
Fabrication and Characterization of Friction Stir-
Processed Mg-Zn-Ca Biomaterials Strengthened
with MgO Particles
Zhen Liu 

Tianjin University of Technology
Yangchuan Cai 

Tianjin University of Technology
Jie Chen 

Shandong University
Jian Han  (  hj_tjut@vip.126.com )

Tianjin University of Technology
Zhiyong Mao 

Tianjin University of Technology
Minfang Chen 

Tianjin University of Technology

Research Article

Keywords: Magnesium matrix composite, Friction stir processing, Microstructure, Mechanical property,
Corrosion resistance, Grain misorientation

Posted Date: May 11th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-502331/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at The International Journal of Advanced
Manufacturing Technology on August 3rd, 2021. See the published version at
https://doi.org/10.1007/s00170-021-07814-9.

https://doi.org/10.21203/rs.3.rs-502331/v1
mailto:hj_tjut@vip.126.com
https://doi.org/10.21203/rs.3.rs-502331/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00170-021-07814-9


1 

 

Fabrication and characterization of friction stir-processed Mg-Zn-Ca 

biomaterials strengthened with MgO particles 

Zhen Liua, #, Yangchuan Caia, #, Jie Chenb, Jian Hana,*, Zhiyong Maoa,c, Minfang 

Chena,c,d, ** 

aFaculty of Materials Science and Engineering, Tianjin University of Technology, Tianjin 300384, 

P.R. China 

bFaculty of Materials Science and Engineering, Shandong University, Jinan 250061, P.R. China 

cKey Laboratory of Display Materials and Photoelectric Devices, Tianjin University of Technology, 

Ministry of Education, Beijing 100816, P.R. China 

dTianjin Key Lab for Photoelectric Materials & Devices, Tianjin 300384, P.R. China 

 

#Both authors contribute equally to this work. 

 

*Corresponding author: Jian Han*, Minfang Chen** 

Email: hj_tjut@vip.126.com, Tel: +86-13564797997 

Email: mfchentj@126.com, Tel: +86-22-60215845 

Address: School of Materials Science and Engineering, Tianjin University of 

Technology, No. 391, Binshui West Road, Xiqing District, Tianjin 300384, P.R. China. 

 

ABSTRACT: Magnesium alloy composites play an important role in biomaterials field. 

In this study, a novel Mg-Zn-Ca matrix composite was reinforced by adding 1.0 wt.% 

MgO nanoparticles via the high shear casting process. Hereafter, friction stir processing 
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(FSP) was used to achieve a good dispersion of MgO particles and improve the 

mechanical properties of the composites. After the preparation of the novel composite 

materials, varied characterization and performance test methods have been selected for 

comparison. The results illustrate that through FSP, the corresponding microstructure 

and properties of as-cast MgO/Mg-Zn-Ca composites were significantly modified, and 

the best combination of the key parameters is 1200 rpm and 60 mm/min for rotational 

velocity and traveling speed, respectively. After the optimized FSP treatment, the grains 

size in FSP-processed composites were refined by 42%, to reach 1.04 μm. Due to the 

grain refinement and the redistribution of MgO particles, the hardness of the FSP-

processed MgO/Mg-Zn-Ca composites were increased by 40%, to reach 101.2 HV. 

Further, it displayed excellent corrosion resistance as well as strength. Compared to the 

strengthening through grain refinement, the particle strengthening is more dominant 

based on the study. And meanwhile, the modified grains and added MgO particles are 

beneficial to the properties of the nugget zones. 

 

Keywords: Magnesium matrix composite, Friction stir processing, Microstructure, 

Mechanical property, Corrosion resistance, Grain misorientation 

 

1. Introduction 

Magnesium (Mg) alloys have become one of the hot topics in many fields due to 

their adjustable mechanical behavior and corrosion resistance [1, 2]. To further expand 

the application of Mg alloys, Mg metal matrix composites (Mg-MMCs) are being 
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developed step by step, compared to conventional Mg alloys, Mg-MMCs have superior 

properties, such as higher strength, hardness and corrosion resistance [3, 4]. In recent 

years, the reinforced Mg-MMCs with ceramic particles, for instance, hydroxyapatite 

(HA) or β-tricalcium phosphate (β-TCP), were found to significantly improve 

performances for these composites. In the work of Jaiswal et al. [5], it has improved the 

corrosion resistance, bioactivity, and mechanical strength of degradable Mg alloys 

through synthesizing heat treatment of hydroxyapatite-reinforced Mg-3wt% Zn-based 

composite materials. Liu et al. [6] have adopted the new melt shearing technique 

integrating with high pressure die casting to uniformly add nano-scale tricalcium 

phosphate (β-TCP) to Mg-3Zn-Ca composite materials, which have improved the 

hardness and tensile strength. 

It is well accepted that ZrO2, TiO2 and MgO have good chemical stability, enabling 

them the suitable strengthening phases for the Mg matrix, as Lin et al. [7] have studied. 

Goh et al. [8] have produced the MgO/Mg composites with improved strength and 

hardness. As a strengthening phase, MgO has not only improve the mechanical behavior 

of the material, but also the effect of increased corrosion resistance. Khalajabadi et al. 

[9] have used the powder metallurgy method to prepare Mg/HA/MgO nanocomposites, 

and the results show that with more MgO, the corrosion resistance turns better and 

better, which is due to thicker product film, and subsequent reduction of pitting 

corrosion. Lei et al. [10] have prepared MgO/Mg-Zn composites and found that the 

addition of MgO led to both grain refinement and second phase strengthening, and 

therefore mechanical properties and corrosion resistance are significantly improved. 
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However, Lin et al. [7] have found that irrespective of manufacturing methods, when 

the MgO content is about 0.5 wt.% or more, the phenomenon of agglomeration occurs, 

influencing negatively the mechanical behavior and corrosion properties of the 

composites. In this research, the application of severe plastic deformation (SPD) to 

improve the properties of the MgO/Mg-Zn-Ca composites has been proposed. SPD has 

been extensively applied to improve materials’ properties, among them, FSP is one of 

the typical and essential SPD methods[11,12]. Due to the high heat input of FSP, it was 

confirmed to be effective to optimize the microstructure and properties of Mg-MMCs. 

Vandana et al. [13] have incorporated nano-scaled HA into the pure Mg sheets 

through FSP, and the grains of the obtained composites in the stir zone are found to be 

refined from the initial size of 2000 μm to around 10 μm. Morisada et al. [14] have 

dispersed multi-walled carbon nanotubes (MWCNTs) into AZ31 using FSP. It was 

found that this method can refine the grains, and increase the microhardness by twice. 

Sahraeinejad et al. [15] have incorporated nano-scaled B4C into the matrix of Al 5059, 

and found that the average microhardness within the stir zone has been increased from 

85 HV to a maximum of 170 HV. Lee et al. [16] have added SiO2 nanoparticles to AZ61, 

the average grain size of prepared composite material is in the range of 0.5~2 μm, and 

the hardness of the material is almost twice of the matrix. Asadi et al. [17] have applied 

FSP to prepare a SiC/AZ91 composite layer, and 5 μm SiC particles for reinforcement 

and grain refinement. Based on the study, the stirring treatment is beneficial to refine 

the grains with increasing rotational and traveling speeds, which induces the 

strengthening. 
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Up to the present, a large number of composite materials have been prepared 

through FSP. However, most studies on performance improvement, focusing on the 

following points: (1) to rely on FSP to integrate reinforced particles into the metal 

matrix, (2) with combined actions of added particles as well as FSP, the grains are 

refined and the performance is improved accordingly. However, few studies have used 

FSP to improve the microstructure and performance of biomedical composites. In this 

study, the application of SPD to further improve the properties of the MgO/Mg-Zn-Ca 

biomedical composites through optimized powder metallurgy and casting is proposed. 

Aiming at the first step of medical application, the properties of the casting 

composite, especially mechanical properties and corrosion resistance, are necessary to 

be improved to be fit for implanting the components in the human body. Therefore, the 

nanoparticle-reinforced Mg matrix and FSP-ed composite (MgO/Mg-Zn-Ca) have been 

fabricated and characterized in this study. The MgO/Mg-Zn-Ca was produced using 

casting and hot extrusion process, followed by FSP. The traveling speed and rotating 

velocity were changed accordingly, and the influences on the microstructure, 

mechanical behaviors and corrosion properties have been investigated to verify the 

effects of SPD. 

2. Experimental procedure 

The chemical composition of the MgO/Mg-Zn-Ca composite in this study is listed 

in Table 1. The Mg ingot, Zn ingot and Mg-Ca alloy, were melted in 690~700 oC under 

the protection of the mixed gas, i.e. SF6 and N2. After the MgO nanoparticles were 

brought into the molten metal, a high shear rotor-stator mixer was used to stir MgO 
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fully with the molten metal using a stirring velocity of 4000 rpm for 5 min. Then, the 

metal was cast into a mold at 680 oC to form ingots with a diameter of 60 mm. After 

that, the ingot was annealed at 300 oC for 20 h to achieve homogenization before final 

hot extrusion to the size of 1.5 mm × 30 mm (thickness × width). The ingots were then 

divided into billets with a length of 200 mm via wire-electrode cutting. 

 

Table 1 

Composition of MgO/Mg-Zn-Ca composite (wt.%). 

Zn Ca MgO Mg 

3.0 0.2 1.0 Balance 

 

The FSP was carried out using HT-JM 16 × 15/2 gantry friction stir processing 

machine. Fig. 1a shows the schematic diagram of the manufacturing process. The 

stirring tool was made of H13 die steel. The pin has an 8.0 mm shoulder diameter with 

a 2.5 mm tapered pin and a 1.0 mm length, shown in Fig. 1b. Based on the investigation, 

a tilt angle of 2.5° was machined, and the principal axis was rotated in a clockwise 

direction during the FSP. Furthermore, four combinations of the key parameters (pin 

rotational and traveling speeds) were selected, as listed in Table 2. 
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Fig. 1. (a) Schematic illustration of FSP process (WD-welding direction, ND-normal 

direction, TD-transverse direction); (b) Design of stirring pin. 

 

Table 2 

Key parameters during FSP. 

No. Rotating velocity, ω (r/min or rpm) Traveling speed, ν (mm/min) ω/ν 

1 800 60 13.3 

2 1000 60 16.6 

3 1200 60 20.0 

4 1200 80 15.0 

 

The parameters of the FSP, including the stirring tool shape, traveling speed and 

rotational velocity of this tool, influence the flow of metal. During the FSP, the pressure 

on the shaft shoulder was kept unchanged. To determine the parameter influence on 

performance, the heat input has to be taken into account. As for heat input, i.e. E, it can 

be calculated by the following equation (Equation 1):  E = πωμP(r02+r0r1+r12)45(r0+r1)v                         (Eq. 1) 
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Where, μ is the constant friction coefficient related to the type and state of 

materials; P is the shoulder pressure of stirring tool related to the shaft shoulder pressure 

and material characteristics; ω is the rotational velocity; ν is the traveling speed; r0 is 

the shoulder radius; and r1 is the radius of the stirring pin. Since a same stirring tool 

was used in the FSP, the shape of the tool is fixed. The other parameters during the FSP 

were kept unchanged except for the ratio of rotational speed and traveling speed. It can 

be considered 𝐸 = 𝑅 𝜔𝑣  (𝑅 = 𝜋𝜇𝑃(𝑟02+𝑟0𝑟1+𝑟12)45(𝑟0+𝑟1) , which is an unaltered amount). Abbasi 

et al. [18] have used ω/ν to compare the influence of heat input when studying the 

mechanical behavior of friction stir welding on different areas of AZ31 magnesium 

alloy. Therefore, the heat inputs of different FSP processes can be compared by the 

values of ω/ν, listed in Table 2. 

The samples for metallographic examinations were sectioned and prepared 

according to the standard metallography procedures. Then, the samples were 

electrochemically polished with a solution of 5 ml 10% nitric acid and 45 ml methanol 

and then etched using a mixed solution of 5 ml deionized water, 2.5 ml glacial acetic 

acid, 2.75 g picric acid, and 45 ml anhydrous ethanol. Afterward, the surface 

morphology and defects were observed by the DSX-HRSU stereomicroscope. The 

microstructures were examined using Olympus TV0.5XC-3 optical microscope (OM). 

Image-Pro Plus software was used to analyze the distribution of grain size. Relying on 

Scanning Electron Microscope (SEM) (Quanta FEG 250), together with its energy 

dispersive spectrometer (EDS), further microstructure studies were conducted. X-ray 

diffraction (XRD) was used with an X-ray diffractometer (Rigaku Ultima IV) with a 
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scanning speed within 20º~80º. The Electron back-scattered diffraction (EBSD) whose 

brand is Oxford Nordlys Nano was applied for further microstructure analysis of the 

selected samples. The samples for EBSD were mechanically ground and polished, and 

further processed using an ion etcher (Leica RES101). The transverse direction-normal 

direction (TD-ND) surfaces of the sample were then characterized, and the data were 

analyzed application the software of Channel 5. 

Microhardness testing in Vickers was performed along the transverse section of 

the samples using a 490.3 mN load for a 10 s dwell time at the intervals of 0.5 mm. 

From the center area of the weld nugget, each point is spaced at 0.5 mm horizontal test, 

and three longitudinal tests are performed at each interval to calculate the standard 

deviation. 

Electrochemical corrosion test was performed at 37 ℃ in a Zennium 

electrochemical workstation, which consists of a glass beaker containing simulated 

body fluid (SBF) and a standard three-electrode system (saturated calomel electrode 

(SCE) - reference electrode, sample - working electrode, graphite - control electrode). 

The surfaces of the tested samples were ground using silicon papers up to 3000#. After 

the open circuit voltage was recorded for 30 min, the potential dynamic polarization 

was performed using a scanning rate of 1 mV/s, and the voltage is from 0.5 V below 

the self-corrosion potential to 0.5 V above the self-corrosion potential. 

3. Results and Discussion 

3.1 Surface morphology after FSP 

The friction heat that has been generated between the shoulder of the stirring tool 
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shaft and the surface of the processed material resulted in plastic deformation in the 

metal. The materials rotated with the shaft shoulder under pressure, forming the fish-

scale pattern, as shown in Fig. 2. With the increasing rotational speed of the stirring 

tool, the rotational number increases, and the processed surface became smoother. As 

for the traveling speed, the lower traveling speed causes the stirring head to rotate more 

at the same distance, so the pitch of the fish-scale curve is reduced to form a smooth 

weld bead. Furthermore, since a high heat input is possible to result in the plastic flow 

of materials, higher heat input is preferred in the FSP of the MgO/Mg-Zn-Ca composite 

if the surface quality can be controlled in good quality. 

 

 

Fig. 2. Macroscopic morphology of FSP samples with different parameters: (a) 800 

rpm-60 mm/min, (b) 1000 rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-

80 mm/min. 

 

3.2 Microstructural analysis 

As observed in Fig. 3a and b, the grains in the base materials (BM) are large and 

unevenly distributed. Here, the grain sizes were measured by the software of ImageJ. 
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The results of EDS (Fig. 3c and d) indicate that the white agglomerates in the Mg matrix 

are MgO (Fig. 3c). Due to the limited spot scanning size of EDS, it is inevitable to 

detect the Mg matrix. Therefore, the elements of Zn and Ca present in the results of 

EDS as well as Mg and O. The area in Fig. 3d is the regional BM of Mg-Zn-Ca, where 

is no MgO from the EDS result. As found by Liu et al. [19], when Mg, Zn and Ca are 

below 500 oC, there is almost no oxidation. And the friction stir processing temperature 

of Mg alloy does not exceed 500 oC [20], which shows that in the composite material 

the element of O only exists in the MgO particles. The distribution of the grain size in 

the BM is displayed in Fig. 3f, and the average grain size is approximately 1.78 μm. 

Goh et al. [8] have found that as an inhibitor, the addition of MgO can restrict grain 

growth. Fig. 3e shows the result of XRD analysis which was conducted to investigate 

the phases constituted during the FSP. The major diffraction peak is that of the α-Mg 

matrix. Weak diffraction peaks of MgO and precipitated phases (Ca2Mg6Zn3 and 

MgxZny alloy, including MgZn2, Mg2Zn3 and Mg4Zn7) are also observed. In this 

experiment, since the mass fraction of the added MgO is quite small, the diffraction 

peak of MgO in XRD is difficult to be inspected due to the power limit. 
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Fig. 3. MgO/Mg-Zn-Ca composite (BM): (a) OM, (b) SEM, (c) EDS result of MgO, 

(d) EDS result of substrate, (e) XRD, (f) Grain size distribution. 

 

Fig. 4a and b show the distribution of the MgO particles in the BM and the nugget 

zone (NZ) under SEM. The agglomeration of the MgO particles is a little serious in the 

BM. Compared to the BM, the particles in NZ are smaller and more uniformly 

distributed. The maximum size of the particle in the BM reached 5.62 μm while the size 

of the largest particle in the NZ is less than 2 μm. Most are in the nano-scale (≤100 nm), 
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which can be attributed to the mechanical stirring and thermal effects during the FSP 

and related to the action of breaking up the particles and disperse them. Since the MgO 

particles cannot be observed in the NZ with the higher rotational speed due to the SEM 

magnification, Fig. 4 displays the NZ after 800 rpm, which is the lowest rotational speed 

in the parameters of the FSP processes for reference. The refining effect of MgO 

particles is limited for lower rotational speed, therefore the FSP-ed MgO particles have 

the largest sizes, and as for the subsequent higher rotational speed, the refining effect 

of particles is more apparent comparatively. 

 

 

Fig. 4. Microscopic SEM under 800 rpm-60 mm/min: a) BM, b) NZ. 

 

NZ is the key area for the FSP-ed samples because of its finer and more uniform 

microstructure. Therefore, the NZ of the samples was observed through SEM, as shown 

in Fig. 5. As mentioned above, the white particles in the matrix are MgO. When the 

traveling speed was fixed at stirring speed of 800 rpm, the sizes of agglomerated MgO 

were relatively larger than those at stirring speed of 1000 rpm and 1200 rpm. The higher 

stirring speed resulted in higher heat input, better fluidity of plastic metal, and stronger 

mechanical force which homogenized the microstructure in the NZ. 
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Referring to the distribution of MgO in Fig. 5, it can be observed that the MgO is 

more uniformly distributed in the Mg matrix at 1200 rpm-60 mm/min. More MgO 

clusters have been adverted in the metal matrix processed at 1200 rpm-80 mm/min. The 

presence of smaller and more uniformly dispersed particles in the matrix processed at 

1200 rpm-60 mm/min is also related to the rotational situation. At 1200 rpm-60mm/min 

the rotational speed per unit distance is higher than that at 1200 rpm-80 mm/min. 

Therefore, for the same distance, the sample processed at 1200 rpm-60 mm/min will be 

subjected to more stirring. 

 

Fig. 5. SEM analysis of NZ under different parameters: (a) 800 rpm-60 mm/min, (b) 

1000 rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-80 mm/min. 

 

Here, during the selection of the processing parameters, two points need to be 

taken into account. (1) Surface morphology. If the rotational speed is above 1200 rpm 
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and the traveling speed is over 80 mm/min, the surface quality of the sample is 

unacceptable based on the study. (2) Heat input. Considering that the ratio of ω/ν 

changes in proportion to the heat input, and low heat input reduces the possibility of 

excessive grain growth. Therefore, the traveling speeds of 60 mm/min and 80 mm/min 

(poor shape forming when lower than 50 mm/min) were selected to compare the 

properties. 

The distribution of the grain size in NZ at different processing parameters is shown 

in Fig. 6. When the parameters are 800 rpm-60 mm/min, 1000 rpm-60 mm/min, and 

1200 rpm-60 mm/min, the average grain sizes were 1.08 μm, 1.13 μm, and 1.04 μm, 

respectively. The increasing stirring speed led to higher heat input, better fluidity of the 

plastic metal, and higher mechanical force. When the parameter is 1000 rpm-60 

mm/min, the grain size is slightly larger than 800 rpm-60 mm/min and 1200 rpm-60 

mm/min, which is related to two factors, i.e. the stirring speed and the distribution of 

inhibitors. Moreover, based on the above results, the effect of agitation is greater than 

heat input in refining the grain size. 

The average grain sizes of the NZ at 1200 rpm-60 mm/min and 1200 rpm-80 

mm/min are 1.04 μm and 1.01 μm, respectively. The rotational speed per unit length at 

60 mm/min is higher than that at 80 mm/min, leading to more stirring for the same 

length. Meanwhile, higher rotational speed generates higher heat according to heat 

input, which is the direct reason for similar grain sizes of two procedures. 
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Fig. 6. Distribution of grain size of NZ under different parameters: (a) 800 rpm-60 

mm/min, (b) 1000 rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-80 

mm/min. 

 

Fig. 7 shows the results of the XRD analysis of the NZ under different parameters. 

XRD test results show that the materials treated with different parameters have similar 

phase types. In addition to the Mg, the phases of Ca2Mg6Zn3 and MgxZny (MgZn2、

Mg2Zn3、Mg4Zn7) were also found, this is consistent with the phase ingredient of the 

Mg-Zn-Ca ternary alloy. The diffraction peaks of the Mg matrix are not as strong as 

those in the BM (Fig. 3e). The phase of MgxZny was reduced, which would improve 

the corrosion resistance. Song et al. [21] found that these phases may cause severe 

galvanic corrosion in the Mg matrix. Lu et al. [22] have shown that the Mg-3Zn phase 
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present in the Mg-Zn-Ca alloy reduces the corrosion resistance. That is another reason 

for the NZ areas after the FSP owns higher corrosion resistance compared to the BM. 

By comparing the XRD results in Fig. 7 and Fig. 3, it was found that FSP did not change 

the phase types in NZ. However, according to the previous analysis, FSP changes the 

grain size and particle distribution. 

 

 

Fig. 7. XRD results of NZ under different parameters. 

 

3.3 Electrochemical Testing 

To study the general corrosion performance, i.e. pitting corrosion resistance, of the 

FSP-ed samples, the NZs with different parameters were electrochemically tested. The 

corrosion current (Icorr), corrosion potential (Ecorr), cathode Tafel slope (βc) and anode 

Tafel slope (βα) are listed in Table 3. In addition, according to the report of Bakhsheshi-

Rad et al. [23], the polarization resistance (Rp) of the tested sample was calculated using 

the following equation (Equation 2): 
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 𝑅𝑝 = 𝛽𝑎𝛽𝑐2.303(𝛽𝑎+𝛽𝑐)𝐼𝑐𝑜𝑟𝑟                        (Eq. 2) 

It can be seen from Fig. 8 that the kinetic potential polarization process under each 

procedure was controlled by the activation reaction at the cathode in a large range and 

exhibit different dynamic potential polarization behaviors. The sample produced at 

1200 rpm-60 mm/min has the highest corrosion potential (Ecorr = -1.332 V), smaller 

corrosion current density (Icorr = 47.9 μA/cm2) and larger polarization resistance (Rp = 

1.227 kΩ·cm2). 

In the polarization curve, the cathode side is controlled by the hydrogen release 

reaction in the aqueous solution, and the other side is the negative difference effect of 

the anode dissolution reaction, i.e., the dissolve of Mg, and abnormal anode hydrogen 

release. Lin et al. [9] stated that the reduction reaction of hydrogen ions and the 

hydrogen overvoltage in cathode phase play a significant part in the corrosion of 

magnesium. The α-Mg matrix preferentially dissolves as an electric anode, forming a 

porous Mg (OH)2 covering the interface, according to Song et al. [24]: 

Mg →Mg2+ + 2e-  Anodic reaction                 (Eq.3) 

2H2O + 2e-→H2+ + 2OH- Cathodic reaction             (Eq.4) 

It has a small corrosion driving force in the SBF solution, and the corrosion rate is 

slow. Using the same cathode potential, the electrode current of it has a larger cathode 

current density, and a more complete hydrogen evolution corrosion occurred, the anode 

side of all samples has a passivation tendency lower than the breakdown potential, 

which indicates the existence of a surface protective layer, this is mainly a dense 

Mg(OH)2 conservatory layer. When studying the passivation properties of Mg alloy, 
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Cao et al. [25] proposed that generating a passivated surface is a crucial method to better 

the corrosion behavior of Mg alloy. And Ambat et al. [26] pointed out that the corrosion 

layer of Mg and Mg alloy surfaces is magnesium hydroxide.  

During the anodic polarization process, the current of the sample was increased 

with the potential shift and exhibited a strong discharge activity. This is because the 

MgO particles are finer and more uniform in the sample produced at 1200 rpm-60 

mm/min, and Lin et al. [7] proposed that the MgO particles are in a positive potential 

position during the etching. Research by Ho et al. [27] shows that grain refinement can 

cause an increase in corrosion resistance. When the particles are uniformly dispersed, 

the potential is high and the distribution is uniform and has a small grain size, so 

uniform corrosion will occur, thereby improving corrosion resistance. In the 

microstructure with serious particle agglomeration, the agglomerated particles will lead 

to increased local misorientation difference, and Wang et al. [28] pointed out that high 

local misorientation difference will destroy corrosion resistance. And the high potential 

difference will lead to severe pitting, which is detrimental to the final pitting corrosion 

resistance of the samples. 
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Fig. 8. Potential polarization curves of NZs in SBF solution under different 

parameters. 

 

Table 3 

Electrochemical parameters of NZs in SBF solution obtained by polarization test. 

Sample 

(rpm/mm/min) 

Ecorr 

(V) 

Icorr 

(μA/cm2) 

βc 

(V/dec) 

βα 

(V/dec) 

Rp 

(kΩ·cm2) 

800/60 -1.416 96.1 0.428 0.142 0.482 

1000/60 -1.495 68.4 0.374 0.238 0.923 

1200/60 -1.332 47.9 0.414 0.201 1.227 

1200/80 -1.463 63.2 0.369 0.209 0.940 

BM -1.542 57.7 0.327 0.223 0.960 

 

After electrochemical testing, the corrosion morphology was characterized. Fig.9 

shows the corrosion morphology of BM and different parameters. The chromic acid 

solution is used to remove the corrosion products to judge the corrosion degree of the 
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metal matrix. It can be seen from the figure that there are serious pitting-corrosion pits 

in the BM, while the area after FSP has a lot fewer pitting-corrosion pits. Because FSP 

refines the crystal grains, and makes the MgO particles fine and uniform. The study of 

Ralston et al. [29] showed that the corrosion resistance is directly related to the grain 

size. In the corrosion morphology of different parameters, when the parameter is 

1200rpm-60mm/min, the degree of corrosion is the lightest, the corrosion pits are small 

and there are a lot of flat areas. The research of Singla et al. [30] showed that the 

distribution of reinforcing particles could reduce the corrosion degree of composites. 

The distribution of MgO particles of 1200-60 is the most uniform, so the degree of 

corrosion is also the lightest. 

 

 

Fig. 9. Corrosion morphology of different parameters (removal of corrosion 

products): (a) BM, (b) 800 rpm-60 mm/min, (c) 1000 rpm-60 mm/min, (d) 1200 rpm-

60 mm/min, (e) 1200 rpm-80 mm/min. (The figure below is an enlarged view of the 

figure above.) 

 

3.4 Microhardness 

Microhardness tests were executed to systematically understand the 
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microstructural evolution during the FSP. The results are presented in Fig. 10. 

Irrespective of the processing parameters, the NZ has the highest hardness. Compared 

to the BM, the hardness of the NZ is approximately 35% higher due to grain size 

refinement as well as the presence of dispersed and fine MgO particles. 

At the traveling velocity of 60 mm/min, the average hardness of the NZ was found 

to be 97.6 HV, 97.0 HV and 101.2 HV for 800 rpm, 1000 rpm and 1200 rpm, 

respectively. When the parameter is 1200 rpm-60 mm/min, the grain size is almost the 

smallest and the MgO particle distribution is the most uniform, leading to the highest 

hardness. Considering the influence of the different traveling velocities, the hardness 

of 1200 rpm-80 mm/min is 99.1 HV, which is lower than that of 1200 rpm-60 mm/min. 

Table 4 offers the information for the grain size, hardness and ω/ν value of the NZ. 

Compared to 1200 rpm-80mm/min, although the grains are a little larger at 1200 rpm-

60mm/min, the larger ω/ν results in a slightly higher hardness, which is related to the 

homogeneous distribution of the reinforcements in the NZ. Hence, it can be concluded 

that the reinforcing particles play a dominant role in strengthening the composite. 

 

Table 4 

Grain size, hardness and ω/νvalue of the samples. 

Sample (rpm-mm/min) Grain Size (μm) Hardness (HV) ω/ν 

800-60 1.08 97.6 13.3 

1000-60 1.13 97.0 16.6 

1200-60 1.04 101.2 20 
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1200-80 1.01 99.1 15 

 

Besides the particle strengthening, it is well known that grain size refinement leads 

to improvement of strength according to the Hall Petch equation (Equation 5). 

𝜎𝑠 = 𝜎0 + 𝑘𝑑−12                          (Eq. 5) 

Where, σs is the strength of the composite; σ0 is the yield strength; d is the average 

grain diameter, and k is the influence coefficient of grain boundary on the strength. The 

strength of the composite will be increased with the decreasing average grain size, due 

to more grain boundaries, which impede crack growth. On the other hand, during the 

cooling of the composite, due to mechanical and thermodynamic mismatching between 

reinforcing particles and the matrix, residual stress exists at the interfaces, resulting in 

plastic rheology and then high-density dislocation in the matrix. These are the major 

reasons for the improvement of the composite hardness in this study. Mallmann et al. 

[31] used FSP to prepare Mg-based composites reinforced with Y2O3 particles, and 

studies have shown that the dislocation strengthening caused by added particles plays 

a major role in the strengthening mechanism. 
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Fig. 10. Microhardness distribution of four welds under different parameters: (a) 800 

rpm-60 mm/min, (b) 1000 rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-

80 mm/min. 

 

    Another phenomenon besides the hardness improvement is that the widths of the 

NZ under the different parameters varied, which attributed to the duration of the stirring 

action of the pin per unit length from Fig. 10. at 60 mm/min, the longer time per unit 

length would result in higher heat input, processing temperature and plastic deformation, 

and then a wider processing zone, as can been observed from Fig. 10b and c. 

Considering sampling components from the NZ for medical application, for instance 

bone nail, the width of the NZ is a factor to control during the real processing. 

3.5 Grain misorientation 

From the above, the sample performance is optimized with 1200 rpm-60 mm/min. 
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The sample produced under that condition was selected for EBSD characterization to 

investigate the correlation between grain misorientation and mechanical performance 

in different districts of the sample. Fig. 11 shows pole figures in different districts of 

the sample. It can be judged that the BM has a certain texture, and the grain orientation 

of the NZ is overall perpendicular to the ND-TD plane (or parallel to WD). As a 

transition region, the influenced zone is in the intermediate state of transforming from 

the initial texture of the BM to the texture of the base plane {0001}. This is because the 

grain misorientation is different in the BM, and the orientation factor is different, which 

will lead to discontinuity in the strain tensor at the grain boundaries. This phenomenon 

can be interpreted by referring to the Sachs model, through research by Barnett et al. 

[32]. When Mg alloy is deformed at a temperature below 498 K, its plastic deformation 

mechanisms are base plane slip and conical plane twin. During the stirring action of the 

pin, a considerable shear force would be generated, resulting in large deformation and 

formation of the fabric of {0001} base surface. The number and degree of grain opening 

slip system are reduced due to the fact that the thermo-mechanically affected zone 

(TMAZ) is at the edge of the NZ and the fluidity is poor. Therefore, the grain orientation 

is not completely parallel to the {0001} plane. 
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Fig. 11. {0001} pole figures of grain orientation: (a) BM, (b) TMAZ, (c) NZ. 

 

In Fig. 12a, c and e, the black solid line indicated the high-angle grain boundary 

(HAGB) (HAGB>15°), and the green solid line represented the low-angle grain 

boundary (LAGB) (2°<LAGB<15°). The blue grains are fully recrystallized while the 

red grains are still deformed. It can be seen from the figures that there is more HAGB 

in the BM than in the NZ, i.e. the HAGB ratio is 0.87, and the HAGB-ratio of NZ is 

0.65 through statistical data. A large number of sawtooth grain boundaries easily 

become the nucleation site for recrystallization. The bulging grain boundary is to drive 

the movement of the slip system, which has an adverse effect on the hardness. In NZ, a 

large number of bulging grain boundaries were eliminated and many LAGBs were 

generated, which is related to the dislocation pile-up from the results, and then improve 

the hardness accordingly. The LAGB ratio of the TMAZ is 0.42, more than that of the 

NZ, 0.35, however, there are many incomplete grain boundaries. Although the TMAZ 

is influenced by mechanical agitation and generated heat, the degree is not as much as 

that of the NZ because it is at the edge of the processed core. Therefore, the heat is not 

enough for recrystallization after the stirring, resulting in incomplete grains. This is also 

a reason for the lower hardness in the TMAZ compared to NZ. 
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Figs. 12b, d and f show the distributions of misorientation angles in the BM, TMAZ, 

and NZ. Known by the correlated-grain misorientation, most misorientation angles in 

the BM is between 35° and 65°, and misorientation angles were significantly reduced 

in the NZ and TMAZ, i.e. between 2° and 30°. This is because in the processing, the 

stirring pin has experienced strong torsion and extrusion process which is helpful to the 

formation of a considerable number of dislocations. Usually, these dislocations appear 

as LAGBs. The peak values with different positions of uncorrelated grain orientation 

and theoretical grain orientation indicate the existence of texture. As shown in Fig. 12f, 

the grain boundary angle of the NZ has a peak at 30°. The hexagonal symmetry of 

hexagonal closed-packed (HCP) structure limits the effective increase of grain 

orientation difference during dynamic recrystallization and there is an orientation 

relationship of 30°<0001>. Fig. 12e also shows that part grains in the NZ were formed 

by dynamic recrystallization. During the stirring process, the grains were broken 

mechanically for the first step, and then dynamic recrystallization occurred due to the 

action of heat to form new grains. All these changes for the NZ are positive to the 

mechanical and even corrosion resistance of this area. 
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Fig. 12. Misorientation distribution and grain boundary images of BM, TMAZ and 

NZ: (a) Grain boundary images of BM; (b) Misorientation-angle distributions of BM; 

(c) Grain boundary maps of TMAZ; (d) Misorientation-angle distributions of TMAZ; 

(e) Grain boundary maps of NZ; (f) Misorientation-angle distributions of NZ. 

 

4. Conclusions 

    In this research, the novel MgO/Mg-Zn-Ca matrix composite was created through 
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optimized casting, and further friction stir processed to optimize the microstructure and 

properties. The conclusions are as follows. 

(1) The key processing parameters of 1200 rpm-60 mm/min have created an FSP-

ed sample with the best quality compared to the other procedures. The surface 

morphology is in good quality, and the reinforced particles are distributed uniformly. 

(2) As for the FSP-ed sample using the appropriate solution, i.e. 1200 rpm-60 

mm/min, the grain size is refined by 42%, and as a result, the hardness is improved by 

40% through both fine-grain strengthening and nanoparticle strengthening. According 

to comparison, particle strengthening is dominant in the strengthening mechanism. 

(3) Compared to the BM specimens, the NZ specimens are more susceptible to 

corrosion. The specimens produced under 1200 rpm-60 mm/min exhibited the highest 

corrosion potential and polarization resistance as well as the smallest corrosion current 

density. In others word, these specimens represent the best general corrosion resistance. 

(4) In the NZ of the sample after the FSP under 1200 rpm-60 mm/min, {0001} 

basal texture and fully recrystallized grains were formed, which is beneficial to the 

properties. 

In sum, the FSP is beneficial to the property improvement of the innovative 

composite by Mg-Zn-Ca and MgO nanoparticles, mainly mechanical properties and 

corrosion resistance. This is the first step for the research of the novel composite that 

will be applied in medical application, and it has been testified that from the points of 

mechanical and corrosion properties, the new-designed composite is acceptable. 
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Figures

Figure 1

(a) Schematic illustration of FSP process (WD-welding direction, ND-normal direction, TD-transverse
direction); (b) Design of stirring pin.

Figure 2

Macroscopic morphology of FSP samples with different parameters: (a) 800 rpm-60 mm/min, (b) 1000
rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-80 mm/min.



Figure 3

MgO/Mg-Zn-Ca composite (BM): (a) OM, (b) SEM, (c) EDS result of MgO, (d) EDS result of substrate, (e)
XRD, (f) Grain size distribution.



Figure 4

Microscopic SEM under 800 rpm-60 mm/min: a) BM, b) NZ.

Figure 6



Distribution of grain size of NZ under different parameters: (a) 800 rpm-60 mm/min, (b) 1000 rpm-60
mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-80 mm/min.

Figure 7

XRD results of NZ under different parameters.



Figure 8

Potential polarization curves of NZs in SBF solution under different parameters.

Figure 9

Corrosion morphology of different parameters (removal of corrosion products): (a) BM, (b) 800 rpm-60
mm/min, (c) 1000 rpm-60 mm/min, (d) 1200 rpm-60 mm/min, (e) 1200 rpm-80 mm/min. (The �gure



below is an enlarged view of the �gure above.)

Figure 10

Microhardness distribution of four welds under different parameters: (a) 800 rpm-60 mm/min, (b) 1000
rpm-60 mm/min, (c) 1200 rpm-60 mm/min, (d) 1200 rpm-80 mm/min.

Figure 11



{0001} pole �gures of grain orientation: (a) BM, (b) TMAZ, (c) NZ.

Figure 12

Misorientation distribution and grain boundary images of BM, TMAZ and NZ: (a) Grain boundary images
of BM; (b) Misorientation-angle distributions of BM; (c) Grain boundary maps of TMAZ; (d)
Misorientation-angle distributions of TMAZ; (e) Grain boundary maps of NZ; (f) Misorientation-angle
distributions of NZ.


