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Abstract: In this study, samples of Al-Mg-Sc alloy were investigated after friction stir processing
with the addition of Mo powder. Holes were drilled into 5 mm-thick aluminum alloy sheets into
which Mo powder was added at percentages of 5, 10, and 15 wt%. The workpieces with different
powder contents were then subjected to four passes of friction stir processing. Studies have shown
that at least three tool passes are necessary and sufficient for a uniform Mo powder distribution in
the stir zone, but the number of required passes is higher with an increase in the Mo content. Due to
the temperature specifics of the processing, no intermetallic compounds are formed in the stir zone,
and Mo is distributed as separate particles of different sizes. The average ultimate strength of the
composite materials after four passes is approximately 387 MPa in the stir zone, and the relative
elongation of the material changes from 15 to 24%. The dry sliding friction test showed that the
friction coefficient of the material decreases with the addition of 5 wt% Mo, but with a further increase
in Mo content, returns to the original material values.

Keywords: friction stir processing; aluminum alloys; tribology; microhardness; microstructure;
mechanical properties; molybdenum

1. Introduction

Friction stir processing (FSP) is a relatively simple and cost-effective method for the
local hardening of a metal product. It is suitable for a wide range of materials and results in
grain structure refinement and the elimination of internal defects such as pores and discon-
tinuities, all of which have a positive effect on the product’s properties. For example, the
FSP of additive materials with large dendritic grains increases the ultimate tensile strength
and other physical-mechanical properties [1–3]. Additionally, the process itself represents
the plasticized material flow movement (i.e., material stirring), and this makes it possible
to add to the stir zone the material needed (metals, ceramics, or carbon-based substances)
in the form of powder, wires, or plates for the production of composite materials.

Aluminum alloys are a valuable structural material due to their light weight, strength,
and corrosion resistance [4]. Improving the performance characteristics of aluminum alloys
leads to a weight saving of final structures and products, which in turn reduces energy
costs. The development of new aluminum-based alloys and composites can broaden the
areas of their application. For example, the rubbing parts are mainly made of copper
alloys or steels, and replacing them with aluminum alloys will lead to a significant weight
saving of approximately 2–3-fold in these components. Studies of Al2O3 particle-reinforced
aluminum alloy 6061 showed a significant reduction in wear compared to the original
alloy [5]. The use of silicon carbide as one of the components of the aluminum-matrix
composite also increases the wear resistance of the product [6].
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The development of new ways to harden and improve the wear resistance of aluminum
alloys is ongoing to this day, including various methods such as wire-based electron beam
additive manufacturing with an addition of molybdenum powder [7].

Nowadays, the production of aluminum-based composite materials by the FSP method is
considered by many scientists. The powders of nitrides [8], oxides [9,10], pure metals [11–14],
carbides [15–18], and high-entropy alloys [19] can be used as modifying additives. The
addition of powders is considered not only in the case of friction stir processing but also in
welding. This contributes to producing more durable welded joints [20].

The creation of composites with molybdenum aluminides attracts researchers more
and more due to their combination of high mechanical properties and heat resistance.
Studies show that the use of Mo additives as an alloying component of aluminum alloys
leads to a significant increase in microhardness values due to the formation of intermetallic
particles such as Al12Mo and Al5Mo [21,22].

Thus, the aforementioned prospects for the development of new composite materials
causes the relevance of this work, specifically the study of aluminum-matrix composite
production with different Mo powder content by the friction stir processing method.

2. Materials and Methods

In this work, workpieces—5 mm-thick rolled sheets of Al-Mg-Sc alloy—were se-
lected as samples for this study. The chemical composition of the alloy is shown in
Table 1. Holes were drilled in the workpieces on a milling machine with an increment of
approximately 5 ± 0.05 mm, a depth of 3 mm, and a diameter of 1.5, 2.0, and 2.5 mm for
5, 10, and 15 wt% of Mo content, respectively. FSP was carried out on an experimental
machine at the Institute of Strength Physics and Materials Science SB RAS (ISPMS SB RAS,
Tomsk, Russia). A tool with a pin height of 3 mm, a pin base diameter of 8 mm, a pin end
diameter of 6 mm, and a shoulder width of 16 mm was chosen to perform the processing.
The number of passes was chosen from 1 to 4 for all workpieces. The FSP parameters are
shown in Table 2. The FSP process scheme is shown in Figure 1. The tool loading force
(P) was reduced to avoid excessive tool penetration into the workpiece during the first
passes. Among other things, this is related to the specific features of the equipment used,
where the tool position control is based on the loading force rather than the coordinate. The
marking of the samples corresponds to the percentage of powder content and the number
of passes, so for 5 wt%, the samples are marked as 5.1, 5.2, 5.3, and 5.4 for 1, 2, 3, and
4 passes, respectively. For 10 wt%, numbering is 10.1–10.4, and for 15 wt%—15.1–15.4.

Table 1. Chemical composition of Al-Mg-Sc alloy, wt%.

Al Mg Mn Sc Zr

Base 5.3–6.3 0.2–0.6 0.17–0.35 0.05–0.15

Table 2. Friction stir processing parameters for workpieces with 5, 10, 15 wt% Mo content.

No. of Pass V (mm/min) ω (rpm) P (kg)
5 wt% 10 wt% 15 wt%

1 90 500 1080 950 860
2 90 500 1100 980 900
3 90 500 1150 1000 950
4 90 500 1150 1050 1000

Two-dimensional computer tomography was performed on a YXLON Cheetah EVO
(YXLON International GmbH, Hamburg, Germany) to examine the material structure
and detect defects. An Altami MET1-C optical microscope (Altami Ltd., Saint Petersburg,
Russia) was used to evaluate the macro- and microstructure of the produced composites.
The microstructure, phase, and elemental composition were studied using a JEM-2100
transmission electron microscope (JEOL Ltd., Akishima, Japan).
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Figure 1. Scheme of the production of a composite based on an Al-Mg-Sc alloy with the addition of
Mo powder via friction stir processing. ω—tool rotation speed; P—tool loading force; d—diameter of
a hole for the powder addition.

The universal testing machine “UTS 110M-100” (TestSystems, Ivanovo, Russia) and
microhardness tester Duramin 5 (Struers A/S, Ballerup, Denmark) were used for the assess-
ment of the mechanical properties of samples. The TRIBOtechnic tribometer (Tribotechnic,
Clichy, France) was used to measure the friction and wear characteristics of the samples.
The dry sliding friction test was carried out according to the pin-disk scheme. Samples
for friction tests were cut from the stir zone along the tool travel line with the shape of
pins sized 3 mm × 3 mm × 10 mm. The load, rotation speed, and sliding path length were
experimentally selected and were 12 N, 250 rpm, and 942 m, respectively.

3. Results
3.1. Stir Zone Macrostructure

The plates with 5% Mo powder content after the first processing pass showed a high
non-uniformity of the structure (Figure 2 (5.1)). The structure is represented by “onion
rings” with partially mixed molybdenum powder; however, most of the powder remained
concentrated near the originally drilled holes, which led to the formation of voids.

Figure 2. Al-Mg-Sc alloy macrostructure after FSP with 5 wt% Mo after 1–4 passes (samples 5.1–5.4).
AS—advancing side, RS—retreating side.

After the second pass, the Mo powder is more uniformly distributed over the stir zone
(SZ), and voids are practically not observed anymore. However, during the second pass,
the powder additive is not completely distributed in the volume of the processed area, as
evidenced by the computer tomography (CT) results (Figure 3 (5.2)). Subsequent passes
lead to a more uniform distribution of the alloying component (Figure 3 (5.3,5.4)). As can
be seen from the CT images, during the first pass, the tool captures powder layers on the
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advancing side, but apparently, the powder adheres to the tool in large clusters as a result
of adhesive interaction, resulting in a lack of material that could fill the void from the hole.

Figure 3. CT images of the processed area of Al-Mg-Sc alloy with 5 wt% Mo.

The nature of the stir zone formation at different stages is also worth noting. At the
first pass, in sample 5.1 (Figure 2), the stir zone is formed by two flows, as a result of which
two nuggets are observed: the first one is formed in the workpiece monolithic area, and the
second one is formed in the area of the filled hole. In this case, the powder in the hole is
predominantly transferred to the lower nugget, while the workpiece material filling the
hole forms the upper nugget by upward flows. A similar character of SZ formation was
observed in [21], but there it was caused by the large workpiece thickness and heterogeneity
of temperature effects. Multiple processing eliminates the non-uniformity of the stir zone,
resulting in a monolithic nugget and the zone of tool shoulder influence (Figure 2 (5.2–5.4)),
and as stated earlier, with an increasing number of passes, the powder is more uniformly
distributed in the entire SZ, which is confirmed by CT data.

When the alloying additive content is increased up to 10 wt%, the pattern of the stir
zone formation during the first pass changes: a typical SZ with one nugget is formed
instead of two, and the powder is distributed more uniformly than for 5 wt%, but is also
mainly concentrated in the lower part of the SZ.

Although samples with high Mo content showed no large defects on optical images
after the primary and subsequent processing (Figure 4), the first pass also forms defects
such as voids, which can be seen from CT images (Figure 5). However, the second pass
already considerably improves the structure by distributing large powder clusters. At the
same time, the CT images show that due to the increase in the powder particle fraction,
even on the first pass, the powder is stirred up almost the entire distance between the holes,
due to which a more homogeneous SZ is formed.

Figure 4. Al-Mg-Sc alloy macrostructure after FSP with 10 wt% Mo after 1–4 passes (samples
10.1–10.4). AS—advancing side, RS—retreating side.
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Figure 5. CT images of the processed area of Al-Mg-Sc alloy with 10 wt% Mo.

At 15 wt% Mo after the first pass, the most defective structure is formed in the
processed area despite the formation of a single nugget as in the case of 10 wt% Mo
(Figure 6 (15.1)). The greatest clusters of powder are observed in the lower nugget part and
in the area under the tool shoulders on the advancing side. Moreover, the defectiveness
of the stir zone persists even after the second and third passes, as can be seen from the
CT data (Figure 7). Figure 6 shows that the defects are predominantly formed in the area
under the tool shoulders, and the tomography data show that the process of their formation
occurs not only in the areas with holes but also along the entire length of the processed area,
predominantly in the stir zone center. The uniform distribution of the alloying element
along the length of the processed area without the formation of defects is possible only on
the fourth pass, although inside the nugget, the height distribution is relatively uniform
already after the second pass, excluding the tool shoulder influence area.

Consequently, one pass is not enough to form a composite based on Al-Mg-Sc alloy
and Mo powder, and at least three tool passes are required for the stable distribution of
additives in the processed area. The sample with 10 wt% Mo shows the highest stability
in the stir zone formation, while the addition of 15 wt% Mo makes the processing most
unstable, resulting in many defects even after three passes.

Figure 6. Al-Mg-Sc alloy macrostructure after FSP with 15 wt% Mo after 1–4 passes (samples
15.1–15.4). AS–advancing side, RS–retreating side.
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Figure 7. CT images of the processed area of Al-Mg-Sc alloy with 15 wt% Mo.

Nevertheless, in addition to a uniformly formed nugget at the macroscopic level, it is
also necessary to understand the interaction of powders with the material to be processed
in the stir zone at smaller scale levels. For this purpose, the SZ microstructure was analyzed
using transmission electron microscopy techniques.

3.2. Stir Zone Microstructure

The results of transmission electron microscopy (Figure 8) showed that the distribution
of Mo particles in the aluminum alloy matrix, even after four passes, is irregular. Both
small particles with sizes of tens of nanometers and large clusters of particles with sizes of
0.5 µm and larger can be found. Grain size, in this case, does not differ from the grains of
Al-Mg-Sc alloy after friction stir welding without the addition of Mo [23].

Figure 8. Light-field TEM images of the stir zone of samples (a) 5.4, (b) 10.4 and (c) 15.4.

The STEM analysis showed that even due to multiple severe thermomechanical effects
by the FSP method, Mo particles do not interact with the aluminum matrix and alloying
elements in any way and do not form intermetallic compounds. Figure 9 shows a STEM
image of the stir zone microstructure of an Al-Mg-Sc alloy with Mo inclusions and maps of
chemical element distribution in the scanning area in samples 15.1 and 15.4.
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Figure 9. Light-field TEM images of the stir zone and chemical element distribution maps of samples
15.1 (a–d) and 15.4 (e–h).

It should be noted that despite the addition of Mo powder particles, the main grain
growth-limiting particles are those of the secondary phase Sc-Al, so grain boundary hard-
ening in the case of Mo alloying is not to be expected. In this regard, it is necessary to study
the effect of adding Mo to the alloy on its mechanical characteristics.

3.3. Microhardness

Microhardness measurements in the stir zone showed that the Mo addition leads to a
slight increase in microhardness, mainly in the central part of the stir zone. As shown in
studies of Al-Mg-Sc alloy welds [23], the microhardness of the base metal is approximately
1.0 GPa, while in the stir zone after FSW, the hardness drops to approximately 0.9 GPa.
Measurements of the base metal microhardness of the workpieces used in the present work
show that its average values are approximately 0.9 GPa before processing. Figure 10 shows
that the addition of 5 wt% Mo in the processing zone at least preserves the properties of the
original material in the thermomechanically affected zone and increases values to almost
1.0 GPa near the stir zone center. An increase in the Mo content to 10 wt% and 15 wt% leads
to the fact that in the central part of the stir zone, the material microhardness increases
up to values of 1.10–1.15 GPa, i.e., an increase of approximately 28% as compared to the
base metal.

It is worth noting that the microhardness values were obtained after four passes,
and in the case of fewer passes, the distribution of values in the stir zone would be more
heterogeneous due to the structural features described in Section 3.1.

3.4. Tensile Properties

The static tensile tests showed that the heterogeneity of Mo distribution in the stir
zone and the presence of defects led to a significant decrease in the ductility of the material,
as well as a decrease in the tensile strength and yield strength (Figure 11). Thus, samples
5.1 and 5.2, 10.1–10.3, and 15.1–15.3 show insufficient results.
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Figure 10. Microhardness profiles of Al-Mg-Sc alloy with Mo addition after four passes.

Figure 11. Static tensile test results of samples with 5 wt% Mo (a), 10 wt% Mo (b), and 15 wt% Mo (c),
as well as a comparison of the stress–strain curves of the samples after four passes (d).

As can be seen from Figure 11, four tool passes are minimum and sufficient in each
case, except for 5 wt% Mo, in which high values of mechanical characteristics are already
achieved on the third pass.
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When comparing the material properties after four passes (Figure 11d), it can be
seen that the ultimate tensile strength of the samples, regardless of the Mo content, is
approximately the same (386–387 MPa), and the yield strength is slightly different. Thus,
the highest yield strength is observed at 10 wt% Mo (270 MPa), and the lowest—at 15 wt%
(250 MPa). As for the material’s ductility, the highest results are shown by the sample with
5 wt% Mo, followed by 10 wt% Mo, and 15 wt% Mo again shows the worst result.

3.5. Sliding Wear Al-Mg-Sc/Mo after FSP

In addition to the stable mechanical properties after four tool passes, the Al-Mg-Sc
alloy with Mo addition achieves an improvement in the wear resistance of the material in
dry sliding friction (Figure 12). However, the effect of Mo is rather controversial. Thus,
the sample shows the best result in friction tests with 5 wt% Mo, for which the friction
coefficient (CoF) during the test was approximately 0.2. With a further increase in the
Mo percentage in the stir zone, the material’s wear resistance deteriorates: at 10 wt% Mo,
the CoF is at 0.22–0.23, and for 15 wt% Mo is practically equal to the material without
Mo—approximately 0.24.

Figure 12. Friction coefficients (µ) of samples after four passes obtained in dry sliding friction tests.

4. Discussion

The results show that producing a composite material based on Al-Mg-Sc alloy and
Mo powder using the friction stir processing method is a controversial choice. Firstly,
at least four passes are required to evenly distribute the powder in the stir zone (except
for the 5 wt% Mo additive, where three passes are sufficient), making the process more
time-consuming. For example, the sample with 15 wt% Mo requires four passes to achieve
a defect-free stir zone (Figures 6 and 7). Even after three passes, voids are formed in the
tool shoulder influence zone, which leads to a drop in the tensile properties of the material,
despite a rather uniform distribution of the powder in the SZ main part. This is because
in the first stages, the powder is transferred in large clusters, so there is not sufficient
material to fill the required volume of the SZ, and this leads to defect formation. Secondly,
Mo does not interact with the processed metal even after four tool passes. As a result,
no intermetallic compounds are formed in the stir zone. In addition to the fact that no
intermetallic compounds are formed at the FSP, the structural analysis results show that
Mo is irregularly distributed in the SZ. There is no dependence in the arrangement of
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Mo particles in the SZ on the microlevel, and given that the grain size remains similar to
the FSW’ed material without Mo, this additive does not affect grain growth. It does not
contribute to the material hardening by increasing the grain boundary spreading.

In [7], it was shown that when a composite material based on aluminum alloy and
molybdenum powder is produced using electron-beam additive manufacturing, Mo in-
teracts with the aluminum matrix due to high temperatures. As a result, Al12Mo, Al8Mo3,
Al18Mg3Mo2 and other intermetallic compounds are formed when the melt solidifies. How-
ever, the microhardness of the material produced in [7] is much lower than in the stir zone
of the FSP composite, excluding the areas with intermetallic particles. The stir zone of the
Mo-rich Al-Mg-Sc alloy possesses increased microhardness. Samples with high Mo content
provide the greatest boost: at 10 wt% and 15 wt% Mo microhardness increases by 28%
compared to the base metal. This is because, in the stir zone, the fine-dispersed Mo particles
are uniformly distributed to contribute to the increase in microhardness. Nevertheless,
even at 5 wt% Mo, the microhardness increases by 10–11% compared to the base metal, in
contrast to FSW’ed Al-Mg-Sc alloy, in the SZ of which the microhardness decreases by 10%
on average [23].

As for the friction characteristics, the additive material also has no dependence be-
tween the Mo content and the CoF: it is lower than that of the original metal only in one
case—at 1.2 g powder per layer, whereas at 0.3–0.9 g per layer the CoF is higher or equal
to that of the original metal. In our case, the CoF at 15 wt% Mo is approximately equal to
the initial metal, and at 5 wt% and 10 wt% Mo is lower, which testifies to the improvement
of friction characteristics. Moreover, it can be noted that the less Mo in the stir zone, the
lower its CoF. Consequently, a more sophisticated analysis of the effect of Mo content in
the Al-Mg-Sc alloy on its friction characteristics will be required in the future, but the
data already obtained show that at least 5 wt% Mo in the SZ of the FSP composite allows
an increase in the aluminum alloy’s strength and wear characteristics. At the same time,
despite the absence of hard intermetallic compounds in the SZ, the FSP method of com-
posite production also demonstrates advantages over additive manufacturing, providing
improved performance at different Mo concentrations. It is explained by the more homo-
geneous distribution of fine-dispersed Mo particles due to the stirring process (against
additive manufacturing), which provides increased mechanical properties, more uniform
microhardness profiles, and better friction characteristics.

Therefore, the data obtained show the effectiveness of the investigated method for
producing materials with improved characteristics. However, additional studies are re-
quired to determine the optimal concentrations of additives to achieve the maximum effect
of structural modification.

5. Conclusions

The following conclusions were drawn as a result of the research conducted:

1. At least three FSW-tool passes are required for the uniform distribution of the Mo
powder additive in the stir zone of the Al-Mg-Sc alloy, and the higher the Mo content,
the more passes are required. Thus, 10 wt% Mo requires four tool passes, whereas at
15 wt% Mo, after four passes, the material properties are worse than at 10 wt%.

2. The addition of Mo does not influence the process of the dynamic recrystallization of
material at FSP. It does not contribute to a reduction in grain size, which remains at
the level of the material processed without adding Mo.

3. During the FSP, Mo does not interact with the aluminum alloy matrix, and therefore
there is no formation of intermetallic compounds in the stir zone.

4. The stir zone microhardness with Mo powder added after four passes increased
by 10–28% compared to the base metal. The higher the Mo content, the higher the
microhardness of the processed area.

5. All the samples with Mo added from 5 to 15 wt% after four passes have the same
values of the ultimate tensile strength and no considerable difference in the yield
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strength of the material. The material ductility is more noticeably different—23–24 %
for 10 and 15 wt% and approximately 15% for 15 wt% Mo.

6. The addition of Mo powder influences the friction characteristics of Al-Mg-Sc alloy.
Herewith, a positive effect is achieved with a small Mo powder content. Thus, at
5 wt% Mo, the material CoF decreases to 0.2 whereas at 15 wt% Mo, it is equal to
0.24, similar to the Mo-free material. Such a change of friction characteristics requires
further investigation of the Mo content effect on the friction coefficient change.
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