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Over the last years solid state processing has been applied as an environmentally friendly recycling method for
metal scrap. These approaches, by skipping the melting step, allow substantial energy and resource savings with
respect to conventional remelting routes. Specifically, several processes relying on solid bonding phenomenon
have been applied to recycle aluminum alloys chips. In this paper, the Friction Stir Consolidation recycling
process is considered as solid-state recycling approach to turn chips of three different aluminum alloys namely
AA2024, AA6082 and AA5083, into consolidated billet. The paper aims both at validating a new solid bonding
criteria specifically designed for Friction Stir Consolidation as well as at proposing a general model to charac-
terize the bonding criterion for each single considered material. In this regard, a correlation analysis and a new
parametric model has been developed aiming to understand which material properties were involved in solid
bonding occurrence and to predict the bonding limit curve vs temperature by means of material thermo-
mechanical properties. The identified criterion and parametric model have been validated by implementing
these on the bonding prediction occurrence in Friction Stir Consolidation of AA5083 aluminum chips. Results
revealed that just on the basis of some mechanical and thermal properties of the material to be recycled it is
possible to identify the threshold for the actual bonding of the material at different temperature levels and,

therefore, properly design the recycling process by means of numerical simulation implementation.

1. Introduction

The environmental impact caused by engineering materials pro-
duction causes almost 25 % of all the anthropogenic emission [1]. Pri-
mary aluminum production process is one of the most energy and
emissions intensive, making the aluminum production industry
responsible for about 3 % of the world's 9.4 Gt of direct industrial COy
emissions in 2021 [2]. The main approach for reducing the primary
production and decoupling the resource depletion from the economic
growth is the implementation of Circular Economy Strategies [3]. The
basic idea is to turn process scrap and End-of-Life (EoL) products/
components directly into reusable materials or, better yet, into new
products/components. Over the last years new processes have been
proposed either to recycle process scraps efficiently [4,5] or to reprocess
EoL components directly into new component/product [6].

Although several circular economy strategies have been proposed
lately (Remanufacturing, Repair, Refurbishment, Reuse, etc.), recycling
is the most commonly applied strategy as far as metals are concerned.
Despite that, it is worth remarking that for aluminum alloys the
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conventional recycling route, based on remelting, is neither energy nor
resource efficient. Actually, the main drawback for the conventional
recycling processes is the permanent material losses occurring during
remelting because of the oxidation [7]. In order to overcome such issue,
researches have turned to Solid State Recycling (SSR) strategies. These
approaches directly turn aluminum scraps into semi-finished products
by avoiding the remelting step [8]. The solid-state nature of such process
category results in no material losses due to oxidation as well as in a
reduced number of intermediate steps to obtain the desired semi-
finished product. The solid-state activation depends on pressure, tem-
perature and contact time among surfaces to be joined. Oxides films
covering the chips must be broken and dispersed into the metal matrix to
allow the metal-to-metal contact. SSR processes, therefore, have to
provide the enough temperature and strain to reach the solid bonding
conditions among metal chips.

Most of the research in this domain was developed on conventional
hot extrusion [9,10] and Equal Channel Angular Pressing (ECAP) [11].
The latter provided better performance as it is characterized by higher
strains level allowing solid bonding condition to be fully achieved.

Other recycling processes are characterized, instead, by less strain
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Nomenclature

Exp ID  Experimental identification number
FSC Friction stir consolidation

FSCed  Friction stir consolidation product
) Normal contact pressure

Omean Mean stress

of Flow stress of the material

B Equivalent Strain

€ Strain rate

€ Reference strain rate
v Nodal velocity
Wt Temperature weight

Wy Strain weight

Z Zener — Hollomon parameter

wiim Threshold limit value/Bonding threshold

174 Solid bonding criterion value in the observation loci i
r Correlation coefficient

Gz Grain size

T; Temperature calculated for the i-th calculation step
€ Strain calculated for the i-th calculation step

PP Plata — Piwnik

PPW Plata — Piwnik — Weighted

TYS Tensile yield strength

level such as Spark Plasma Sintering (SPS) processes proposed by Par-
askevas et al. in order to consolidate aluminum and magnesium chips
[12,13]. However, due to the lack of strain and strain rate occurrence,
the consolidation level and final density provided by this process cate-
gory could not be satisfactory; for these reasons, some authors proposed
to apply a further process step after sintering step. Koch et al. [14],
propose a process chain made of cold compaction process, a field-
assisted sintering (FAST) process and finally a forward rod extrusion
process to recycle aluminum alloys chips.

Within SSR process category, friction stir based methods have lately
drawn the attention of several researchers. These are the process vari-
ants of Friction Stir Welding (FSW) [15]; specifically, the solid bonding
mechanics occurring in FSW has been applied for the recycling purposes.
In these processes, the friction between chips and tool allows heat
generation due to the combined effect of contact pressure and rotational
speed of the tool leading to chips welding.

Among them, Friction Stir Extrusion (FSE) and Friction Stir Consol-
idation (FSC) are the most applied processes for recycling purposes. As
far as FSE is concerned, a rotating die is plunged into a cylindrical
chamber containing the metal scraps. The stirring action of the tool
plastically deforms the materials and forces them into the extrusion
chamber [16]. Finally, after densifying and heating, fully dense rods/
wires are backward extruded trough an inner channel within the die
[17]. Apart from the wire extrusion, some researchers have worked on
Share Assisted Processing and Extrusion (ShAPE), where the die
configuration enabled the extrudate to push off the mandrel as in con-
ventional extrusion. With ShAPE, chips can be directly converted into
tubes and hollow profiles [18,19]. Another continuous process relying
on heating due to friction, applied for chips recycling, is the FIRP
approach [20]. In this process, chips are fed into the rotating groove of
the wheel, which has a continuous rotational movement which trans-
ports the particles into the tooling system. Due to the steady reduction of
the cross-sectional area of the wheel groove on the basis of the tool
insert, the aluminum particles are compacted, heated and plasticized
with steady rotation.

The present paper deals with FSC process; it is a discrete production
process that turn a chips batch directly into a billet. Actually, a rotating
tool is pressed onto chips which are confined in a billet chamber. The
heat generated by friction, and plastic deformation results in softening
of the material; the interparticle gaps are diminished and then the par-
ticles are welded together and consolidated [21]. Actually, this process
was first presented by Tang and Reynolds [22]; they obtained solid disks
starting from different aluminum alloy chips (2xxx, 5xxx, 6xxx and
7xxx). They revealed a lack of consolidation occurring at the outer
bottom part of the disks. Specifically, they assumed that these defects
were due to the lower deformation and heat input generated during the
process with respect to the upper part of the disk (where the material is
directly in contact with the tool). Some of the authors of the present
paper proved that the FSCed billet are characterized by non-
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homogeneous mechanical properties [23], and to address these issues
proposed multi-step manufacturing approaches to improve the quality
of the consolidation [24].

Because of the non-symmetric nature of the FSC process that can
cause a sample characterized by heterogeneous propertied and lack of
consolidation, it is essential relaying on numerical models able to sup-
port the FSC process design. In this respect, solid bonding prediction
criteria implemented on finite element codes can represent powerful
tools for the correct engineering of such kind of recycling processes.

Basically, two kind of solid bonding modelling exist: the energy
barrier and the film theory formulation. The former approach proposes a
threshold value as measure of bonding occurrence; the threshold is
calculated by analytical formulations of stresses and/or strains cumu-
lated values. On the other hand, the film theory proposes the concept of
oxide film breakage to motivate the solid bonding. In other words, the
bonding occurs when the oxide layer covering the material is broken
allowing the metal-to-metal surface contact. Actually, over the last years
solid bonding criteria formulations integrated with numerical simula-
tion have been implemented for the design of conventional
manufacturing processes.

Concerning the energy barrier approach, one of the first imple-
mentation was presented by Akeret [25], who defined the critical value
as the ratio between the normal pressure and the flow stress of the
material evaluated during the process. The first modification of this
approach was proposed by Plata and Piwnik [26], they proposed to
integrate over time the Akeret model. These first formulations were
applied to model the solid bonding occurring in porthole die extrusion
process. A further modification of this criterion was proposed by and
Donati and Tomesani [27]; they included in the formulation the local
velocity to improve the bonding prediction in the dead zones of an
extrusion process. Ceretti et al. [28] proved that Plata and Piwnik cri-
terion threshold value decreases with increasing temperature.

The film theory was first investigated by Bay [29] who outlined the
main aspect characterizing the solid bonding occurrence: local oxide
layers breakage enabling metal micro extrusion that activate material
solid bonding. Cooper et al. [30] improved the formulation considering
the oxygen captured in the material cavities and applied this approach.
Recently, Cooper and Oberhausen [31] have extended the film theory of
solid-state welding to consider non-plane strain deformations at the
billet-billet interface for modelling the transverse welding in aluminum
extrusion.

Concerning the solid bonding criteria specifically developed for
chips recycling processes, a very limited number of papers are available
in literature. As regards the film theory approach, Kolpak et al. [32]
adapted the Cooper and Allwood model [30] to the case of aluminum
alloys chips recycling by porthole extrusion process. The model they
proposed allowed the quality of the chips bonding to be evaluated with
varying geometrical and process parameters. Moreover, the bonding
mechanism on port-hole extrusion process was also analyzed by Yu et al.
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[33]; in this research, in order to describe the influence of the atomic
diffusion, the authors added a modified Arrhenius equation to the
already known solid bonding criterion. Based on their consideration,
this new version of the Arrhenius equation allows matching the
magnitude of the ratio between stresses (6,/6) with the magnitude of
the ratio exp(RT/Q). As far as the energy barriers-based approaches,
Guley et al. [34], improved the Donati and Tomesani formulation by
considering the effect of the shear stress as trigger for the bonding
occurrence. The authors identify a shear stress threshold ensuring the
oxide layers between chips to be broken. The authors implemented this
new approach on porthole die extrusion aluminum alloys chips recy-
cling. Baffari et al. [35], applied conventional Plata and Piwnik criterion
to model the bonding of AZ31 magnesium alloy chips when they are
processed by Friction Stir Extrusion.

The literature review reveals that although bonding criteria have
been analyzed in the last years, their correct formulation depends on the
specific process mechanics and, therefore, they are normally adapted to
the analyzed process. Also, there is a research need for implementing
these approaches on chips recycling processes for a better understanding
and modelling of this new process category.

Aware of these research gaps, the authors have recently developed a
new solid bonding criterion specifically designed for modelling the
bonding in aluminum chips recycling by FSC [36]. In this research the
authors proved that the new solid bonding criterion, named Plata —
Piwnik — Weighted (PPW), successfully modeled the bonding occurrence
in FSC based AA7075 chips recycling. In that paper, the authors sup-
ported the effectiveness of the new criterion by showing that conven-
tional criteria (already presented in literature) fail to predict the solid
bonding occurrence for FSC recycling.

The present paper aims at strengthening and extending the findings
Plata — Piwnik — Weighted criterion; to be more specific, the objective of
the present research is twofold.

1/Verifying the effectiveness of the proposed criterion on different
aluminum alloys. In this regard, the entire methodology set up in the
previous research, is here applied on two new aluminum alloys, namely
AA2024 and AA6082. The idea is to test the flexibility of the proposed
approach to make the findings concerning the effectiveness of the PPW
criterion more general.

2/Proposing a modelling effort relying on the data obtained on three
different materials. The aim is the identification of a parametric model
able to describe, with a single analytical expression, the bonding
occurrence of different materials. In this respect, a correlation analysis
was carried out to identify the material properties that actually affect the
solid bonding limit curve of a given material. A parametric model was
proposed to generalize the trend of the bonding limit curve vs temper-
ature by means of specific thermo-mechanical properties of the mate-
rials. The developed model was validated on a further (fourth)
aluminum alloy: AA5083.

The structure of the paper consists of 7 main sections: in Section 2 the
procedure for the experimental and numerical campaign was reported;
in Section 3 the solid bonding criteria used to evaluate the bonding
occurrence are shown. The methodology and the results are described in
Section 4 while the new parametric modelling is discussed in Section 5;
in Section 6 the validation of the new procedure is presented. The main
findings are summarized in Section 7.

2. Materials and methods

In this section, the experimental and numerical procedure are
explained. Specifically, the study presented in this paper involves two
main parts: an experimental campaign which provided the data used to
develop the experimental criterion and a numerical campaign that was
carried out to study the performance of the solid bonding criteria
through an image correlation analysis in MATLAB environment.
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2.1. Experimental campaign

The experimental campaign of the present research is the extended
investigation of the previous study, developed only on the AA7075 [36].
The chips of three different aluminum alloys, AA2024-T4, AA6082-T6,
and AA5083-H111, were utilized. These chips were obtained from the
as-received materials, with details listed in Table 1, by using milling
operation with a tool rotational speed of 1250 rpm, a feed rate of 28
mm/min and a cutting depth of 1 mm. The choice of these materials was
driven by the difference in their thermo-mechanical properties, aiming
to gain deeper insights into FSC process mechanics. Further, AA2xxx,
AA5xxx, and AA6xxx alloys are popular materials in aerospace, marine,
and automotive applications, respectively [37].

The used experimental setup consisted of ESAB LEGIO, a dedicated
friction welding machine with 35 kN vertical load maximum capacity. A
tool of H13 steel with 25 mm nominal diameter was coupled to head of
ESAB machine and a H13 steel cylinder die with 25 mm was integrated
onto the working table (shown in Fig. 1). The chips were first cleaned
and then dried after the machining process. The cleaning step was per-
formed by submerging them in acetone for 30 min. Then a fixed mass of
15 g cleaned chips was loaded inside the die chamber and compacted
with 5 kN load in order to avoid sprinkling out of the chips during
consolidation stage. After the pre-compaction, the tool rotation was
activated with pressing load initiating from 5 kN. The load was
constantly increased from 5 kN to 20 kN with 0.5 kN/s step increment
during the first 30 s. This step was termed to as transition phase. Here it
is important to note that due to available machine limitations, an instant
load achievement of 20 kN was not possible for the sake of machine
safety. Consequently, a mandatory transition period of 30 s preceded the
consolidation step. Productive time commenced upon reaching a force
of 20 kN, and the duration subsequent to achieving 20 kN was termed as
the consolidation time. Finally, chips were consolidated with load of 20
kN at different rotational speed and processing time. The experimental
plan shown in Table 2 was executed for AA2024-T4 and AA6082-T6. For
these materials, four experiments (Exp 1 to Exp 4 of Table 2) were
performed to analyze and model the bonding occurrence; one experi-
ment, with different process parameters setting (Exp 5), was used to
validate the results. To verify the new introduced formulation based on
the here proposed linear parametric model (described in Section 5), FSC
recycled billets were manufactured from a fourth, new, material
(AA5083-H111); for this material only Exp 1 and Exp 4 were developed
as it was used for validation purposes.

It is worth remarking that, the choice of parameters was driven by
several reasons; the authors proved that with the ESAB LEGIO machine
used in this research, the process window is quite limited as discussed in
[38]. To be more specific, a further increase in rotational speed and
processing time beyond a given threshold does not provide any actual
improvement. Secondly, to draw a comparison among different
aluminum alloys consolidation, it was important to adopt a uniform set
of process conditions, as those employed by the authors during FSC of
AA7075 billets [36]. Additionally, the selected process parameters
conditions allow the production of aluminum alloy billets with sub-
stantial different levels of consolidation quality; the latter aspect is
crucial for predicting bonding quality across a wide range of process

Table 1
Details of as-received materials.
S#  As- As-shape Vickers Grain TC SHC
material hardness size W/ [J/
[Hv] [pm] mm K] g °C]
1 AA2024- Extruded 100 52.2 0.13 0.96
T4 round bar
2 AA6082- Extruded 98.7 8.6 0.17 0.9
T6 angle bar
3 AA5083- Rolled sheet 70 75 0.12 0.87
H111
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Tool

Backing plate

Fig. 1. Friction stir consolidation experimental setup and process sketch.

Table 2
Process parameters setting of the developed FSC tests.

Exp Rotational speed Mass Transition Consolidation time
D [RPM] [g] period [s] [s]
Expl 1500 15 30 0
Exp2 1500 15 30 10
Exp3 1500 15 30 20
Exp4 1500 15 30 30
Exp5 1000 15 30 20

conditions [36].

For each sample, hardness and microstructure characterization were
developed; The samples were, therefore, first sectioned by using a
grinding wheel with low cutting speed and polished. Then, the samples
were etched using Keller's reagent (0.5 ml HF, 1.5 ml HCI, 2.5 ml HNO3,
and 95.5 ml H,0). GX51 Olympus optical microscope was utilized to
analyze the microstructure by using 5x and 50x lenses. The grain size
was measured throughout the billet section at 119 observation loci
equally spaced at a distance of 1.5 mm (Fig. 4). The method of inter-
cepting in accordance with the ASTM E112-96 standard test was used by

utilizing ImageJ software. The same observation loci were also analyzed
for the hardness test. The hardness was measured through the Vickers
hardness (Hv) test by applying Hv5 load in accordance with ISO 6507
standard. A load of 49 N (5 kg) was applied for 15 s. These analyses are
needed for the definition of the experimental bonding criterion (see
Section 4.1). This criterion allows the bonding occurrence in the FSCed
billet to be described, and it is based on hardness and grain size values.

2.2. Numerical campaign

The FSC process simulation was performed using the commercial
software SFTC DEFORM 3D™. Specifically, the model consists of four
components: tool, die, backing plate and chips (Fig. 2). The tool, as well
as the die and the backing plate, was considered as a H-13 steel rigid
component characterized by a mesh size of 30,000 elements. A friction
shear factor equal to 0.2, 0.25 and 0.28 were used to model the tool-
chips contact for AA2024, AA6082 and AA5083, respectively. On the
other hand, the chips were considered as a porous billet, using the Shima
and Oyane [39] formulation to model the discrete nature of the starting
billet. An initial relative density value of 0.44 was used to model the
starting billet porosity; this value was experimentally quantified. The

Tool

Chips

Die

Backing plate

Fig. 2. Numerical model for tool, die, backing plate and porous billet.
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heat transfer coefficient was considered equal to 11 W/mm/K, this value
was selected according to what reported in [40], where a numerical
approach was used for simulation friction stir welding processes. The
good matching between the numerical and experimental temperature
trends at the bottom of the billet (see Fig. 3) prove the effectiveness of
the selected value. A mesh of 30,000 elements were used for the billet; a
refining mesh window was also located in the tool-billet contact surface.
The material mechanical behavior was evaluated though the study of the
ASM compendium and the database JMatPro, for each material. The
temperature stress-strain-strain rate curves obtained for AA2024,
AA6082 and AA5083 are shown in Egs. (1), (2) and (3), respectively.

549.865
of = 8.958 o (18486.1 + £)°172 « 0045 ¢ ey /T o)
916.48
o = 0.563  (34.819 + )" 0 S e exp /T @
1090.52
Of = 6.4963 o (18.546 + £)"17%0 ¢ £200404 ¢ o3 /T 3)

The numerical simulation was tuned and validated through experi-
mental temperature measurement at the center bottom of the billet by
using a K-thermocouple. In Fig. 3 temperature trends obtained from the
experimental and numerical measurement for each material are re-
ported; a good overlapping can be observed.

The aim of these simulations was the acquisition of all the stress and
strain values characterizing the FSC over the processing time (transition
and consolidation). The trends of such variables allow different bonding
approaches to be analyzed and the bonding occurrence in FSC better
investigated.

3. Analyzed bonding criteria

As mentioned in the introduction, the existing bonding criteria can
be divided into two categories: energy barrier theory criteria and film
theory criteria. The authors have proved that the available film theory
model [32] fails in modelling the bonding occurrence in FSC process
and, moreover, they are very complex to be implemented as they require
several assumptions to be made and coefficients values to be identified.
For these reasons, only the energy barrier bonding criteria are analyzed,
specifically the formulations reported in Table 3 will be taken into ac-
count. Along with the criteria reported in Table 3, the authors have
tested other criteria based on the energy barriers theory [33,34]; since
no relevant changes, both in terms of theoretical formulation and in the
related obtained results, were observed, the discussion is limited to
those reported in Table 3 for the sake of clarity of presentation.

The first three criteria were already available in literature and were
used to predict the bonding occurrence in extrusion processes. The last
two criteria of Table 3, instead, were designed by the authors for the FSC

500
450
400
O 350
oL =+ <AAG082 N
< 300 -
5 AA6082_E
< 250
< - . = AA2024 N
2200
E AA2024 E
5
TR AA5083 N
LT AAS5083_E
50
0
0 10 20 30 40 50 60
Time [s]

Fig. 3. Comparison between experimental and numerical temperature profiles
during FSC, at center bottom of the billet (N = numerical, E = experimental).
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process. All the criteria here reported were tested for each analyzed
material by identifying the thresholds with an iterative procedure re-
ported in Section 4.2.

Specifically, the Plata — Piwnik — Weighted (PPW) criterion improves
the concept of Plata — Piwnik (PP) by adding two weights related to the
temperature and strain (wr and w;). These weights have the effect of
reducing the count of the integer on time where the temperature and/or
strain impact is lower; the equations of wr and w; are shown in Eq. (4).

i —Tia

w AT
T

= w, =
T-vi S

& — & Ae

4

& &

The second formulation proposed by authors concerns the use of the
Zener-Hollomon parameter (Eq. (5)) to link the Plata — Piwnik criterion
to the recrystallization phenomenon. This criterion was applied
considering a temperature activation threshold (480 °C); this tempera-
ture threshold was identified with an iterative approach in order to
optimize the matching between the experimental results and the pre-
dicted ones obtained with the adopted solid boning criterion (the pro-
cedure was implemented on all the experiments from Exp 1 to Exp 4).

Z :éexp(Q/R'T>

where R is the gas constant (8.314 J/mol K), T is the temperature (K) of
the point and Q (J/mol) is the activation energy (AA2024 [41], AA6082
[42] and AA5083 [43]).

%)

4. Discussion of the results

In this section, the obtained experimental and numerical bonding
maps are analyzed for the AA2024 and AA6082. The obtained results
will be compared to those already obtained for the AA7075. The
objective is to strengthen the effectiveness of the Plata - Piwnik —
Weighted criterion with respect to other criteria in FSC bonding
occurrence prediction.

4.1. Experimental bonding criterion

The aim of the experimental campaign is the definition of the
experimental bonding map for each Exp L.D. (1 to 4) reported in Table 2
and for each of the analyzed material. The experimental bonding map
derives from the definition of an experimental bonding criterion defined
in [36] as follows:

“The bonding occurs when grain size and hardness value exceed
simultaneously the threshold of 2 pm and 60 % of base material
hardness, respectively. This means that when the grain size and
hardness value of an observed locus are greater than 2 pm and 60 %
of base material hardness, it can be considered as consolidated.”

The microstructural view of Exp 1 and Exp 4 for the AA2024 can be
seen in Figs. 5 and 6 while those of AA6082 are reported in Figs. 7 and 8.
To better highlight the grain size evolution, only the Exp 1 and Exp 4 are
shown as represent the first and the last time acquisition.

It is clearly visible from Figs. 5-8 a direct correlation between pro-
cessing time and the consolidation effect. The increasing processing time
leads to an increase in the consolidation effect throughout the observed
section of the specimen. In particular, for Exp 1 of AA2024 material
(Fig. 5) the upper section of the billet was fully recrystallized, but an
unconsolidated zone with loose bonding chips was noticed at the bottom
section of it. Further, the microstructure of the bottom zone was not
much altered compared to the starting input material (chips). It in-
dicates that processing time was not enough to achieve full consolida-
tion. As the processing time increased to 60s in the case of Exp 4 (see
Fig. 6), the consolidated zone expanded towards the bottom resulting in
a more consolidated area with good bonding conditions among the chips
except near the external surface at the bottom. This zone, which can be
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Step 1: Microstructure Step 2: Microstructure analysis of the Step 3: Experimental bonding
characterization of as-recived FSCed billed map
material and chips : §

119 observation loci Expl

Consolidated

Not
consolidated

Hv>60%
Grain size > 2pm

Vickers hadness (Hv)

Grain size ( pm)

Fig. 4. Procedure adopted for the experimental campaign.

Unbonded
chips

Fig. 5. Microstructural view of the grains for AA2024, Exp. 1.

compared to the dead zone of extrusion process, can never reach the grain size, hardness distributions and related experimental bonding map

consolidation conditions irrespective of the processing conditions [22]. of Exp 1 to Exp 4 for the AA2024 are not reported. However, it is worth
Increasing processing time processing led to a larger consolidated mentioning that for the case of AA 2024 an almost fully consolidated

area with improved billet quality in the case of the AA6082 (comparing billet can be obtained when process conditions of EXP 4 are obtained.

Figs. 7 and 8). Concerning the influence of material, thermophysical Overall, the consolidation region increases with increasing process-

characteristics such as the thermal conductivity of the input material, ing time; this phenomenon is due to the non-symmetric nature of the

could be assumed to also play an important role. A material with a process, as the strain and heat flow start from the top region and move

higher thermal conductivity proves conducive in transferring heat from downwards. This finding has been already discussed by Xi et al. [21]

rotating towards the bottom section. Therefore, a higher heat transfer Latif et al. [24].

rate leads to a change in the microstructure of the bottom more rapidly

compared to a material characterized by a lower value of thermal con- 4.2. Numerical bonding maps

ductivity as can be seen in the case of AA6082 compared to AA2024

(comparing Figs. 5 and 7). On the other hand the AA6082 micrography The obtained experimental bonding maps were used as benchmark

show that the grain growth is limited to the upper half part of the billet's for the tuning and validation of the solid bonding criteria listed in

cross section. Table 3. Specifically, for each criterion the related thresholds value will
However, a clearer visualization of the bonding map can be obtained be identified for each Exp LD. This value must guarantee the best

by analyzing the hardness and grain size values and combing them by overlapping between the predicted numerical bonding map and the

the defined experimental bonding criterion. The grain size and hardness experimental one. For the correct identification of these thresholds, the

distributions for AA6082 along with the derived experimental bonding procedure made of the following steps was implemented:

map are reported in Fig. 9. The evolution of the consolidated area is Step 1: Numerical and experimental test development.

clearly visible as it expands bottomward from Exp 1 to 4. It is possible to Step 2: Numerical and experimental data collection.

notice, that for the AA6082 a large part of the billet is still not consol- Step 3: Definition of the experimental bonding criterion and calcu-

idated even in Exp 4. For the sake of clarity of results presentation, the lation of solid bonding map for each Exp L.D.
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Fig. 6. Microstructural view of the grains for AA2024, Exp. 4.

Fig. 7. Microstructural view of the grains for AA6082, Exp. 1.
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Fig. 8. Microstructural view of the grains for AA6082, Exp. 4.

Grain size

Hardness

Experimental bonding map

: R/

Exp 1

Exp 2

Exp 3

Exp 4

Consolidated

Not
consolidated

Fig. 9. Grain size and hardness distributions and experimental bonding map for Exp 1 to Exp 4 (AA6082).

Step 4: Iterative calculation using an image comparison model using
MATLAB environment aimed at the identification of the proper W™
value.

Step 5: Solid bonding threshold identification (W'™).

Since the performance of each criterion was widely described in the
previous analysis [36] for the AA7075 and since similar results were
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obtained for the new aluminum alloys here analyzed, the results are here
discussed only commenting on the results provided by the Plata — Piwnik
(PP) and the Plata — Piwnik Weighted (PPW) criteria. The numerical and
the experimental bonding maps for AA2024 is reported in Fig. 10.

In this study the performances were evaluated through an image
comparison; the dark red area of the solid bonding criteria map,
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Fig. 10. Calculated solid bonding maps and the experimental bonding maps (AA2024).
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Fig. 11. Example of AA2024 whm (threshold) temperature trends for the PP (a) criterion and for the PPW (b).
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Plata — Piwnik — Weighted Plata — Piwnik
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Not
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I Prediction
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Fig. 12. Graphical analysis of the error's prediction for the validation test, case study AA2024.

representing the material that exceeds the threshold and can be the correlation coefficients obtained for all the tested criteria together
considered as consolidated, was compared to the dark red area of the with the identified thresholds values are reported in Table 4. It is
experimental bonding map which represent the real consolidated zone. possible to notice that Donati — Tomesani [27] and PPW [36] criteria
The matching level between the experimental and numerical surfaces provide the best performance and, overall, with increasing the pro-
was quantified in terms of “correlation coefficient” as described in [36]; cessing time the prediction performance of each criterion improves. The
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Y

pin = £ (T)
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‘ Step 2

Linearization:

Wim=m-T+ b

Wim = £ (T)

\ 4

Parametric model
implementation

‘ Step 4

Step 3

Correlation

'

m=f(%), b =f(3), Tar =

1z

analysis

Fig. 13. Workflow for the parametrization of the bonding limit curve, where a is the constant values (third-order curve), m and b are the slope and the y-intercept of

the straight line, respectively.
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Fig. 14. W ™ vs mean temperature curve evaluated in four observation windows (points) for three materials. Exp 1 up to Exp 4 from left to right (for all the

three curves).

results are satisfactory as the numerical bonding maps perfectly mimic
the experimental ones, as it is possible to notice in Fig. 10.

Actually, for the AA2024 alloy case both the PP and PPW criterion
have good performance, proved by both the correlation coefficient
values of Table 4 and the maps of Fig. 10. Despite that, it is worth
mentioning the W™ values increase moving from Exp 1 to Exp 4 for
most of the criteria reported in Table 4; it means that W™ increases with
increasing the processing temperature. Specifically, this trend can be
seen in Fig. 11 where PP and PPW W'™ values obtained for each EXP L.D.
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are plotted.

This trend cannot be considered a reliable result if the solid bonding
mechanics is considered: as a matter of fact, higher temperature in-
creases the material softening effect making easier the sold bonding
condition achievement; the bonding limit must, therefore, decrease with
increasing the temperature [28]. Actually, the only criterion showing a
clear decreasing trend with increasing temperature is the PPW recently
presented by the authors.

Table 4 lists also the results obtained for the T for AA6082. The
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Fig. 15. W™ linear models.

Akeret and PP criteria provide poor results in terms of correlation co-
efficient, on the other hand the PPW criterion is the only criterion
providing a clear decreasing W''™ trend with increasing temperature is
the PPW.

In order to validate the performance of the proposed criterion on
these two new aluminum alloys here tested, one more experiment for
each alloy was performed. Specifically, the used process parameters are
the Exp 5 configuration reported in Table 2. It is worth remarking that
although the Exp 5 is characterized by the same process condition as EXP
3 apart from a reduced rotational speed, the obtained bonding area is
definitely different to those characterizing Exp 1 to Exp 4. Actually, the
authors have proved that a reduced rotational speed leads to both a
reduction in processing temperature and strain and strain rate levels.
Therefore, the bonding occurrence is strongly affected by this process
parameter variation.

The validation procedure is based on the comparison between the
predicted bonding map and the experimental bonding map generated by
acquiring the hardness and grain size values (see Section 4.1) for EXP 5
test. For each criterion the W™ vs temperature values were interpolated
by a third order model (see Fig. 11b), this model allows the W™ for a
given processing temperature to be quantified. By performing the nu-
merical simulation in Exp 5 conditions, it was possible to acquire stress,
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strains and temperature values for solid bonding criterion values (WH
calculation in each of the 119 observation loci. After that, it was possible
to calculate the W™ for each locus by applying the third order model as
the one reported in Fig. 11b by using only the local temperature value as
input parameter. The numerical bonding map was, therefore, carried out
by performing local solid bonding criterion values comparisons: if the W'
value is higher than the calculated W'™, that point was labeled as
consolidated, vice versa it was labeled as not consolidated. Finally, the
consolidated/not consolidate map resulting from this analysis was
compared with the experimental bonding map.

The validation results for the AA2024 are reported in Fig. 12 where
the predicted numerical bonding map by the PPW and the PP criteria are
reported along with the experimental bonding map. In order to improve
the results visualization each observation loci are represented by a small
rectangle (red = consolidated; blue = not consolidated). It is possible to
note that the PPW criterion has an excellent prediction performance as it
mistakenly predicts the bonding occurrence only in 4 loci. Whereas the
PP provides poor performance overestimating the bonding map exten-
sion. This means that, although PP criterion has good correlation co-
efficients (at least for the AA2024), it cannot predict the bonding
occurrence for conditions different from those the cubic model was built
on; in other words, it cannot be used as a predicting criterion. The
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Fig. 16. Experimental, calculated and predicted bonding maps for AA5083 in EXP 1 and EXP 4 conditions.

Table 3
Solid bonding criteria analyzed for modelling the FSC bonding occurrence.
Criterion Equation
Akeret [25] w, =2
1 o-f
Plata and Piwnik [26] Wy =/ Py
2 (7f
Donati and Tomesani [27] Wy = [Edto v
I
Plata - Piwnik — Weighted [36] Wi —weows e | |omean| d
of
Plata - Piwnik — Zener [36] 0. T <480 C
Ws = .
° lomeanl 14 7> ag0'c
of Zz

Note: Plata — Piwnik [s], Donati - Tomesani [mm], Plata — Piwnik — Weighted [s],
Plata - Piwnik — Zener [s2].

authors believe that the knowledge generalization capacity of a given
criterion is strongly related to the appropriateness of the W™ trend
versus temperature.

The results of the validation procedure for each criterion are re-
ported in Table 5 for AA2024 and AA6082. It is possible to see that the
best performance in predicting the bonding occurrence in FSC are pro-
vided by the PPW. In fact, the percentage of loci mistakenly predicted is
equal to 4 % for AA2024 and 9 % for AA6082. Good performance is
provided also by Donati and Tomesani criterion.

These results allow to positively answer to the first question of the
present research. Actually, it has been proved that the criterion designed
by the authors is effective on different aluminum alloys. Specifically, it
allows predicting and modelling the bonding occurrence in FSC pro-
cesses correctly; the provided performances are better than those pro-
vided by the other criteria. This criterion particularly outperforms the
other criteria in generalization capability, in fact provide the best per-
formance in the validation test.
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5. Model generalization - linear parametric model development

In this section, a parametric model is presented with the purpose to
generalize the bonding limit curve by means of a predictive parametric
linear model based on the thermo-mechanical material properties. The
choice of shifting towards a linear model was driven by the will to
simplify the modelling effort, keeping up the bonding prediction per-
formance of the model itself. The parametric model was developed
following the workflow reported in Fig. 13.

In the modelling, the results obtained with the PPW criterion were
used for the three different materials. The trends of W'™ values vs
temperature, instead of being interpolated by a third order polynomial
curve, were approximated by linear models. The cubic and linear curves
for all the analyzed materials are reported in Fig. 14.

In order to test the prediction performance of the linear model with
respect to those of the cubic model, a performance check step was
executed. The performance check was developed by comparing the
bonding prediction accuracy provided either by the cubic or by the
linear models with the experimental bonding map. Results in terms of
correctly predicted loci are reported in Table 6. As it is possible to note,
by using the linear model only a slight worsening in prediction accuracy
occurs, this result makes the linear models reliable tools for the
modelling of solid bonding occurrence in FSC.

It should be observed that in Fig. 14 for each material a Tyt tem-
perature is indicated, namely a temperature threshold at which bonding
phenomenon is firstly recognized.

Once the linear models were obtained, it was possible to focus on the
parametric model development. Specifically, the idea was to express the
slope (m), the y-intercept (b) and the starting temperature (Tsir) as a
function of the thermo-mechanical properties of the analyzed material.
In this regard, the properties reported in Table 7 were taken into ac-
count. In this table the identified m, b and Ty values for the three
different materials are also reported. Tensile tests were developed on the
base materials to obtain UTS, TYS and EB values; thermal properties
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Table 4 Table 6
WH™ and correlation coefficient for both criteria, case study AA2024 and Comparison of the validation results between third-degree and linear interpo-
AA6082. lation curves, for the Plata — Piwnik — Weighted criterion.
Criterion Exp AA2024 AA6082 Interpolation Material ~ N° loci well Total observation Error
D . . dicted loci
Correlation whim Correlation wiim curve predicte od
coefficient coefficient Third order AA2024 115 119 4%
AA7075 112 119 6%
0, . 0 .
Akeret (1992) Ilixp 71 % 167*1 67 % :1%‘(;171 AAGOS2 108 119 11 %
B 81 % 1o 65 9 64 Linear AA2024 109 119 9%
2Xp 0 o 0 A AA7075 113 119 6%
AA6082 1 11 16 %
Exp  92% 2.1 60 % 6.7 - 608 00 ° 6%
3 107! 107!
Ex 90 % 2.0- 71 % 7.4 - . . .
4 P ’ 101 ° 101 (one variable increases, the other decreases more or less proportionally).
Plata — Piwnik Exp 78 % 26 - 91 % 37. For the slope (m) and y-intercept (b) models, TYS and SHC were
(2000) 1 10! 107" selected as independent variables to build the linear model on. Actually,
Exp  82% 4.2 67 % 86 the correlation coefficient values were high with an absolute value very
2 10~ 107 close to one. As far as the Tyt is concerned, only the EB was selected
Exp 92 % 5.8 61 % 15- ) : < | star 2 . ’
3 10-1 100 instead. The identified linear model equations, with the related R-
Exp 91 % 7.1 75 % 2.2. squared values, are reported in Egs. (6), (7), and (8).
4 107! 10°° As it is possible to notice in Table 8, the slope (m) has a negative
Donati - Exp  87% 23 95 % 57 correlation with the tensile yield strength (TYS) and the specific heat
Tomesani 1 10 10 . SHC hil iti lati b d for th
(2004) Exp 87 % 06 - 97 % 6.0 .capac1ty ( ), while a positive corre. ation was observed for e.y—
2 102 102 intercept (b). On other hand, the starting temperature has a negative
Exp 96 % 2.6 - 82 % 4.3. correlation with the elongation to break (EB).
—2 —2 . . . . . . . .
3 10 10 It is possible to define a generalized parametric function involving
Exp  97% 1.0- 74 % 4.4. .. .
4 10-3 10-2 the values of the angular coefficient, constant term and starting tem-
Plata - Piwnik - Exp 88 % 77. 04 % 6.8 - perature. To be more specific, for each of the considered materials, it
Weighted 1 107* 1074 was evaluated the equation of a straight line using the value of m, b and
(2023) Exp 95 % 7~1~4 98 % 6‘5;‘ Tstart calculated using the obtained correlation with TYS, SHC and EB
2 10 10~ E
s. (6), (7), (8).
Exp  93% 7.0 88 % 6.3- (Egs. (6), (7). (8))
—4 —4
3 10 10 m=4361e10°-1.148¢10 2 e TYS—4.696 ¢ 10 ° ¢ SHC,R*> =1
Exp 97% 5.8 - 80 % 6.2 -
4 1074 1074 (6)
Plata - Piwnik — Exp 45 % 1.0- 86 % 1.0-
Zener (2023) 1 1071 10718 b= —2089¢102+5e10%eTYS+2.346e10 °eSHC,RZ =1 (7)
Exp 81% 5.0 - 97 % 1.5-
2 1071 10714 _ 2 _
Tstart = — 11.311 ¢ EB+627.48, R* = 0.99 (€))
Exp  92% 6.0 - 85 % 5.1-
3 10710 1071
Exp 94 % 1.6 - 84 % 18- 6. Parametric linear model validation
4 10°° 10712

Table 5
Prediction of the bonding occurrence for each observation loci, AA2024.
Criterion N° N° loci well Error N° loci well Error
total predicted (AA024) predicted (AA6082)
loci (AA2024) (AA6082)
Akeret 119 89 26 % 55 54 %
Plata - 81 32% 55 54 %
Piwnik
Donati - 113 6 % 105 12 %
Tomesani
Plata - 115 4% 108 9%
Piwnik -
Weighted
Plata - 65 46 % 86 28 %
Piwnik -
Zener

have been identified on dedicated databases [44,45].

With the data reported in Table 7, a simple correlation analysis was
performed in Excel environment and the related correlation coefficients
are reported in Table 8. It is worth reminding that the closer to either —1
or 1 the coefficient values are, the stronger the relationship between the
analyzed couple of items is. A coefficient value close to 1 means a strong
positive relationship (one variable increases, the other increases almost
proportionally). A coefficient of —1 means a strong negative relationship
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In order to test the designed parametric model, a fourth material was
selected. Specifically, the AA5083 aluminum alloy was used. Please refer
to Section 2.1 for the details concerning the experimental procedure. For
this fourth material two process parameters configurations were inves-
tigated, namely Exp 1 and Exp 4 parameters setting of Table 2. The
validation phase consisted of the following steps.

Step 1: Identifying the solid bonding map.

Step 2: Applying the iterative procedure for Wim (PPW criterion)
calculation in Exp 1 and Exp 4 conditions (A and B in Fig. 15).

Step 3: Collecting TYS, UTS, and EB values for the new material
(AA5083).

Step 4: Building the W™ linear model by applying Egs. (6)—(8).

Step 5: Comparing the obtained prediction with that obtained with
the conventional procedure (step 3).

By implementing this procedure, the obtained W™ Jinear equation
for the AA5083 material is reported in Eq. (9).

wim = —8.69-1077 T+0.0012 9
with a Ty equal to 426 °C.

In Fig. 15 the predicted linear model for the AA5083 material is
reported together with the linear models discussed in Section 5 (Fig. 14).
The W'™ values for the two process parameters setting are also reported
(Exp 1 and Exp 4). It is worth mentioning that these values have been
calculated with the automatic procedure discussed in Section 4.2. These
values, therefore, serve as benchmark for assessing the accuracy of the

bonding map predicted on the basis of the W™ values predicted by Eq.
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Table 7
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List of angular coefficients (m), y-intercept (b), experimental starting temperature and thermo-mechanical properties.

m (slope) b (y-intercept) Tstart [°Cl TYS [MPa] UTS [MPa] EB [%] Hv [HV] TC [W/mm K] SHC [J/g °C]
AA7075 —7.35E—-06 0.004233 510 503 572 11 175 0.13 0.96
AA6082 —1.62E—-06 0.001517 520 250 290 9 95 0.17 0.9
AA2024 —1.30E—-06 0.001313 400 324 469 20 137 0.12 0.87
Table 8
Correlation values of m, b and starting temperature with the thermo-mechanical properties.
TYS [MPa] UTS [MPa] EB [%] Hv [HV] TC [W/mm K] SHC [J/g °C]
m (slope) —0.944 —0.748 0.389 —0.825 0.298 -0.971
y-(intercept) 0.939 0.738 —0.403 0.817 —0.284 0.974
Tstart 0.159 —0.228 —0.995 —0.104 0.698 0.673
9. CRediT authorship contribution statement

It is possible to see that the predicted linear curve for the AA5083 is
very close to the W™ calculated in Exp 1 and Exp 4 conditions. To
further explore the effectiveness of the predicted W'™ values, the
bonding map obtained by using the WI™ values calculated by the iter-
ative procedure of Section 4.2 and the W™ predicted by the predicted
linear model of Eq. (9) are plotted in Fig. 16 along with the experimental
bonding map. It can be seen that the predicted and calculated bonding
maps are very close each other and more importantly mimic the
experimental map perfectly.

In this way also the second research question of the paper was
effectively faced: a parametric model was set-up able to describe, with a
single analytical expression, the bonding occurrence of different mate-
rials at the varying of properly selected thermo-physical characteristics.

7. Conclusions

The overall aim of this paper was to provide knowledge and tools for
analyzing and predicting the bonding occurrence in Friction Stir
Consolidation of aluminum alloys chips. Starting from the Pla-
ta—Piwnik-Weighted (PPW) solid bonding criterion already presented
by the authors and tested for the FSC of AA7075 chips, here two more
pieces of knowledge have been added.

1/The effectiveness of the PPW criterion has been proved on two
more aluminum alloys, namely AA2024 and AA6082. This criterion
particularly outperforms the other criteria in generalization capability.
In fact, it provides the best performance also on the validation test,
providing for both the proposed materials a very low error prediction
(percentage of loci mistakenly predicted): namely, 6 % for AA2024 and
11 % for AA6082. These results strength the findings concerning the FSC
criterion developed by the authors, making it usable for a wide range of
materials (at least for aluminum alloys materials family).

2/A linear parametric model was designed to predict the wim yg
Temperature curves with varying material properties. The wim g
temperature was reduced to a linear model, so that it could be modeled
by knowing the slope (m) the y-intercept (b) and the activation tem-
perature (Tgrr). Results revealed that to identify the W™ curve vs
temperature curve for the PPW criterion it is enough to know just the
Specific Heat Capacity, the Tensile Yield Strength and the Elongation at
Break of a given material.

Finally, the model was successfully tested for predicting the bonding
occurrence of FSC of a further material, namely the AA5083; the pre-
dicted bonding map matched the experimental bonding map perfectly.

Further development of the present study will be addressed to
enhance the applicability of such approach. Specifically, the effective-
ness of the PPW criterion and the proposed parametric model will be
applied to other material families such as steel and magnesium alloys.
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