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Figure 6.26. (a) Macro-multifocal image of 1 FSP AA7075-Al,Os sample; optical images under polarized light,
showing: (b) base material and (c) nugget, (d) advancing side, (e) retreating side, (f)Al2O;3 cluster near retreating side,
(g)high magnification of the interface between nugget and TMAZ at the advancing side and (h) AlO; clusters within
the nugget zone.
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The presence of a remarkable amount of unevenly distributed nanoparticles indicates that
one only FSP pass is not sufficient for a full exploitation of nanoparticles strengthening

effect.

Optical images of the sample processed through 3 passes are shown in Figure 6.27. Similar
differences between the base material and the nugget zone of 1 FSP sample were observed
(Figure 6.27b and c). Also in this case a certain dispersion in grain size was observed not
only at the boundary between processed and unprocessed zone (Figure 6.27d), but also
inside the nugget zone. It is generally accepted that the dominant factor governing grain
size is the peak temperature reached during the FSP thermal cycle!"*). In particular, grain
size variation between top, bottom and side of the FSP line, was observed to correspond to
a temperature distribution™, also related to heat dissipation in the nugget zone. However,
the average value was similar to that calculated on the samples processed with 1 pass, i.e.
about 5.2 pm. The constant average grain size with increasing number of FSP passes has

23,24]

been previously reported in the literature™ . Being the final grain size in the processed

zone closely related to the welding temperature®?>* it is thought that the similar
temperature values from pass to pass should not induce strong variation in the average

recrystallized grain size/".

Intermetallics distribution, as a result of thermo-mechanical action of the pin, was affected
by FSP similarly to the 1 pass sample; also in this case, in fact, the nugget zone was free

from coarse particles.

Alumina clusters were observed also in this sample. In Figure 6.27 e and f nanoparticles
agglomerates found at the TMAZ/NG interface and under the FSP surface are shown,
respectively. In the first case, the elongated structure of TMAZ may be observed on the
right side of the cluster, while in the nugget, recrystallized grains are present in the areas

surrounding Al,O, agglomerates.
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Figure 6.28. (a) Macro-multifocal image of 4 FSP passes AA7075-ALOs sample; optical images under polarized
light, showing: (b) base material (c) nugget, (d) interface between nugget and TMAZ, () elongated superficial ALO3
clusters within recrystallized microstructure, (f) low magnification of nugget-TMAZ interface at the advancing side,
(g) onion rings observed within the nugget and (h) low magnification of nugget-TMAZ interface at the retreating
side (RS).
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Optical images of 4 passes sample are reported in Figure 6.28. The sample presented
interesting differences compared to the previous analysed ones. First of all, no appreciable
clusterization was observed through optical microscopy inside the nugget. Only small
particles agglomerates were observed just underneath the FSP surface (Figure 6.28e).
Moreover, no macroscopic defect such as the tunnel observed in samples processed with 1
and 3 passes was observed. Another important difference is in the average grain size. As it
is possible to observe in Figure 6.28, the effect of etching on the sample microstructure
was quite different from the previous ones; this sample seemed even over-etched. In
particular, with exception of restricted and limited areas located near small Al,O; clusters
(Figure 6.28¢), it was impossible to observe and quantify the average grain size in the
nugget area, since grain boundaries were not recognizable. It is possible that in this case,
the grain size remarkably decreased in comparison to 1 and 3 passes sample; as a result, the
same etching time may have led to an over-etched microstructure, since a higher amount of
grain boundaries are present. Fragmentation of intermetallics was registered also in this
sample, as it is possible to observe by comparing the base material and the nugget zone
(Figure 6.28b,c) and at the interface between nugget and TMAZ (Figure 6.28d). Onion ring
structures were observed in the nugget (Figure 6.28g), as a result of extrusion process

induced by the pin".

In conclusion, increasing the number of passes was observed to (i) enhance particles
distribution, by strongly diminishing Al,O, agglomeration, (ii) eliminate macroscopic
defects and (iii) reducing the grain size of the nugget zone. The finer grain size registered
(even if not calculated) in the sample processed by 4 FSP passes could be related to the
enhanced nanoparticles distribution (indicated by the absence of particles clusters) induced
by the 4 passes. Reinforcing particles are known to interact with grain size distribution; as
reported by different investigators, particle stimulated nucleation (PSN) is supposed to
occur during friction stir processing of Al-based MMCs”L. Anyway, this mechanism is

P and

thought to act if dislocations accumulate around the particles during deformation
this seems to be possible only when the average particle size exceeds 1 pm®™. In view of
this, some authors suggested the grain refining action induced by nanoparticles to be due to
the pinning effect induced by nano-AlO, particles, which could slow the grain growth of
the matrix”!, In the present investigation it is therefore possible to hypothesize a similar
effect; on the other hand, since some particles clusterization is still observed, it could also
be possible that agglomerated particles, acting as single micrometric particles, could have,

to some extent, led to stimulation nucleation effect.
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Figure 6.29. SEM image of (a) AA7075-AlO3; composite base material, showing the distribution

of intermetallic particles along lamination direction and (b, ¢) corresponding EDS spectra.

SEM-EDS analyses were carried out on the alloy base material (Figure 6.29) and in the
nugget zones of AA7075- AL,O; nanocomposites processed by 1 and 4 FSP passes (Figure
0.30 and Figure 6.32, respectively). The particles observed in the base material are clearly
aligned along the lamination direction. EDS analyses revealed that the smaller particles
contain both Mg and Zn, being probably the MgZn, phases. Nevertheless, also Fe and Cu

containing phases were detected, generally characterized by bigger size that the previous

ones.
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Figure 6.30. SEM image of (a) the nugget zone of AA7075-Al,0O3; FSP sample processed by 1
single pass, showing the distribution of intermetallics and (b, ¢) corresponding EDS spectra.

In the nugget zone of the AA7075- AL,O; sample processed by 1 FSP pass, it was possible
to observe (i) a finer distribution on small, fragmented intermetallic particles in comparison
to the base material (Figure 6.30) and (i) large AL O, clusters (Figure 6.31), located in
particular underneath the FSP surface and at the border between nugget and retreating side

TMAZ.

Most of the observed intermetallic particles contained Fe and Cu. Very small and
fragmented particles, containing Mg, Zn, Cu and Mn were also observed. The different size
of intermetallic particles within the nugget zone is due, as known, to the thermo-
mechanical action of the pin during FSP. Sometimes also Cr has been detected by EDS
analyses in Fe containing particles; it is possible that the presence of Cr and Fe as well is

due to the dissolution of small amounts of the pin tool during processing.
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Figure 6.31. AA7075-AlO3; nanocomposite processed by 1 FSP pass: (a) SEM image of a
nanoparticles cluster and (b) EDS spectrum of the area highlighted in (a). Traces of F were due to
the metallographic etching,.

A minor quantity of coarse intermetallic particles within the nugget zone in comparison to
the base material was observed also in the composite processed by 4 FSP passes. In
particular, by comparing Figure 6.32a and Figure 6.30a, it is possible to observe that an
increased number of FSP passes led to a decreased number of particles, probably due to
the multiple thermo-mechanical action of the pin. Occasionally, some micrometric
distributed black particles containing O were detected, being probably small AlO,
nanoparticles agglomerates. Large clusters, similarly to the ones observed in the sample
processed by 1 FSP pass, were not detected, with the exception of some small Al,O,
agglomerates under the FSP surface. An example is shown in Figure 6.33. Elements such as

F, Ca and Na were absorbed by the sample during metallographic etching.
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Figure 6.32. SEM image of (a) the nugget zone of AA7075-Al,Os FSP sample processed by 4
passes, showing the distribution of intermetallics and (b, ¢, d) corresponding EDS spectra.
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Figure 6.33. AA7075- AlLO; sample processed by 4 passes: (a) SEM image of a AbLO;
nanoparticles cluster surrounded by the processed matrix and (b) EDS spectrum corresponding to
the square area in (a).

6.3.2 MECHANICAL CHARACTERIZATION

Microhardness profiles carried out at different depths from the FSP surface of samples
processed by 1, 3 and 4 FSP passes are shown in Figure 6.34. In comparison to the
microhardness value measured on the base material (67 = 3 HV ), taken as a reference, it
is possible to observe that in all the samples, FSP process leads to a general increase of
hardness. The presence of large nanoparticles clusters made impossible, in some locations,
to measure the hardness value. A dotted line has been used to indicate the presence of such
defects. On 1 FSP pass, the lowest values of hardness associated to clusterization (indicated
with the dotted line) were detected at 2 mm of depth from the FSP surface, in the right
part of the nugget, in correspondence of the wide Al,O; macro-clusters, observed both by
optical and electron microscopy, as previously discussed (Figure 6.26 a, f, h). The most
significant hardness increase was registered at 2 mm from the FSP surface, while a gradual
decrease was registered up to 8 mm. In view of the substantial particle clusterization
observed in this sample, it is thought that the most relevant action in hardness increase was
played by grain refinement (probably slightly decreasing from the surface to the nugget
bottom) induced by FSP. As concerning the distribution of hardness along each single
profile, it should be pointed out that the highest hardness values were measured in
correspondence of the FSP center line, in the central area of the nugget (about -5 to 5 mm

from the center line).
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Figure 6.34. Vickers Microhardness profiles carried out on samples processed by (a) 1 FSP pass,
(b) 3 FSP passes and (c) 4 FSP passes, at different depth from the FSP surface, namely 2, 4, 6 and 8
mm. The reference value (dotted line) is the microhardness measured on the base material.



CHAPTER 6

This area, highlighted in the graphs, corresponds to the nugget zone of the sample.
Microhardness gradually decreases in TMAZ and HAZ, up to the values of the base
material. The sample processed by 3 FSP passes presented similar microhardness trends in
comparison to 1 FSP pass sample. The most significant hardness increase was observed
near the surface; in this sample, however, similar values at 2 and 4 mm depth were
registered. While some particles cluster was still observed at these depth and despite no
substantial grain size variation were detected between 1 and 3 FSP passes, it could be
possible to think that an increased number of FSP passes leads to an increased level of
microstructural and nanoparticles distribution homogenization, therefore leading to more

homogeneous hardness values.

The positive effect of increasing the number of FSP passes is clearly outlined in Figure
0.34c: a general homogenization of hardness was achieved, since 2, 4, 6 and 8 mm profiles
showed similar values; this could be due both to microstructural homogenization and grain
refinement, but also to the enhanced nanoparticles distribution (no particle clusters were

encountered during microhardness measurement).
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The effect of FSP passes number on hardness distribution is summarized in Figure 6.35,

where microhardness profiles at 2, 4, 6 and 8 mm are plotted.

In general, it is clear that increasing the number of passes leads to an enhancement in
microhardness values within the nugget zone. The reason of this should be related both to
the increased microstructural homogenization, leading to an more even distribution of
nanoparticles and elimination of Al,O; clusterization, and also to the increased grain

refinement effect, as observed from microstructural analyses.
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Figure 6.35. Vickers Microhardness profiles carried out at (a) 2, (b) 4, (c) 6 and (d) 8 mm depth
from the FSP surface, on AA7075-Al2O3 nanocomposites processed by 1, 3 and 4 FSP passes,
named 1p, 3p and 4p, respectively. The reference dotted line corresponds to the average
microhardness measured on the base material.
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6.3.3 CONCLUSIONS

AAT075-AlL,0; nanocomposites produced by FSP technique were characterized from
microstructural point of view; preliminary mechanical characterization was carried out by

microhardness profiles. Experimental results showed that:

e ISP technique allows the distribution of nanoparticles within the matrix at the solid
state by exploiting severe plastic deformation mechanisms, provided that a
sufficient number of tool passes is carried out. In this case study, 4 FSP passes were
necessary to eliminate macro-sized nanoparticles clusters.

e Significant grain refinement was detected after 4 FSP passes, probably as a result of
combined action of recrystallization processes related to FSP and to the action of
nano-AlO; particles in slowing the grain growth of the matrix.

e Increasing the number of FSP passes led to an enhancement in microhardness
values within the nugget zone, likely due to the increased microstructural
homogenization and more even distribution of nanoparticles, together with the

increased grain refinement effect.
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In the framework of Al-Si cast alloys for the production of automotive components,
two main research fields were explored, with common aim to investigate possible strategies
to enhance mechanical properties, in particular after high temperature exposure (over-
aging): (i) chemical modification of Al-Si cast alloys, aiming to induce the formation of
thermally stable strengthening phases, (i) addition of micrometric/nanometric ceramic
particles (dispersoids) to Al-Si matrix, acting as effective obstacles to dislocation

movement.

The research activities were focused, from one side, on the characterization, heat
treatment study and chemical modification of quaternary Al-Si-Cu-Mg alloys for
automotive components. In recent years, quaternary Al-Si-Cu-Mg alloys attracted large
industrial interest for the production of lightweight and complex-shape castings. In view of
the concurrent presence of Cu and Mg, these alloys are supposed not only to present
enhanced mechanical properties at room temperature in comparison to traditional ternary
Al-Si-Mg alloys, but also a higher thermal stability. The 3-Mg,Si and 0-ALCu precipitates
present in the heat treated Al-Si-Mg and Al-Si-Cu alloys, in fact, are known to undergo
rapid coarsening and loss of coherency with long term high temperature exposure. As a
result of the literature survey, it is thought that quaternary Q precipitates (containing Al, Si,
Cu and Mg), on the contrary, possess higher coarsening resistance and capability to
withstand long term exposure even to 300 °C.

Aiming to better understand the effect of Cu on microstructure and mechanical properties
of cast Al-Si alloys, a first research activity was addressed to the study of two Al-Si-Cu-Mg
alloys (A354 and C355) employed for engine parts. The effect of solidification rate (and
therefore SDAS), secondary phases (intermetallic particles) and heat treatment condition
(peak-aging or overaging) on the tensile and fatigue behavior, at room and elevated
temperature, was investigated. Experimental results showed that SDAS strongly affects the

mechanical behavior of the alloys, in particular UTS and elongation to failure, while its
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effect on YS was less relevant. Room temperature fatigue behavior, under rotating bending
conditions, was similarly influenced by SDAS, while at high temperature in the overaged
condition no clear influence was observed. Solidification rate was reported to play a role
also on coarse intermetallic phases size and aspect ratio. In particular, while in fine SDAS
samples small 7n-AljMg FeSi; and B-AlFeSi particles (= 10 pm) were detected, coarse
SDAS alloys were mostly characterized by large 3-AlFeSi (100-150 um). The presence of
Cu was reflected on microstructure mainly in the presence of the quaternary Q-
Al;Cu,MgSi, phases found in coarse SDAS samples. It was inferred that an increased
amount of Cu effectively leads to enhanced thermal stability: this was confirmed by the
comparison of the tensile and fatigue properties of C355 and A354 alloys, characterized by
different Cu content (1 and 1.5 wt.%, respectively) in the overaged condition, both at room
and high temperature. Moreover, the superior coarsening resistance of quaternary alloys
was observed by comparing their tensile behavior to that of the widely used A356
(AlSi7Mg0.3) alloy. In the overaged condition, while UTS and YS of A356 decreased of
about 50% from the T6 condition, the loss in Cu-containing alloys, on the contrary, was
limited to about 30 %.

Since the heat treatment of A354 alloy in the previously described experimental activity was
derived from industrial practice, an optimization study was aimed to induce the maximum
precipitation hardening effect while maintaining limited to a minimum treatment
temperature and time. Differential thermal analyses, microstructural characterization and
hardness tests allowed defining the new heat treatment parameters. A first solution phase
was defined aiming to dissolve a low melting eutectic compound and prevent from its
incipient melting at higher solution temperature, while a second phase was meant to further
dissolve Cu and Mg atoms, to be exploited through precipitation hardening. Different
aging temperatures were evaluated, allowing to identify the peak-aging condition. The
optimized heat treatment conferred to the alloy higher mechanical properties (HB, YS,
UTS) at room temperature, in comparison to the standard parameters, while maintaining
good ductility. Moreover, benefits of the optimized heat treatment, in term of high
temperature exposure resistance, were confirmed by tensile tests in the overaged condition.
Aiming to further enhance overageing response of A354 alloy, the addition of Mo as
alloying element was evaluated. From the present investigation, the addition of Mo to A354
alloy was reflected in the formation of Mo-rich solidification intermetallics characterized by
two types of morphology, probably formed during different solidification stages, and
prevented from the formation of B-Fe phases. As a result of heat treatment study and

preliminary tensile characterization, an increase of high temperature mechanical properties
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was registered in the overaged condition in comparison to the base alloy. Even if further
studies are necessary to better understand the role of Mo in such enhancement, the
experimental results seem to be in agreement with recent literature works, reporting the

formation of thermally stable quaternary Al-Fe-Mo-Si phases during solution treatment.

The addition of ceramic particles to Al-based alloys is another possible strategy to
enhance room and high temperature mechanical behavior. Al-matrix Nanocomposites, in
particular, gained much academic interest in the last years, in view of the high potential
mechanical properties in comparison to the more traditional micro-reinforced composites.
Moreover, the high weight fraction of microparticles which characterizes microcomposites,
confer low ductility; the addition of low amounts of nanoparticles, is expected and to some
extent reported to maintain good values of elongation to failure. The main processing
techniques may be classified as (i) liquid/semi-solid state and (ii) solid state methods.
Aiming to produce large-sized and low cost bulk components, liquid state routes seem to
be the most attractive. Despite many researchers reported in the literature optimistic results
in terms of nanoparticles distribution, difficulties associated to low wettability issues related
to liquid state and semi-solid state processing techniques have been clearly outlined in this
research activity.

Ex-situ stir casting technique assisted with ultrasonic treatment of the melt was used to
distribute AL, O, micro and nanoparticles within A356 matrix. A good distribution of
microparticles (added in weight fractions up to 8 wt.%) was achieved, while the lower
wettability of nanoparticles (added in 1 wt.%) led to the related formation of cavities and
particles clusters. Good hardness enhancement was registered on the produced micro and
nanocomposites. However, the exploitation at the industrial scale of liquid state stir casting
technique for the production of Al-based nanocomposites seems still challenging, in view
of the casting defects unavoidably induced by nanoparticles low wettability. From the
experimental results, it is thought that strategies to enhance particles distribution of cast
composites are needed. To this aim, the effectiveness of Friction Stir Processing (FSP) as
secondary/primary process to promote nanoparticles distribution, was evaluated. As a
secondary process, FSP was applied to a semi-solid cast AA2024-Al,0; nanocomposite.
Even if processing at the semi-solid state is reported in the literature to increase particles
wettability in comparison to the fully liquid state, the as cast AA2024-1wt%AlO;
composite presented a noticeable amount of particles agglomerates and porosity. The
application of FSP induced grain refinement, microstructural homogenization and
enhanced nanoparticles distribution, resulting in increased YS and UTS in comparison to

the as-cast and FSP unreinforced matrix. FSP was also investigated as possible primary
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method for distributing Al,O; nanoparticles, deposited in a superficial groove of a AA7075
plate. Rotation of the tool was then applied to exploit severe deformation processes to
distribute nano-alumina particles at the solid-state. As a results of microstructural
characterization, it was revealed that, by applying a sufficient number of passes, severe
plastic deformation allowed to distribute nano-sized particles and eliminating most of the
macro-sized AL O; clusters, as well as process defects such as tunnels. Also in this case, the
process led to significant grain refinement; after 4 FSP passes, in particular, the best
combination of microstructural homogenization, grain refinement and microhardness
increase were registered, probably due to the combined action of recrystallization processes
and pinning effect of nano-Al,O; particles.

As a conclusion, nanoparticles are indeed characterized by high strengthening potential as
dispersoids, but to fully exploit their effectiveness in hindering dislocation movement, an
even distribution must be achieved. The application of traditional casting technologies,
even at the semi-solid state, for the production of large volume of composites seem at the
moment still inapplicable; on the other hand, secondary processes, such as FSP, appear as

promising methods to improve reinforcement distribution.
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