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Abstract
A new variant of friction stir processing named upward friction stir processing (UFSP) is a promising approach to control particles’ 
distribution and promote a more uniform distribution over a larger processed area. This variant involves using two sheets with 
functional particles between them to produce metallic composites. A spacer is used to ensure the desired quantity and uniform 
distribution of the particles and prevent sputtering. This technique promotes an upward flow to introduce more particles with a 
uniform distribution in the processed volume, avoiding discrete holes or grooves. This study involved enhancing the particles’ 
distribution by varying process parameters. The resulting trial with the best particles’ distribution was characterized by means of 
light microscopy, eddy current testing, microhardness mapping, scanning electron microscopy, and energy-dispersive X-ray spec-
troscopy. The study revealed that UFSP can improve the particles’ distribution in the stir zone of metallic composites, especially 
when multi-passes are performed towards the retreating side of the plates. The process parameters that produced an improvement 
in particles’ distribution were six passes with an offset of 1 mm towards the retreating side, the tool rotation and processing speed of 
900 rev/min, and 180 mm/min, respectively, and a spacer’s thickness of 0.5 mm. The resulting hardness and electrical conductivity 
profiles show that the UFSP technique can significantly affect material’s properties, including mechanical strength, particularly 
when processing with tool offset towards the retreating side. Furthermore, the hardness increased by about 22% in composites 
produced with the addition of reinforcement particles. However, for some aluminum alloys, the properties decreased under such 
conditions. These findings highlight the potential of UFSP for producing functionalized materials with tailored properties, while 
also underscoring the importance of careful parameters selection to optimize the material´s performance.

Keywords  Upward friction stir processing · Metal matrix composites · Aluminum-based matrix composites · Particles · 
Solid-state

1  Introduction

For processing and welding metallic alloys, friction stir pro-
cesses could be a viable alternative to fusion-based technolo-
gies because these processes have a low carbon and environ-
mental footprint. The variants of friction stir processes are 
additive friction stir deposition (AFSD) [1, 2], friction stir 
additive manufacturing (FSAM) [3, 4], friction stir welding 
(FSW) [5, 6], friction stir processing (FSP) [7, 8], friction 
surfacing (FS) [9, 10], friction stir spot welding (FSSW) [11, 
12], friction stir lap welding (FSLW) [13, 14], and friction 
stir vibration process (FSVP) [15–17]. The basic underlying 
principle of these processes is to weld/process/deposit mate-
rials using friction as a thermal energy source. Axial force, 
rotational speed, and weld or traverse speed are the common 
control parameters of all friction stir processing techniques. 
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Furthermore, tool profiles and tool dimensions are known to 
have an impact on weld or stir region quality [18].

FSP is a solid-state technique that employs the FSW prin-
ciples. The FSW technique involves the use of a rotating 
tool to cause deformation and friction heat at the joint of 
two materials component [19]. FSP is used to produce ultra-
fine-grained materials with improved mechanical properties. 
This can be done by introducing functional particles into the 
base material [19].

Functional materials produced by FSP, such as metal 
matrix composites (MMC), have been developed for tra-
ditional engineering applications, including high-specific 
mechanical strength and wear resistance applications 
[20–23]. However, if more effective stirring techniques are 
developed, the potential of friction stir-based processes can 
be extended beyond the traditional mechanical-oriented 
applications [24]. FSP variant techniques capable of produc-
ing these materials are thus required. FSP has been studied 
for MMC manufacturing, and several reinforcement methods 
have been documented in the literature [25].

Several particles, including titanium dioxide (TiO2), 
silicon carbide (SiC) [26–29], alumina (Al2O3) [30, 31], 
titanium carbide (TiC) [32], titanium aluminum carbide 
(Ti3AlC2) [33], tungsten carbide (WC) [34, 35], and barium 
titanate (BaTiO3) [36], have been widely used as reinforce-
ment in materials to improve their mechanical and micro-
structural properties. The process parameters and the con-
centration of the reinforcing material are the primary factors 
that determine the properties of materials reinforced with 
these particles. Lower rotation speeds during the manufac-
turing process can also lead to finer microstructures. Overall, 
the use of particles as reinforcement has been found to be 
effective in enhancing the mechanical and microstructural 
properties of materials [37].

Aluminum-based matrix composites have various indus-
trial applications and possess numerous beneficial properties 
including high fatigue strength, low thermal expansion, and 
excellent wear resistance. These materials find applications 
in a wide range of fields, including automobile, aerospace, 
rail and marine transportation, construction and building 
industry, and many others, owing to their excellent attributes 
such as high strength-to-weight ratio, exceptional tensile 
strength, high fracture toughness, and superior wear resist-
ance [38–41]. The manufacturing process for AMCs typi-
cally involves combining a reinforcement material with an 
aluminum matrix using friction stir processing [42–44]. In 
general, the process includes embedding the reinforcement 
into a groove or holes on the surface of the metal matrix 
plate and then applying FSP to mix the two. The earliest 
known technique involves directly pasting a layer of parti-
cles mixed with methanol on the base material matrix and 
subsequent processing [45].

A new FSP-based alternative to produce functionalized 
materials incorporating any kind of solid particles was 
proposed by Inácio et al. [46], i.e., the upward friction stir 
processing (UFSP) variant. UFSP variant is a process for 
producing metallic composites that differs from existing 
variants by promoting an “aspiration” effect (upward flow) 
rather than bringing reinforcement particles from an upper 
layer to a lower one. To do this, two sheets (the bottom one 
of which can be a sacrificial plate) are used with functional 
particles between them. With this method, it is possible to 
introduce more particles with a more uniform distribution in 
the processed volume since they are continuously confined 
between the two sheets rather than being enclosed in dis-
crete holes or grooves. To promote the upward flow effect, 
a counter clockwise rotation of the tool is necessary when 
using a left-hand thread pin. To ensure the desired quantity 
and uniform distribution of the functional particles between 
the two sheets, a spacer is used. In addition, the spacer also 
prevents sputtering of the particles [46].

The distribution of particles in metal matrix composites 
produced by FSP is the key factor in ensuring good mechani-
cal properties, as clusters of particles in these composites 
can affect mechanical properties [47, 48]. Consequently, the 
production of MMCs with a homogeneous distribution of 
functional particles is advantageous. In this work, particles’ 
distribution of composites produced by the UFSP technique 
was improved by applying different UFSP process param-
eters. Additionally, the trials were carried out and charac-
terized by means of light microscopy, eddy current testing, 
microhardness mapping and advanced characterization tech-
niques, such as scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDS).

2 � Materials and methods

2.1 � Materials

Aluminum alloys play an important role on engineering 
applications, mainly on those involving friction-based 
manufacturing technologies due to be suitable for solid-state 
processing. In this work, commercial AA7075–T651 plates 
with 203 (rolling direction) × 103 × 3 mm were used as base 
material. The average hardness measured on a polished base 
material sample was 180 HV0.5. The nominal composition 
of the Al plates is depicted in Table 1 [46].

Base material metallographic investigations were car-
ried out to characterize the grain structure and to identify the 
presence of intermetallic components. The aluminum alloy 
used in this study is a wrought alloy, so the grain morphology 
depends on the metallurgical direction. In Fig. 1, it is possi-
ble to observe that this material has an anisotropic structure 
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with microstructural differences along the directions analyzed. 
Thus, three different planes were analyzed, i.e., YZ (Fig. 1(b)), 
XZ (Fig. 1(c)), and XY (Fig. 1(d)) where X, Y, and Z stand 
for rolling direction, long transverse, and short transverse, 
respectively. Optically, the grain structure on the XZ plane 
is composed of elongated flattened grains along the rolling 
direction (X direction), as shown in Fig. 1(c).

Silicon carbide (SiC) microparticles, with 99.5% of purity, 
were used for analyzing the effect of UFSP process param-
eters in the particles’ distribution, even though many other 
functional particles can be used, depending on the desired 
functionality for the base material, such as, TiO2, SiC [26–29], 
Al2O3 [30, 31], TiC [32], Ti3AlC2 [33], WC [34, 35], and 
BaTiO3 [36]. The SiC particles were characterized by not 
uniform shape and the particles’ size ranges between 4 and 
20 μm, with an average diameter of 6 μm [46].

A composite material was produced using optimized 
UFSP parameters. To enhance the contrast of the compos-
ite under X-ray microtomography (μCT), tungsten carbide 
(WC) particles were incorporated into the composite mate-
rial. WC has a higher X-ray attenuation coefficient than SiC. 
By incorporating WC particles with higher X-ray attenuation 
coefficient into the base material, the composite material can 

achieve higher contrast under μCT imaging, allowing for 
better visualization and analysis of the internal structure of 
the composite material. The ability of a material to absorb 
X-rays is influenced by its atomic number and density, and 
the use of WC particles can provide better contrast for ana-
lyzing structures with higher density contrast under μCT, 
when compared to SiC particles. The WC particles were 
characterized using scanning electron microscopy (SEM), 
as shown in Fig. 2 (a). These particles have a granular mor-
phology and a size smaller than 3 μm. Energy-dispersive 
X-ray spectroscopy (EDS) analysis confirmed the presence 
of tungsten (W) and carbon (C) in the particles, as seen in 
Fig. 2(b). The SEM used for this analysis was a ZEISS DSM 
962, and a thin coating of conductive gold was applied to 
improve the particles' conductivity.

2.2 � Methods

A set of multi-stack functionalized composites was fabri-
cated by incorporation of SiC and WC particles within the 
aluminum substrate via UFSP, as described on the sche-
matic presented in Fig. 3. Moreover, the particles were 
positioned only in the middle of the plates and within 

Table 1   Chemical composition 
of aluminum alloy 7075-T651 
(wt%) [46]

Elements Al Cr Cu Fe Mg Mn Si Ti Zn

(wt%) Remnant 0.18–0.28 1.2–2.0 0.5 2.1–2.9 0.3 0.4 0.2 5.1–6.1

Fig. 1   Base material microgra-
phy: (a) 3D grain structure; (b) 
micrograph showing the grain 
structure on the YZ plane; (c) 
micrograph showing the grain 
structure on the XZ plane; (d) 
micrograph showing the grain 
structure on the XY plane
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a well-defined volume measuring 150 × 50 × 0.5  mm 
(Fig. 3). In this study, 3-mm-thick plates of aluminum alloy 
AA7075-T651 were used as a metal matrix. Table 2 pre-
sents the processing parameters utilized to improve the par-
ticles’ distribution by UFSP technique, including the pitch 
ratio (Ω/V) [rev/mm], the tool rotation speed (Ω) [rev/min], 
the tool traveling speed (V) [mm/min], the tool offset [mm] 
and the spacer’s thickness [mm]. These parameters were 
carefully chosen based on critical conditions observed dur-
ing experimental trials, providing valuable insights into the 
optimization process.

After the processing parameters were optimized, a set of 
characterization techniques were used to assess the micro-
structural, mechanical, and electrical properties of the com-
posites. The optimized parameters used were: six passes 
with an offset of 1 mm towards the retreating side (sam-
ple #WC_R) and the advancing side (sample #WC_A), the 
tool rotation and processing speed were 900 rev/min and 
180 mm/min, respectively, and the spacer’s thickness was 
0.5 mm. Thus, Table 3 shows the identification of the com-
posites manufactured. As control samples, samples without 
particles (samples #R and #A) were also prepared.

Fig. 2   WC particles morphol-
ogy and dimensions observed 
by SEM: (a) scanning electron 
microscopy image; (b) chemical 
elemental mapping determined 
by energy-dispersive X-ray 
spectroscopy

Fig. 3   Schematic representation of the Upward Friction Stir Processing (UFSP) variant
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Following composites processing, samples were pre-
pared for various characterization techniques. The macro 
and micrography, and μCT samples were ground and pol-
ished according to standard metallographic procedures. 
Previously, the samples were sectioned along the Y direc-
tion, to reveal the stir zone. Then, macro and micrography 
samples were etched in Keller reagent.

Macro- and micrography analyses were performed 
using a Leica DMI 5000 M inverted optical microscope 
to reveal the microstructure and particles’ distribution. A 
high-resolution image of the cross-section was created by 
taking sequential images and combining them.

The 3D and 2D micro-architectural morphology of 
the composites based on WC particles was character-
ized by μCT, using a Phoenix V|TOME|X, GE, accord-
ing to the procedure conducted by Vidal et al. [49]. The 
acquired image data were interpreted qualitatively and 
quantitatively using 3D tomographic reconstruction and 

analysis software (Volume Graphics 3.04 software, Vol-
ume Graphics).

To obtain a more detailed characterization of the macro 
and micrography samples, scanning electron microscopy 
(SEM) was performed using a ZEISS DSM 962 equiment, 
and the corresponding X-ray energy-dispersive spectrometer 
(EDS) with an INCA X-act detector (SDD = 10 mm2) from 
Oxford Instruments was used to assess the elemental chemi-
cal composition. SEM images were recorded using second-
ary electrons. In addition, a thin conductive gold coating 
was applied to improve the conductivity of the WC particles.

For eddy current characterization and potential drop 
measurements, the top surface of the samples was machined 
down, grounded, and polished to obtain a homogenous sur-
face condition. Microhardness profiles were also obtained 
on the same surface.

A Mitutoyo HM-112 hardness testing machine was 
used to measure the Vickers microhardness profile along 
the length (X direction) of the composites and processed 
material without particles. The spacing between consecutive 
indentions was of 1 mm for the base material and 0.5 mm for 
processed and heat/thermo-mechanically affected regions. 
The load used was 0.5 kgf applied for 10 s.

The electrical conductivity was characterized using eddy 
currents and potential drop measurement techniques. This 
electrical property was measured along a straight line along 
X direction. The procedure was developed according to Sorger 
et al. [50] and Santos et al. [51]. So, to obtain a homogeneous 

Table 2   The processing parameters used to optimize the UFSP technique

Sample # Variable parameters Constant parameters

Pitch 
ratio 
(Ω/V)
[rev/
mm]

Rotation 
speed 
(Ω)
[rev/min]

Traveling 
speed (V)
[mm/min]

Offset
[mm]

Spacer’s 
thickness
[mm]

No. processing passes Tilt angle
[°]

Tool geometry

Pitch ratio (Ω/V) influence 6 1 Triflute left-hand threaded conical probe of 
5 mm of diameter and 6 mm of length1 2.5 900 355 0.5 0.35

2 3.1 560 180
3 5 900 180
4 6.8 560 90
5 7.2 1400 180
Tool offset influence
3 5 900 180 0.5 0.35
6 0.7
7 1
8 2
Layer thickness influence
7 5 900 180 1 0.35
9 0.5
10 0.7
11 1

Table 3   Composites produced to microstructural, mechanical, and 
electrical characterization

Sample # Particles type Tool offset direction

WC_R WC Retreating side
WC_A WC Advancing side
R No particles Retreating side
A No particles Advancing side
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surface of the samples, 1 mm of the top surface was machined 
down. A pencil probe operating at 2 MHz (corresponding to a 
penetration depth of 0.019 mm for this alloy) and a NORTEC 
600 D impedance analyzer were used to implement the eddy 
currents technique. A four-point probe with four straight 
aligned tungsten needles with a radius of 0.4 µm was used 
to implement the potential drop measurement technique. A 
Keithley SourceMeter 2450 was used to impose 80 mA and 
a Keithley Nanovoltmeter 2182A was used to measure the 
voltage, allowing the calculation of the electrical conductivity.

3 � Results and discussion

3.1 � Effect of process parameters in particles’ 
distribution

Trials were carried out to evaluate the effect of the UFSP 
parameters by analyzing the particles’ distribution. The influ-
ence of the pitch ratio (Ω/V), tool offset and layer thickness, 
for the processing set up with six passes towards the retreating 
side, were studied and the results are presented in Fig. 4.

Five sets of processing parameters were chosen to range the 
pitch ratio from Ω/V = 2.5 to 7.8 rev/mm (sample #1 to sam-
ple #5). It was found that a lower pitch ratio increases the arm 
flow towards the nugget zone and produces an asymmetrical 

distribution of particles. On the other hand, a higher pitch ratio 
decreases the homogeneity of the composite, and an increase of 
the tunnel defect size was observed. The trial with a pitch ratio of 
5 rev/mm, with Ω = 900 rev/min and V = 180 mm/min (sample 
#3), was considered the best result since a homogenous and sym-
metrical composite was observed. Despite some heterogeneity 
found on higher pitch ratio trials, the feasibility of the process 
was also achieved, and it can be a way for product differentiation.

The increase of tool offset is beneficial since it increases 
the process productivity. This is because enlarging the spac-
ing between successive passes provides a greater capacity 
for producing larger stir zones with multifunctional particles. 
However, it was found that lower offset increases the homo-
geneity in particles’ distribution and a higher offset promotes 
heterogeneity. It was concluded that the trial with an offset 
of 1 mm (sample #7) was the best option.

By varying the layer thickness of the reinforcement par-
ticles, the volume fraction changes. Trials with layer thick-
nesses of 0.35 mm, 0.5 mm, 0.7 mm, and 1.0 mm were per-
formed (samples #7, #9, #10, and #11, respectively). The 
concentration of particles decreases with lower layer thick-
ness. The feasibility of the process is guaranteed for all layer 
thicknesses; however, the appearance of particles clusters 
in the trial with a layer thickness of 0.7 mm (sample #9) 
was observed, and above this layer thickness, an increase of 
particles clusters is expected.

Fig. 4   Effect of UFSP process parameters in the particles’ distribution: influence of the pitch ratio (Ω/V), the tool offset, and the layer thickness
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Regarding the pin and the tool used, an analysis of the 
pin wear after successive passes was performed, as shown 
in Table 4. As a result, after 12 passes, the pin shows visible 
wear, i.e., the ascending channels are completely blocked 
by material, with some alterations at the thread level. After 
18 passes, the pin wears out and there is an accumulation of 
material on the outer edge of the shoulder.

3.2 � Composites characterization

3.2.1 � Macro and microstructural characterization

The intense plastic deformation during FSP creates four 
regions: the unaffected zone (base material), the heat-
affected zone (HAZ), the thermo-mechanically affected zone 
(TMAZ), and the dynamic recrystallisation zone or stir zone.

In all tests, the stir zone has a recrystallized microstruc-
ture of fine granulometry. The particles embedded in the 
composite are found in this zone, with a homogeneous dis-
tribution. Dynamic recrystallization can cause difficulties in 
interpreting the local textures in terms of the deformation 
state of the metal [52]. In the UFSP process, the microstruc-
ture’s homogeneity in the stir zone is mainly influenced by 
dynamic recrystallization, which is governed by the applied 
strain. The recrystallized microstructure’s homogeneity can 
be improved by increasing the deformation temperature and/
or reducing the strain rate. This results in the nucleation of 
new grains in specific areas of the matrix, leading to a reduc-
tion in grain size [53]. In addition, reinforcement particles 
play a crucial role in the fragmentation of grains within the 
processed microstructure due to localized and non-uniform 
deformation [54]. Consequently and according to Bagheri 
et al. [55], it can be inferred that smaller particles have a 
more pronounced effect on grain refinement in the micro-
structure compared to larger particles during the FSP pro-
cess. When temperatures close to that of recrystallization are 
achieved in the TMAZ, especially in a zone closer to the stir 
zone, the high plastic deformations that occur in the grain 
structure are visible. The HAZ has a slightly larger grain size 
and a slightly more rounded grain geometry than the TMAZ, 
which has grains with a more elongated geometry.

The macrographs and SEM images presented in Fig. 5 
show that in all the tests, the thickness of the upper sheet in 

the processed zone remains nearly the same as in the non-
processed zone (approximately 3 mm), despite the presence 
of a very well-located defect only in the sacrificial sheet 
(bottom sheet).

In sample #WC_R (Fig. 5(d), (e), (f)), it was observed 
that the particles were more evenly distributed on the retreat-
ing side (RS) than on the advancing side (AS). On the other 
hand, in sample #WC_A (Fig. 5(a), (b), (c)), the inverse was 
observed, a more homogeneous distribution of the particles 
occurred in the AS rather than in the RS. When compar-
ing these two samples, it can be seen that when the tool 
offset was performed towards the RS (sample #WC_R), 
the particles’ incorporation was more homogeneous than 
when the tool offset was performed towards the AS (sample 
#WC_A). Nevertheless, sample #WC_A has a higher parti-
cles’ concentration, as shown in Fig. 5 (b) when compared 
to Fig. 5(e).

Samples #R (Fig. 5(g), (h) and #A (Fig. 5(i), (j)) were 
obtained from UFSPs performed without particles incor-
poration in order to be compared to samples #WC_R and 
#WC_A. As a result, samples #R and #A have a grain size 
in the dynamic recrystallization zone that is slightly larger 
than the grain size of samples #WC_R and #WC_A.

The μCT analyses were conducted on samples #WC_R 
and #WC_A due to the relevance of evaluating the 3D dis-
tribution of particles inside composites (Fig. 6). When com-
paring the composites’ image with the three different phases 
merged—the aluminum matrix (blue color), nugget (green 
color), and particles (red color)—within the composites, a 
3D viewpoint of the particles’ distribution can be viewed. 
The particles’ distribution can be seen inside the nugget. 
The particles were homogeneously and spatially distributed 
along the processed zone, as shown in Fig. 6. Furthermore, 
there were no detectable voids in the processed zone. The 
results of μCT analyses are consistent with macro- and 
microstructural analyses, i.e., when the tool offset was per-
formed towards the RS (sample #WC_R), particles’ incor-
poration was more homogeneous than when the tool offset 
was performed towards the AS (sample #WC_A).

Figure  7 presents an EDS spectrum and mapping 
images of the surface of sample #WC_R. The EDS spec-
trum in Fig. 7(a), (b) indicates the presence of Al, Mg, Zn, 
W, and C in the sample. With the addition of particles, W 

Table 4   Effect of the tool passes 
on its wear Tool Geometry

Number of Tool Passes

0 12 18

Triflute le�-hand 
threaded conical 

probe
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and C are also detected. Figure 7(c), (d), (e) shows EDS 
mapping images that confirm the existence of Al and W in 
the sample. These images demonstrate the different phases 
and confirm the presence of elements in the surface com-
posite. The mapping images reveal that the WC particles 
were incorporated in the aluminum matrix material. Fur-
thermore, the main elements of sample #WC_R, such as 
Al and W, are clearly observed in the mapping images.

3.2.2 � Microhardness and electrical conductivity 
measurements

To characterize the processed and non-processed zones and 
evaluate the particles’ distribution, microhardness meas-
urements and potential drop measurements were performed 
in the transversal section (Y direction) of the plates, 1 mm 
below the top surface. Hardness can be also an indicator 

Fig. 5   Metallographic results: 
scanning electron microscopy 
images of sample #WC_A (a, 
b, c) and sample #WC_R (d, e, 
f); optical microscopy images 
of sample #R (g, h) and sample 
#A (i, j)
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Fig. 6   3D μCT images of samples #WC_R (a, b, c, d) and #WC_A (e, f, g, h) fabricated by UFSP. Segmented μCT images of composites (a, b, 
c, e, f, g); the 3D representation of the μCT of composites (d, h)

Fig. 7   Energy-dispersive X-ray 
spectroscopy (EDS) images 
of sample #WC_R: spectrum 
images of Al metallic matrix (a) 
and WC particles (b); mapping 
images (c, d, e)
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of processing conditions in terms of mechanical strength 
since it is directly proportional to it. Potential drop measure-
ments allow obtain the resistivity and conductivity in pro-
cessed and non-processed zones. In fact, other works have 
shown that electrical conductivity is inversely proportional 
to hardness, and thus to the mechanical strength. As such, 
processed zones have lower electrical conductivity, since 
more grain boundaries reduce the electronic mobility, while 

the thermal affected zones have higher conductivity due to 
the grain growth [50, 51, 56, 57].

Figure 8 depicts the hardness and electrical conductiv-
ity profiles of samples #WC_R, #WC_A, #R, and #A. It is 
observed a slight decrease of hardness in the stir zone when 
compared to the base material for all samples. The hardness 
in the non-affected zone (base material) remains relatively 
constant, with an average value of 180 HV0.5. Electrical 

Fig. 8   Profiles of microhard-
ness and electrical conductivity, 
expressed in % of the Interna-
tional Annealed Copper Stand-
ard (IACS). 1%IACS is equal to 
5.5 × 105 S/m
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conductivity measurements are also consistent through-
out this zone, with a value close to the theoretical value 
of 29.3% IACS for aluminum alloy 7075-T651 (Fig. 8). In 
the heat-affected zones, i.e., in the HAZ and TMAZ, the 
electrical conductivity values increase, and the hardness 
values decrease, since these zones present a larger grain 
size. Thus, the maximum values of electrical conductivity 
and the minimum hardness are reached in the HAZ. A low-
temperature annealing experience during processing reduces 
the strengthening effect caused by the T651 heat treatment. 
However, the presence of WC particles in samples #WC_R 
and #WC_A (Fig. 8(a), (b)), increased the hardness in that 
region when compared to samples #R and #A (Fig. 8(c), 
(d)), respectively. Electrical conductivity measurements are 
in good agreement with the obtained hardness profiles.

The processing strategy for samples #WC_R and #WC_A 
was to offset the tool in each pass by 1 mm in the direc-
tion of the retreating and advancing sides, respectively. This 
aimed to assess the dispersion of WC particles in the Al 
matrix. According to the macrographic analysis, imposing 
an offset towards the advancing side promotes heterogene-
ity, whereas imposing an offset towards the retreating side 
promotes homogeneity. The hardness and electrical conduc-
tivity profiles plotted in Fig. 8 highlight this evidence even 
more. Inside the stir zone, sample #WC_R has a maximum 
hardness of 173 HV0.5, whereas sample #WC_A has a uni-
form plateau hardness level of ≈ 168 HV0.5.

Figure 8(c), (d) depicts the macrostructure, microhard-
ness, and electrical conductivity profiles of the samples pro-
duced without particles, corresponding to samples #R and 
#A. Both hardness and electrical conductivity profiles have 
a symmetrical-like form, which is consistent with what was 
expected for this configuration without WC particles. When 
compared to the results obtained for the samples with WC 
particles, the mechanical strength of the stir zone is at a 
lower level as the base material level.

The results of hardness and electrical conductivity pro-
files previously described demonstrate that the UFSP vari-
ant can affect material properties, including the mechanical 
strength, particularly when processing with the tool offset 
towards the retreating side.

4 � Conclusions

The recent developed solid-state processing variant, 
named UFSP, proved to be a highly effective method for 
producing customized materials with incorporated func-
tional particles. In addition, the experimental setup and 
parameters optimization carried out, enabled the achieve-
ment of precise localization of defects exclusively in the 
bottom plate, while maintaining the thickness of the upper 

plate nearly unchanged. The process parameters that pro-
duced an improvement in the particles’ distribution were 
six passes with an offset of 1 mm towards the retreating 
side, a tool rotation and processing speed of 900 rev/min 
and 180 mm/min, respectively, and a spacer’s thickness of 
0.5 mm. Furthermore, when employing UFSP with multi-
passes towards the retreating side, plates exhibited a more 
uniform dispersion of reinforcement particles within the 
stir zone. Additionally, this zone revealed a finer grain size 
when processed with reinforcement particles compared to 
processing without them.

The stir zone presented higher microhardness and lower 
electrical conductivity after processing with reinforcement 
particles compared to processing without them. Specifi-
cally, composites produced with WC particles showed a 
6% reduction in hardness, while composites without rein-
forcement particles experienced a 22% reduction, when 
compared to the base material. Moreover, the electrical 
conductivity decreased by approximately 11% for com-
posites produced without reinforcement particles and by 
about 18% for composites produced with WC particles, 
also when compared to the base material.

The optimized UFSP variant proved to be effective in 
producing customized aluminum-based matrix composites 
with functional particles incorporated, enhanced disper-
sion of reinforcement particles, finer grain size in the stir 
zone, and improved microhardness and electrical conduc-
tivity properties.
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