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In this study, the effect of ultrasonic vibration during Friction Stir Vibration Processing (FSVP) on 
the microstructure and mechanical behaviour of AZ31/TiC surface composites was investigated. 
Specifically, Titanium Carbide (TiC) particles were introduced as a reinforcement (15 vol%) into 
the magnesium alloy AZ31 using both Friction Stir Processing (FSP) and FSVP. Comprehensive 
examinations were carried out to analyse the microstructure, hardness, and tensile behaviour of the 
resulting composites. The study revealed significant improvements in mechanical properties due 
to the application of ultrasonic vibration during FSP. Firstly, the stir zone region was found to be 
free from voids, enhancing material flow and promoting even dispersion of TiC powders within the 
matrix. Secondly, refinement of grains was observed due to dynamic recrystallization and the pinning 
effect imposed by TiC particles, leading to the formation of more dislocations in the composite and 
indicating a considerable alteration in the material’s structure. Importantly, the vibration during FSP 
introduced an auxiliary energy source, resulting in a remarkable enhancement in both hardness and 
tensile strength. Compared to the AZ31/15 vol% TiC FSP composite, the composites produced via 
FSVP exhibited a grain size reduction of about 64% and improvements in hardness and ultimate tensile 
strength (UTS) of about 55% and 21%, respectively. Notably, these improvements were achieved 
without compromising the ductility of the composite, which remained at appreciable levels.
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Improving material flow through the application of ultrasonic and vibration techniques represents an innovative 
approach for enhancing both the mechanical properties and microstructural refinement in alloys and 
composites when subjected to Friction Stir Processing (FSP)1–3. The surface modification technology known as 
FSP is derived from Friction Stir Welding (FSW) and is extensively employed to fabricate surface composites4. 
Balakrishnan et al.5 fabricated AZ31/TiC magnesium matrix composites via friction stir reaction. They indicated 
that TiC particles were evenly dispersed throughout the magnesium matrix without the emergence of clusters, 
and there was no chemical reaction occurring at the interface between the magnesium matrix and the TiC 
particles. Navazani et al.6 used FSP to develop magnesium-based composites reinforced with 5 μm titanium 
carbide particles on the surface of an AZ31 magnesium alloy sheet. The findings indicated that the mean grain 
size of the developed Mg/TiC surface composites significantly reduced, and the average hardness of the stirred 
zone increased from 50 Vickers to 79 Vickers.

Researchers have explored hybrid techniques that combine traditional FSP with an ultrasonic source to 
enhance the characteristics of the developed surface composites1. In addition to the enhancement of material 
flow, researchers have identified several other properties improved by vibration, as outlined by Tian et al.7, 
including alterations in the static and dynamic volume within the nugget zone. Along with this, refinement 
in grain structure was also observed due to increased dislocation density. Extensive research efforts have been 
devoted to investigating the role of vibration during friction stir welding and processing on both welded joints 
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and processed materials, as evidenced in studies8–10. The consensus in the field generally recognizes that the 
incorporation of vibration in processes like FSW and FSP leads to notable enhancements in fluidity, effective 
material mixing, and overall material flow within the weld or stir nugget. This improvement can be attributed to 
the softening effect induced by ultrasonic vibration11,12. Notably, the application of vibration has demonstrated 
the capability to eliminate brittle intermetallic compounds while joining aluminium and magnesium via FSW, 
consequently leading to improved mechanical strength. This approach has also proved effective in the complete 
removal of intermetallic compounds, leading to enhanced dispersion of phases within the magnesium matrix13.

Swathi et al.14 carried out a study on AA7075-T651/nano-sized B₄C surface composites, exploring variations 
in processing parameters and particle addition. Both FSP and Ultrasonic Vibration Assisted FSP (UAFSP) 
were used and the Jaya algorithm was employed to optimize process parameters. Microstructure analysis of 
processed specimens revealed that a combination of the Zener pinning effect and dynamic recrystallization 
during UAFSP had a significant impact on grain refinement and the incorporation of nano B₄C particles into the 
surface composite. This resulted in a finer grain structure, attributed to increased strain rate and deformation. 
UAFSP on AA7075 alloy led to even better dispersion of nano-sized boron carbide particles into the aluminium 
alloy, breaking up agglomerated particles and thereby enhancing its properties. Considering the attained results, 
tensile strength increased to 296.11 MPa for friction stir processed samples and to 315.82 MPa for ultrasonic 
vibration assisted friction stir processed samples, compared to 185.88 MPa for the base metal. Furthermore, 
an increase in impact strength, ductility, and microhardness was observed for specimens prepared via UAFSP 
compared to those prepared via FSP.

Liang et al.15 reported a hybrid approach that integrated ultrasonic-assisted extrusion with FSP to produce a 
composite of carbon nanotubes (CNTs) and magnesium (Mg). Their findings revealed that the ultrasonic source 
effectively dispersed CNT clusters, allowing them to integrate seamlessly within the magnesium alloy matrix 
without forming agglomerates. This integration led to significant improvements in strength and ductility. In a 
similar vein, Bagheri et al.16 investigated the impact of vibration during the FSP process, specifically focusing 
on the AZ91/SiC composite. Their study revealed a reduction in porosity and an increase in compressive 
strength when vibration was applied. It was observed that vibration frequency plays a major role in dispersing 
reinforcement particles homogeneously into the matrix metal. In another study, Gao et al.17 reported the 
use of ultrasonic vibration in the process of joining AA2024-T4 aluminium plates. An improvement in the 
refinement of the stir zone (SZ) and even dispersion of precipitates due to ultrasonic vibration during synthesis 
was observed. Consequently, this microstructural refinement contributed to the improvement of mechanical 
properties in the joined materials. Recently, Zhang et al.1 studied the effect of the vibration process along with 
FSP on AZ31 magnesium alloy infused with CeO₂ and ZrO₂ reinforcing particles. The utilization of vibration 
led to several notable improvements, including the enlargement of the SZ and the effective dispersion of 
the reinforcing particles. This enhancement in material flow and fluidity can be attributed to the assistance 
provided by vibration. The research findings demonstrated that FSVP leads to a higher level of refinement with 
reinforcement being distributed homogeneously in the stir zone. An increase in shear strength of about 29% was 
observed for specimens fabricated via FSVP when compared with friction stir processed specimens.

This study delves into the influence of vibration during FSP on the properties of AZ31/TiC composites. 
Titanium Carbide (TiC) particles were selected as reinforcement due to their high hardness and excellent 
resistance to wear, electrochemical degradation, and thermal factors. The synergistic qualities of TiC when 
combined with magnesium alloys hold the potential to expand the applications of AZ31 magnesium alloy 
beyond its current uses, encompassing industries such as automotive, aviation, and aerospace. Consequently, 
this study aimed to investigate the microstructure and mechanical characteristics of the developed AZ31/TiC 
composites. The findings were then compared with samples produced via conventional FSP for comprehensive 
evaluation.

Experimental procedure
In this study, AZ31 magnesium alloy plates with a thickness of 8  mm were used as the base material and 
reinforced with 15 vol% TiC particulates. The average size of the TiC particles was approximately 5 to 10 μm. 
Before the synthesis of the composites, several preparatory steps were undertaken to incorporate 15 vol% TiC 
into the AZ31 plates. These steps included groove cutting, filling the grooves with the TiC reinforcements, and 
closing the grooves using a pinless tool to encapsulate the powder. Subsequently, both FSP and FSVP of the 
prepared specimens were carried out using an H13 steel tool with a tool tilt angle of 2°. It is noteworthy that 
the parameters for FSP and FSVP remained constant, with a traverse speed of 100 mm/min and a rotational 
speed of 900  rpm. To introduce ultrasonic vibrations, a magneto strictive transducer with an SS304 horn 
(RELTEC, Russia) was employed. The FSP fixture was attached to the ultrasonic vibration waveguide. This setup 
is schematically illustrated in Fig. 1.

During FSP, specimens were subjected to ultrasonic vibration at a constant frequency of 35 Hz and a vibration 
amplitude of 0.5  mm. Following the processing, the AZ31/TiC composites were cut to obtain samples for 
microstructural analysis, which were further prepared through grinding, polishing, and etching with a solution 
comprising 4 ml picric acid, 10 ml acetic acid, and 70 ml ethanol. For macro- and microstructural analysis, 
various microscopy and testing techniques were employed. These included a Field Emission Scanning Electron 
Microscope (FE-SEM), model Gemini 300 SEM. For assessing the powders, an optical microscope (OM), model 
MA-100 from Nikon, and a transmission electron microscope (TEM), model JEOL JEM 2100, were used for 
studying induced dislocations. XRD studies were conducted with an X-ray diffractometer (Shimadzu XRD-
6000) using Cu Kα radiation. Electron Backscatter Diffraction (EBSD) was performed using a Field Emission 
Gun Scanning Electron Microscope (FEG SEM), FEI Quanta. Micro Vickers hardness testing (Mitutoyo) was 
carried out on the prepared composites under constant parameters, employing a 100 g load and a 10 s holding 
time. Tensile evaluation of the specimens was carried out using an Instron tensile testing machine as per ASTM 
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E8/E8M–08 standards, and the mechanisms behind the failure were analysed using FE-SEM micrographs of the 
fractured surfaces.

Results and discussion
The top surfaces of the AZ31/15 vol% TiC composites produced using FSP and FSVP techniques are shown 
in Fig. 2a and b, respectively. The FSP composite sample surface displays a rough texture with the presence of 
flash in a few places. Conversely, Fig. 2b (FSVP) reveals a smoother surface with no flash. This suggests that the 
improved material movement, possibly due to enhanced straining of materials through vibration, eliminated the 
formation of these voids. The enhanced material flow observed here is due to the reduction in flow stress, which 
facilitates better dispersion of TiC particles, in line with observations from similar studies18. Cross-sectional 
macro-views of the processed regions of the composites produced via FSP and FSVP are shown in Fig. 2c and 
d, respectively. The FSVP stir zone has greater tool penetration depth and a smoother appearance compared to 
the FSP stir zone.

Figure  3 displays the X-ray diffraction (XRD) patterns for the AZ31/TiC surface composites produced 
through both FSP and FSVP methods. The peaks corresponding to the magnesium matrix, Mg17Al12, and 
the reinforcing material TiC are clearly observed in Fig.  3. Notably, there are no significant traces of other 

Fig. 2. Macro view of AZ31 alloy/15 vol. %TiC composites produced via (a) FSP and (b) FSVP; cross-sectional 
images of the composites produced via (c) FSP and (d) FSVP.

 

Fig. 1. Schematic view of FSP/FSVP process.
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detrimental phases detected in any of the composite samples. It is well known that magnesium and TiC are 
immiscible, meaning they do not readily dissolve into each other, regardless of temperature. Studies have proven 
that the formation of metastable phases occurs with severe plastic deformation, and this can be monitored based 
on the peak broadening of magnesium in XRD patterns19. In the case of Fig. 3, there is no broadening of Mg 
peaks, confirming the absence of metastable phase formation. This absence could be attributed to the relatively 
brief exposure to severe deformation during the manufacturing process. It is essential to note that the matrix 
used in this study is not pure magnesium; it is the Mg alloy AZ31, which includes elements such as aluminium 
(Al). Aluminium and TiC have a strong chemical affinity and tend to form undesirable compounds like Ti₃Al at 
elevated temperatures and extended straining periods20,21.

Figure 4 presents optical micrographs depicting AZ31/15 vol% TiC composites, taken at random regions 
within the SZ. Uniform distribution of TiC particles is observed regardless of the specific location of the 
micrographs. Composites produced with conventional FSP showed voids and agglomeration in a few places. 
Voids are open areas or cavities that exist within a solid material. Whether microscopic or macroscopic, these 
voids can have a substantial impact on the mechanical characteristics of the material, including its strength, 
density, and wear resistance. In traditional FSP, the material may exhibit poor flowability, resulting in the creation 
of voids. A lack of sufficient material flow around the tool can lead to the formation of empty spaces, particularly 
if the material fails to completely consolidate behind the tool. Voids are often formed due to particle clustering 
in the conventional FSP process.

In contrast, the samples produced through FSVP demonstrated uniform dispersion of TiC particulates 
within the SZ, as depicted in Fig. 4b. Notably, there is no area within the samples produced using FSVP where 
the distribution is absent. A continuous interface surrounds the particles without any interruptions, and no 
foreign particles are detected at this interface. The AZ31 alloy is seamlessly reinforced with the particles on all 
sides, with no visible pores.

SEM micrographs of the AZ31/15 vol% TiC composites in the SZ, produced via FSP and FSVP, are shown 
in Fig. 5a and b, respectively. The densely packed TiC particles are dispersed throughout all regions of the SZ. 
The spacing between these particles, known as the inter-particle distance, is consistently minimal, indicating 
uniform distribution of particles. A well-defined interface, as observed in Fig.  5a and b, indicates that the 
plasticized material fully envelops the particles’ surfaces. Importantly, the TiC particles do not exhibit sharp 
corners, which could disrupt the even flow of the material and generate pores22. Figure  5b (FSVP) exhibits 
proper dispersion of TiC particles within the SZ, with no noticeable clustering. In contrast, Fig. 5a (without 
vibration) shows particle clustering in the matrix composite due to insufficient material flow. The enhanced 
material flow observed here can be attributed to a reduction in flow stress during FSVP, which promotes a better 

Fig. 4. Optical micrographs of AZ31/ 15 vol. %TiC composites fabricated via (a) FSP and (b) FSVP.

 

Fig. 3. XRD outline of AZ31/TiC surface composites.
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dispersion of the reinforcement particles in the matrix, in line with previous studies18. This is confirmed through 
EDS mapping and XRD analysis. Figure 5b (FSVP) also exhibits a higher level of particle refinement compared 
to Fig. 5a (FSP).

An absence of significant change in the elemental spectrum at the interface suggests that no chemical reactions 
occurred between the alloying elements, and hence no compound formation happened. Interface characteristics 
play a crucial role in defining the load-bearing capability of metal matrix composites. The presence of voids and 
additional compounds within the interface can have adverse effects on mechanical performance. Therefore, a 
robust interface is more crucial than uniform distribution in enhancing the composite’s mechanical properties. 
Similar to various studies22–26 where deviations in the shape and size of reinforcement particles were observed 
after processing, this study also reports a significant reduction in particle size after FSVP, as shown in Fig. 5a 
and b.

Uniform dispersion of TiC particles in the AZ31 matrix metal is evident from the micrographs after FSVP, 
confirming the even distribution of TiC particles in the composite. To confirm the absence of diffusion or the 
presence of other compounds, point EDS analysis was performed on the TiC particles, as depicted in Fig. 6. The 
elemental spectra revealed the presence of Mg, Al, Ti, and C.

The distribution of elements in the AZ31/15 vol% TiC FSVP surface composites is shown in Fig. 7. Line scan 
elemental mapping of a TiC particle near the interface revealed a dramatic drop in Ti and C concentrations, 
indicating the absence of reactions at the interface and confirming a strong bond to the matrix. Figure 8a and b 
presents the Electron Backscatter Diffraction (EBSD) inverse pole figure (IPF) maps with grain boundaries of 
AZ31/15 vol% TiC composites fabricated using FSP and FSVP respectively. Similarly, the grain size distributions 
of the FSP sample and the FSVP sample is shown in Fig. 8c and d respectively. Additionally the misorientation 
angle distributions for the FSP sample and the FSVP sample is shown in Fig. 8e and f respectively. The AZ31 alloy 
consists of coarse grains with an average size of 60 μm, as explained in our previous study27. There is a significant 
reduction in grain size, with the AZ31/15 vol% TiC FSP metal matrix composite (MMC) recording an average 
grain size of 28 μm, as shown in Fig. 8c. With FSVP, the grain size further reduced to 8–10 μm in the AZ31/15 
vol% TiC FSVP MMC, as shown in Fig. 8d. Examination of the corresponding misorientation maps in Fig. 8e 
and f indicates a higher percentage (40–50%) of high-angle grain boundaries in the FSVP sample compared to 
the FSP sample.

TEM micrographs offering insights into the microstructural characteristics of AZ31/15 vol% TiC FSVP 
composites are shown in Fig.  9. Figure  9a and b demonstrate a strong bond and good interfacial integrity 
between the matrix alloy AZ31 and the reinforcing TiC particles.

Figure 9c reveals fine grains and an even distribution of particles within the composite. Figure 9d shows 
the presence of a significant number of dislocations. The presence of dislocations indicates that the material 
has undergone plastic deformation, which can contribute to changes in mechanical properties and grain 
refinement28. The TEM micrographs in Fig. 9 display a well-dispersed reinforcement phase, excellent interfacial 
bonding, and the presence of dislocations within the matrix alloy AZ31. These characteristics are essential for 
understanding the structural properties and potential mechanical behaviour of the composites25.

Although the TiC particles in the composite are small, they are effectively distributed throughout as depicted 
in Fig. 9b. Most of these particles are found within the grains with a few situated along the grain boundaries. 
These examinations proved an intragranular dispersion of TiC particles and it is evident that a strong interfacial 
bonding exists with matrix (Fig. 9a).

Dislocation formation can be attributed to two possible causes: (i) during FSVP processing, the matrix alloy 
undergoes extensive plastic deformation29,30, and (ii) strain mismatch between TiC particles and the AZ31 
alloy29,30. The frictional heat generated during processing did not completely eliminate dislocations. Dislocation-

Fig. 5. SEM micrographs of AZ31/ 15 vol. %TiC composites (a) FSP and (b) FSVP.
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Fig. 7. Elemental distribution within AZ31/15 vol% TiC FSVP surface composites.

 

Fig. 6. SEM/EDS results at various regions of AZ31/15 vol% TiC FSVP surface composites.

 

Scientific Reports |        (2024) 14:26686 6| https://doi.org/10.1038/s41598-024-77814-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


filled strain fields are known to contribute to the composite’s strength. Particles of TiC experienced fracture 
during processing because of significant plastic deformation during FSVP. In addition to the pinning effect of 
smaller-sized broken particles, dynamic recrystallization resulted in a remarkable refinement of grains in the 
composite. Plastic deformation and the resulting strain mismatch led to the observation of dense dislocations 
in the matrix31–33.

The variation in microhardness distribution across the transverse direction of AZ31 alloys subjected to 
FSP and FSVP is illustrated in Fig. 10a. It is evident that the inclusion of TiC particles and the application of 

Fig. 8. EBSD (IPF + grain boundary) maps ofAZ31/ 15 vol% TiC composites produced via (a) FSP, (b) FSVP, 
(c) Grain size of the FSP sample, (d) Grain size of the FSVP sample, Misorientation distribution (e) FSP sample 
and (f) FSVP sample.
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FSVP significantly improved the hardness of the AZ31 alloy. Considering the average microhardness value of 
72 ± 2 HV for friction stir processed AZ31 alloy, the AZ31/15 vol% TiC surface composites fabricated via FSP 
demonstrated 94 ± 2 HV, while the same composition developed through FSVP showcased 114 ± 2 HV, marking 
an increase of 30% and 55%, respectively.

The tensile properties of AZ31/15 vol% TiC MMCs are depicted in Fig.  10b. The reinforcement of TiC 
particles into the AZ31 alloy to create these composites resulted in a significant increase in tensile strength. 
The ultimate tensile strength (UTS) was found to be 222 ± 6 MPa for 0 vol% TiC, 272 ± 6 MPa for 15 vol% TiC 
FSP, and 330 ± 7 MPa for 15 vol% TiC FSVP. This improvement in UTS can be attributed to the microstructural 
modifications caused by the incorporation of TiC particles and ultrasonic vibration. An increase in straining 

Fig. 10. (a) Hardness and (b) stress-strain plots of AZ31/15 vol. %TiC MMCs.

 

Fig. 9. TEM micrograph of AZ31/15vol% TiC FSVP surface composites showing; (a) AZ31/TiC particle 
interface, (b) TiC particle, (c) fine grains in AZ31 matrix and (d) dislocation density.
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of the metal surface material due to vibration is associated with the reduction in grain size and improvement 
in mechanical characteristics. An increase in straining leads to a corresponding rise in dislocation density. 
Associated with dynamic recrystallization, it results in increased formation of high-angle grain boundaries1,29,30. 
The strengthening mechanisms at play in these composites are discussed below.

The disparity in coefficients of thermal expansion between the AZ31 matrix and the TiC particles generates 
dislocation density, and TiC becomes a hindrance to the free movement of dislocations. This obstruction 
contributes to a reinforcement process referred to as particle strengthening or dispersion strengthening. It 
enhances the material’s ability to withstand deformation by increasing the energy needed to displace dislocations 
beyond the particles. As previously discussed, the TiC particles exhibit excellent bonding with the AZ31 alloy 
matrix without the development of pores or other compounds. This exceptional interfacial bonding allows for the 
efficient transfer of tensile loads to the TiC particles. The homogeneous distribution of TiC in the AZ31 matrix 
can activate the Orowan mechanism during tensile loading. Furthermore, the significant grain refinement in the 
TiC-added composite compared to the AZ31 alloy will enhance tensile strength in accordance with the Hall–
Petch equation. Figure 10b clearly demonstrates a considerable degree of ductility retained in the composite after 
the tensile test. This increase in ductility can be attributed to the factors explained below.

Based on the rule of mixtures, AZ31 dispersed with TiC reinforcement should be stronger than pure AZ31, 
and from the study, it is observed that the addition of TiC enhanced the mechanical strength of the matrix metal 
and acts as a main source of strengthening. The uniform distribution of TiC particles within the matrix achieved 
through the FSP process is advantageous for Orowan strengthening. It retards the progression of dislocations 
and changes their direction of motion multiple times. Microstructures revealed strong bonding among TiC 
particles and the AZ31 matrix, facilitating effective transfer of tensile loads to the particles. The presence of 
dislocation-filled strain fields hindered the free movement of dislocations, thereby contributing to strength 
enhancement. The excellent grain refinement attained by FSVP, as per the Hall–Petch relationship, provides 
additional strengthening34,35.

These factors interact with each other to strengthen the composite. Importantly, the presence of TiC particles 
does not significantly reduce ductility. This is due to the deformable nature of TiC particles under tensile load 
and their efficient heat conduction. This prevents excessive work hardening of the AZ31 alloy during the tensile 
test, which allows sufficient plastic flow of the AZ31 alloy. The presence of fine dimples on the tensile fracture 
surface is a result of grain structure refinement in the FSVP-based composite. The tensile fracture surfaces reveal 
that FSVP composites failed in a more ductile manner.

The tensile fracture surfaces of AZ31/15 vol% TiC composites synthesized via FSP and FSVP are depicted 
in Fig.  11a and b, respectively. The morphology observed in these images confirms that all specimens 
experienced plastic deformation before reaching the failure point. The development and coalescence of micro-
voids were identified as the primary contributors to the ductile failure in all specimens. The AZ31/15 vol% 
TiC FSVP composites displayed smaller dimples, indicating more refined grain structure, while larger dimples 
were associated with the AZ31/15 vol% TiC FSP composites. The formation of fine dimples may be due to 
the significant grain refinement in the FSVP samples. The distribution of TiC particles on the fracture surface 
is evident from Fig. 11, indicating effective transfer of tensile loads due to proper interfacial bonding. These 
analyses of the fracture surfaces strongly suggest that the interfacial bonding was exceptionally effective.

Conclusions
In this study, a 6 mm thick AZ31 magnesium alloy dispersed with TiC reinforcing particles was fabricated using 
FSP and FSVP methods. The study aimed to compare the microstructure, hardness, and tensile properties of 
AZ31/15 vol% TiC surface composites produced via both FSP and FSVP. The key findings and conclusions of 
the study are summarized below —.

Fig. 11. Tensile fracture surface of AZ31/15 vol. %TiC composites (a) FSP and (b) FSVP.
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 1.  The application of vibration during FSP effectively eliminated flow-related defects such as voids and tun-
neling. The use of vibration resulted in uniform dispersion of the TiC particles in the AZ31 matrix due to 
improved material flow and fluidity achieved by FSVP.

 2.  Processing the AZ31 alloy with 15 vol% TiC via FSP reduced the grain size from 60 to 28 μm. Using FSVP, 
the grain size in the AZ31/15 vol% TiC composite was further decreased to 8–10 μm.

 3.  Compared to the AZ31/15 vol% TiC FSP composite, composites produced via FSVP showed improvements 
in hardness and UTS of about 55% and 21%, respectively.

 4.  The retained ductility in Friction Stir Vibration Processed samples was related to the presence of fine grain 
structures, which led to the formation of well-developed dimples, thereby preserving the ductility of the 
samples.

Data availability
The data presented in this study are available through email upon request to the corresponding author.
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