paper [15]. Fig.5. reflects the
acceleration of the coherent/semi-coherent precipitation
in the composite and a decrease in the stability domains
of the B phase and of the semi-coherent phases.
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Fig.5. Comparison of the isothermal transformation curves of
the unreinforced alloy and the composite.

3.2 Effect of reinforcement on the loss of
strength during ageing from a T6 state

Following the same procedure as for the unreinforced
alloy (described in paper [15]), the hardness H(z) of the
To6-treated composite was measured during isothermal
ageing for 100°C < T < 350°C. Similarly to the alloy
behaviour detailed in [15], the hardness curves for all
ageing treatments performed at T are stackable for an
activation energy @ of 120 kJ/mol. The good
superposition is due to the thermal activation of the
phenomena leading to the hardness decrease and can be
obtained thanks to a time-temperature equivalence based
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on an Arrhenius law. Afterwards, the hardness curves,
due to their sigmoidal shape, were fitted by an
isothermal Johnson-Mehl-Avrami-Kolomogorov
(JMAK) approach defined by the following relation :

Y(T,0) = 1 - exp(=(k)"™) (1)
With k = ko.exp (— <) (2)

where Y(T,t) = HO~Hmax
Hmin—Hmax
(0<Y<1) with H,,;, the minimum hardness value and
H,, the maximum hardness value (T6 state), n the
Avrami exponent, k, a constant and R the gas constant.
After having determined the parameters (n, ky and Q) of
this law for the composite material (Table 1), this
approach allowed the proper description of the strength
evolution and the mechanical property prediction for
extremely long-term ageing as illustrated in Fig.6(a).
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Fig.6. (a) Hardness decrease measured from a T6 state and
fitted with JIMAK law for different isothermal treatments of the
composite material between 100°C and 350°C. (b) Comparison
of the normalized hardness evolution of the alloy and of the
composite for an ageing at 150°C.

Considering the parameters of Table 1, the
normalized hardness kinetics of the unreinforced and
reinforced alloys were plotted from the experimental
data at 150 °C and modeled with the JMAK approach
(Fig.6(b)). Fig.6(b) highlights the acceleration of the loss

of strength due to the reinforcement added in the matrix.
This result is correlated to the premature precipitation of
semi-coherent phases in the composite observed by TEM
characterization. The difference of behaviour is reflected
in the lower activation energy value in the case of the
composite. By comparison, the activation energies for
the diffusion of magnesium and silicon in aluminum are,
respectively, 130 kJ/mol and 124 kJ/mol. The activation
energy of 160 kJ/mol estimated for the alloy suggests
that the loss of strength could be governed by nucleation
of semi-coherent phases and diffusion of the alloying
elements. However, since the activation energy of the
composite is very close to that for the diffusion of Mg
and Si, it indicates that the strength loss is mainly
controlled by the diffusion of these two elements.
Furthermore, this phenomenon is enhanced in the matrix
of the composite due its high dislocation density. The
presence of dislocations results in: (i) preferential
diffusion paths, accelerating both the coherent and semi-
coherent precipitation and the coarsening phenomena,
(i) heterogeneous nucleation sites, promoting the
nucleation of the semi-coherent phases. In order to
validate the predominant role of dislocations in the
differences observed between the alloy and the
composite in this study, a deformed alloy (with
dislocations artificially introduced by cold-rolling) was
characterized.

Table 1. Summary of the JIMAK parameters for the alloy
(cold-rolled and undeformed) and the composite.

Alloy Deformed alloy | Composite
O (kI/mol) | 160 (+/-5) 135 (+/- 5) 120 (+/- 15)
n 0.35 0.34 0.38
ko (s 5.25x 10" 2.5x10° 9.91x 10’

3.3 Effect of the presence of dislocations in the
alloy on microstructural evolutions during
ageing

Due to the significant difference in the thermal
expansion coefficients between the alloy and the ceramic
particles, a high dislocation density is generated in the
matrix of the composite material during cooling from the
solutionizing  temperature. =~ With the aim of
demonstrating that dislocations are mainly responsible
for the differences observed between the alloy and the
composite in this work, a deformed alloy was studied.
To this end, an alloy sample was cold-rolled with a
reduction ratio of 2.4 % after homogeneisation and
water-quench.

The deformed alloy underwent an isothermal ageing
at 170 °C interrupted to perform hardness measurements
and the results were compared with the undeformed
alloy and the composite. As shown in Fig.7, the
deformed alloy exhibits the same kinetics as that of the
composite and reaches the same maximum value.
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From TEM observations of the deformed alloy aged
8 hours at 250 °C, it was established that the Type-C is
the prevailing phase. As revealed for the composite, the
Type-C is responsible for the loss of strength in the cold-
rolled alloy wherein dislocations were introduced, while
it was the Type-A for the undeformed alloy. This result
is in good agreement with a previous study showing that
dislocations promote the Type-C precipitates [32].

Starting from the T6 state, the hardness decrease
during isothermal ageing can also be predicted with the
JMAK law described above determining the JMAK
parameters (given in Table 2). An increase in the
dislocation density of the alloy leads to Q and k, values
closer to those of the composite. These results confirm
that the acceleration of the loss of strength in the
composite mainly comes from the dislocations. Fig.8(b)
compares the hardness decrease predicted by the IMAK
for the undeformed alloy, the cold-rolled alloy and the
composite during an ageing at 250 °C. The deformed
alloy shows the same acceleration of the hardness
decrease in the early stages of the treatment but, in
overaged conditions, the curve reaches the same final
value as for the undeformed alloy. This observation
suggests that, recovery or recrystallization took place in
the deformed alloy for long ageing times, and that other
elements contributes to the hardening of composite in
over-aged conditions.
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Fig.8. (a) Comparison of the hardness kinetics during ageing at
170 °C for the unreinforced alloy, deformed alloys and the
composite. (b) Comparison of the decrease in hardness from
the T6 state during ageing at 250°C predicted by the JIMAK
law for the undeformed alloy, the cold-rolled alloy and the
composite.

4 Conclusion

The aim of this study was to understand how the ceramic
particles act on the matrix microstructure during
isothermal ageing and the consequences on mechanical
properties considering an Al-Mg-Si alloy with silicon
excess.

The reinforcement accelerates the precipitation of the
coherent and semi-coherent phase leading to an
acceleration of the loss of strength from the T6 state. The
microstructure is more heterogenecous even in the early
stages of ageing since dislocations induced by the
particles lead to premature precipitation of semi-coherent
phase and disordered precipitates. Studying a cold-rolled
alloy, the major role of dislocations in the difference of
behaviour observed between the alloy and the matrix has
been confirmed. It was also shown that dislocations
promote the precipitation of the Type-C phase, which is
responsible for the loss of strength in the composite and
deformed alloy while this phase was barely observed in
the undeformed alloy.

The JMAK model is a powerful tool to predict the
hardness decrease from the T6 state during isothermal
ageing and considering the appropriate JMAK
parameters defined in this study. This approach links the
acceleration of the hardness decrease in the composite to
a lower activation energy of the phenomenon explained
by the higher dislocation density acting as diffusion path
for alloying elements and promoting the nucleation of
semi-coherent phase. The same approach applied to
deformed alloy confirms the role of dislocation in the
activation energy decrease and suggests that the
dislocations are the main factor responsible for the
acceleration of the loss in composite strength as long as
the recovery phenomena do not come into play.
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