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Electrospinning Process Control for Fiber - Structured Poly 
(Bisphenol Aco - Epichlorohydrin) Membrane

1 2 1Wisawat Keaswejjareansuk , Xiang Wang , Richard D. Sisson  and Jianyu 
1,*

Liang
1Department of Mechanical Engineering, Worcester Polytechnic Institute, 100 Institute Road,

Worcester, MA 01609, USA
2
School of Materials Science and Technology, Wuhan University of Technology, 122 Luoshi Road,

Hubei Province 430070, P. R. China
*
 Correspondence: Email: jianyul@wpi.edu; Tel: +15088316649; Fax: +15088315633.

A B S T R A C T

Porous and fiber structures are utilized to create lightweight materials for many applications. 

Poly(bisphenol A-co-epichlorohydrin) PBE or phenoxy resin is a widely used thermoplastic resin in 

thermoplastic, blends, and polymer matrices. In this article, PBE was selected as a model thermoplastic to 

fabricate a porous membrane with suitable structure and properties through an electrospinning process. 

The morphology of the electrospun membrane was effectively controlled by adjusting solution 

concentration and solvent composition and regulating acceleration potential, while keeping the solution 

feed rate and tip-to-collector distance at specific values. It was observed that the elastic modulus and 

tensile strength of the obtained porous PBE membranes were dependent on structure and form. With 

consistent fiber morphology, the research process obtained a relatively high elastic modulus, tensile 

strength, and density at 9.125 ± 2.573 GPa, 1.260 ± 0.195 Mpa, and 0.420 ± 0.056 g/cm3, respectively. 

Thermal analysis showed insignificant differences in the thermal stability between the electrospun 

samples and raw materials.

Keywords: electrospinning; fiber; poly (bisphenol A-co-epichlorohydrin); porous membrane; 

thermoplastic; structure property; mechanical property

1. INTRODUCTION
Thermoplastic is extensively used in many applications such as consumer products, biomedical 
materials, chemical sensors, filtration and separation, data storage and transmission, energy materials, 
and in the manufacturing process [1–4]. In addition to the ease of processing, mechanical performance is 
an important factor for thermoplastic utilization. Adding fiber materials and forming fiber composite 
thermoplastics to improve mechanical properties is a widely applied and well documented practice 
[5–10]. Interestingly, recently it was shown that fiber-structured thermoplastics demonstrated 
significant improvement in mechanical properties compared with the same material having a non-fiber 
structure. For example, studies of Alexander and Wanasekara showed that the polypropylene PP fibers 
had tensile strength as high as 200 MPa [5,6]. Ye demonstrated that the polyethylene PE fibers had 
tensile strength in a range of 26 MPa–3.3 GPa, depending upon the production process, while non-fiber-
structured, injection-molded, high-density polyethylene HDPE had a tensile strength of less than 50 
MPa [6].

Electrospinning (ES) is an efficient and versatile process to fabricate highly porous membranes [11]. It is 
a straightforward technique to create continuous fibers with diameters ranging from nano- to 
micrometers. In this process, a high electric potential is applied to a spinneret (needle), which is 
connected to a syringe that holds a polymer solution. The polymer solution is fed by a syringe pump to be

· ISSN : 2372-0484
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spun in the applied electric field. During the spinning process, the charged polymer solution is elongated 
to fiber-like jets and then collected on a grounded collector. The ES process has been studied for many 
applications, such as biomaterials, batteries, capacitors, catalysts, and filtration systems [12–16]. 
Several thermoplastic materials have been deployed to create various ES membranes. A summary of the 
ES-thermoplastics, solvent system, and applications are shown in Table 1.

Table 1. A summary of electrospun thermoplastic materials and their applications.

· ISSN : 2372-0484

Poly(bisphenol-A-co-epichlorohydrin) PBE, or phenoxy resin, is a copolymer of bisphenol-A with 
epichlorohydrin and is a widely-used thermoplastic resin. It is ductile, tough, and miscible with various 
polymers, due to the presence of a pendant hydroxyl group (proton donor with appropriate functional 
groups) [24–27]. It has been shown to increase the glass-transition temperature of functional polymer 
blends, such as in thermal-responsive, shape-memory applications [25–29]. It has been used to increase 
the tensile strength, elongation, elastic modulus, and flexural strength in Surface micrographs were 
obtained by a field emission scanning electron microscope (FE-SEM, JEOL 7000F), operated at 2 kV. 
Average density of the membrane spun with each solution concentration was calculated by the weight 
and volume of three ES samples with an identical diameter of 7/32 inch (0.56 cm). Mechanical 
properties were measured by a universal testing machine (UTM, Instron 5567A) with a cross-head speed 
of 2 mm/min. The samples that were used to perform mechanical property measurements were prepared 
following the previously reported electrospinning studies [43–46]. Each ES membrane was cut into a 
strip of 0.25 inches (0.63 cm) width, 1 inch (2.54 cm) length, with 0.5 inches (1.27 cm) gauge-length and 
approximate 65 μm thickness. Each ES-sample was obtained after 40 min. of electrospinning. After 
drying, the thickness of the deposition was ≥65 μm in the thickest portion. A micrometer was used to 
measure the thickness at different locations in each sample. The portion that had a thickness of 
approximately 65 μm was chosen and cut into strips for testing. At least three ES samples were measured 
for each data point. The samples were also analyzed by thermogravimetric analysis (TGA, TA 
Instrument Q50) in air, in a temperature range of 35–700 ºC, at a heating rate of 10 ºC/min.
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3. RESULTS AND DISCUSSION

3.1. Solvent composition
The use of the acetone and DMF solvent system in this study was informed by the established 
understanding of the vapor pressure effect. The boiling point and vapor pressures are 56 ºC for acetone 
vs. 153 ºC for DMF, and 30.79 kPa for acetone vs. 0.49 kPa for DMF, at 25 ºC, respectively [47,48]. 
Acetone has a relatively high vapor pressure, at 25 ºC. Hence, the acetone evaporated quickly, which was 
expected to assist in obtaining thin fibers. The DMF, on the other hand, evaporated slowly, which was 
anticipated to provide flexibility and allow the spun jets to elongate [49–51]. The rheology of the acetone 
and DMF binary mixture was thoroughly studied [52,53]. Previous research has investigated the effects 
of vapor pressure, boiling point, and viscosity of the various binary solvents on morphology 
[49,51,54–57]. As the solution jets were spun in the electric field, the dielectric constant was suspected to 
be a factor in producing a membrane with the desired morphology. Hence, dielectric constants of the 
acetone and DMF solvents were provided in this report.

Different acetone:DMF (%, v/v) ratios were studied to identify a suitable solvent ratio for consistent 
fiber structures. It was found that a minimum of 20% DMF was needed to fully dissolve 0.200 g/mL of 
PBE and form a homogeneous solution. Vapor pressure of the mixed solvent at each acetone:DMF ratio 
was the summation of the partial vapor pressure of acetone and DMF, and calculated by Eq 1 [58]. The 
dielectric constant of the solvent changes as a function of the composition. O. Kolling experimentally 
determined and calculated the dielectric constants of the acetone:DMF system at 25 ºC by Eq 2, where 
X  is the mole fraction of acetone [59]:Acetone

Table 2. Dielectric constant of the mixed solvents at different ratios of acetone:DMF.



AIMS Materials science  (Volume- 10, Issue - 02, May - August 2023)                 Page No - 57                                                                                 

· ISSN : 2372-0484

Figure 1. Effect of solvent composition of acetone:DMF (%, v/v) to morphology of the ES-PBE 
membrane: (a) 80:20; (b) 70:30; (c) 60:40; (d) 50:50; (e) 40:60; (f) 30:70; (g) 20:80; and (h) 

10:90 (700× magnification, scale bar corresponds to 10 μm).

Using Eq 2, the dielectric constants of the various solvents tested in this study were calculated and are 
summarized in Table 2. It was observed that a high dielectric constant resulted in a nonporous 
membrane. Figure 1 shows the typical morphology of ES-PBE membranes with different solvent ratios. 
Porous structures of the ES-PBE membrane were obtained, with amounts of DMF up to 60% (Figure 
1a–c). Fiber structures were obtained up to a dielectric constant (e of approximately 28 (Table 2). 
Although a homogeneous solution can be obtained with pure DMF, acetone is required to control the 
morphology, because acetone evaporates faster than DMF, and the rapid evaporation is needed to reduce 
the diameter of the spinning jets prior to being collected on the grounded collector. When the amount of 
acetone was 40–50% (Figure 1d,e), a mixed fiber-bead structure was obtained. When the amount of 
acetone was less than 40% (Figure 1f–h), there were no fibers observed, and the membrane became 
nonporous. A consistently fine fiber structure (Figure 1c) was reliably obtained with an acetone:DMF 
ratio of 60:40 (%, v/v). Thus, this solvent ratio was selected to be used in future experiments, in order to 
rule out any variation in solvent composition.

3.2. PBE concentration and acceleration potential
The solvent ratio of 60:40 (%, v/v) acetone:DMF was used in experiments with different concentrations 
and acceleration potentials. Concentrations ranging from 0.125 to 0.250 g/mL were tested under two 
acceleration potentials, 20 kV and 25 kV. At low concentrations, ranging from 0.125 to 0.175 g/mL 
(Figure 2a–c and 2a’–c’), a mixed fiber-bead structure was observed with beads dominant at both
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acceleration potentials. When the concentrations were increased, this structure gradually transitioned to 
a fiber-dominant structure. The fiber structure was obtained at concentrations of 0.200–0.250 g/mL 
(Figure 2d–f and 2d’–f’) at both acceleration potentials. At the concentration of 0.200 g/mL, fine and 
consistent fiber structure was reliably obtained (Figure 2d,d’). 

At the higher concentration of 0.250 g/mL (Figure 2f,f’), thicker fibers were obtained. At the 
concentration of 0.125 g/mL, a powder-like deposition was formed on the collector.

Figure 2. Effects of the concentration and the acceleration potential at 20 kV (a–f) and 25 kV 
(a’–f’) on the morphology: (a) and (a’) 0.125 g/mL; (b) and (b’) 0.150 g/mL; (c) and (c’) 0.175 

g/mL; (d) and (d’) 0.200 g/mL; (e) and (e’) 0.225 g/mL; (f) and (f’) 0.250 g/mL (3000ﾗ 
magnification, scale bar corresponds to 1 μm).

It is known that the morphology of the ES membrane may be affected by the acceleration potential. The 
high acceleration potentials (20 kV and 25 kV) in this study were chosen based on previous studies 
[21,60,61]. A high-acceleration potential results in a stronger electric field. Hence, the charged solution 
jets, at high acceleration potential, move faster and produce fibers with a smaller diameter than at the low 
acceleration potential [61]. The distribution of the fiber diameter (Figure 2d–f and 2d’–f’) was measured 
from 50 different fibers in each SEM figure. The membranes created from the solution concentrations of 
0.225 g/mL and 0.250 g/mL had either a wide distribution or showed a bimodal distribution of the fiber 
diameter. In addition, average fiber diameter expanded with an increase in solution concentration. 
Similar observations were reported in other studies of electrospun thermoplastics [19,21,61]. The 
average fiber diameters created from the solution concentration of 0.200 g/mL were 0.49 ± 0.14 μm
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(spun at 20 kV, Figure 2d) and 0.29 ± 0.02 μm (spun at 25 kV, Figure 2d’). An acceleration potential of 20 
kV enables better control over the total deposition thickness, due to a slower deposition rate, as 
compared with that of 25 kV. In this study, 20 kV was used in subsequent experiments.

3.3. TGA study of ES-PBE membrane
Figure 3 shows the TGA thermogram of the ES-PBE membranes and pellets. The ES-PBE membranes 
did not show significant weight change until 370 ºC (initial decomposition temperature). Two 
decomposition steps occurred: the first one at 370–420 ºC and the second one between 480–650 ºC. This 
observation is similar to Corres’ study on thermal decomposition of the PBE powder under ambient 
atmosphere [27]. Corres et al.’s study shows that the presence of oxygen in an ambient atmosphere 
affects the degradation behavior and results in two decomposition steps in air, as opposed to a single 
decomposition step in a nitrogen environment [27].

oFigure 3. TGA thermogram illustrating thermal decomposition temperatures (~370 C) and 
thermal stability of the ES-PBE membranes.

The ES-PBE membrane was further examined at temperatures slightly higher than the material’s glass-
transition temperature Tg ~ 108 ºC [42] (Figure 4). Three ES samples, obtained by the same processing 
conditions (solution concentration = 0.200 g/mL, acceleration potential = 20 kV), were cut into squares 
of 2 cm (0.78 inch) by 2 cm. The samples were heated in a box furnace, from room temperature to 110 ºC 
(slightly higher than the Tg), 115 oC, and 118 ºC, then held for 1 h. At 110 ºC, a change in the fiber 
morphology was already noticeable (compared to Figure 2d). 

At 118 ºC, some fibers were fused together. Even though ES-PBE membranes do not start to decompose 
until 370 ºC, it is probably necessary to set the service temperature lower than the Tg for applications that 
demand integrity of the membrane morphology and structure.

Figure 4. SEM micrographs demonstrate macroscopic morphology deformation of the ES-PBE 
membrane (solution concentration = 0.200 g/mL, and acceleration potential = 20 kV) at tested 

temperatures: (a) 110 ｺC; (b) 115 ｺC; and (c) 118 ｺC (3000ﾗ magnification, scale bar 
corresponds to 1 μm).
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3.4. Mechanical property
Elastic modulus and tensile strength of the ES-PBE membranes were measured and listed in Table 3. In 
comparison to the reported nonporous, cast PBE, the electrospun samples had a similar or higher elastic 
modulus but exhibited lower tensile strength [63]. The relatively large standard deviation of tensile 
strength and elastic modulus was typical for the ES fibers deposited on the stationary collector, due to the 
random depositions. This observation agrees with a previous study by Al-Attabi et al. [64]. Differences 
in the tensile strength between the electrospun membrane and the raw materials have also been seen in 
previous electrospinning studies on other thermoplastics, for example, PVdF (1.2–7.5 vs 42–43 MPa) 
and polyvinyl chloride PVC (0.90 vs 56.6 MPa) [65–68]. 

As presented in Figure 5, membranes with the mixed fiber-bead structure (solution concentrations 
<0.200 g/mL) had much lower tensile strength than that of the fiber structure (solution concentration ≥
0.200 g/mL). Although the tensile strength of the fiber-structured membranes was similar, the 
membranes with a more consistent fiber structure had a higher elastic modulus (Figure 6). It was 
observed that the membranes produced from a concentration of 0.200 g/mL had the highest elastic 
modulus and tensile strength among all the samples tested.

Table 3. Physical and mechanical properties of ES samples, which correspond to different 
polymer solution concentrations at an acceleration potential of 20 kV.

Figure 5. Tensile strength (MPa) correspondence with the polymer solution concentration 
(g/mL)
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Figure 6. Elastic modulus (GPa) correspondence with the polymer solution concentration 
(g/mL).

4. CONCLUSION
In this report, porous PBE membranes were created by an electrospinning process. The thermal stability 
of the electrospun samples was confirmed to be similar to that of PBE pellets. In this study, the density, 
tensile strength, and elastic modulus varied, depending on the membrane morphology. Consistent fiber 
morphology resulted in high tensile strength and elastic modulus. The concentration of polymer 
solution, solvent composition, and acceleration potential were important factors influencing membrane 
morphology. Solvent composition determines the dielectric constant, which affects the spinning rate of 
the solution jets, and, hence, the membrane morphology. In addition, solvent composition is an 
important parameter for controlling morphology, due to the boiling point and the vapor pressure of each 
solvent component. PBE is used as an adhesive, coating agent, additive, and matrix to other functional 
materials. The porous, non-woven membranes of PBEs, with a high thermal stability similar to that of 
PBE pellets, may be desirable for applications at elevated temperatures that other ES membranes cannot 
withstand.
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A B S T R A C T

In this study, the Al–20at%Ca alloy was synthesized by mechanical alloy from the elemental powder 

mixture. Subsequently, the alloy particles were reacted at room temperature to determine the amount of 

hydrogen released. For these purposes, the powders reacted with different types of water, such as distilled 

water, tap water, and seawater, and also in the presence of NaCl and CaO additives. Both milled samples 

and reaction powders were analyzed by X-ray diffraction (XRD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), FT-IR, and Raman spectroscopy (RS). The XRD patterns of the 

powders prepared show a nanocrystalline alloy consisting of a solid-cubic solution of Al and the 

tetragonal intermetallic phase CaAl4. Studies of XRD and SEM, as well as direct measurements of H2, 

indicated that the best results of H2 generation were obtained when the alloy reacts with distilled water. 

Both NaCl and CaO additives improve hydrogen generation, reaching 100% efficiency in distilled water 

and seawater, and without induction time. Samples with a combination of NaCl and distilled water showed 

the best reaction times to generate the entire theoretical amount of hydrogen. The XRD and DSC–TGA 

standards also confirmed the presence of bayerite Al(OH)3 as a secondary reaction product.

Keywords: hydrogen generation; intermetallic; nanostructured materials; mechanical alloying; 

microstructure; X-ray diffraction; scanning electron microscopy

1. INTRODUCTION 
Hydrogen element is an essential fuel for potential use in clean and emission-free transport applications 
[1,2]. One of the main challenges of hydrogen technologies is its storage capacity [3–5].

However, an alternative to hydrogen storage is the in-situ H2 generation and feeding on-demand in a 
hydrogen fuel cell. In this context, aluminum and its alloys have been extensively investigated as useful 
materials for its reaction with water to release hydrogen [6–8]. Elemental aluminum has difficulty 
reacting at room temperature with water due to the formation of a passive layer of aluminum oxide [9]. 
Therefore, to improve the efficiency of the hydrogen reaction, catalytic substances are required that 
influence the reaction rate by the passive layer elimination. In this sense, several additives such as NaOH 
[10], KOH [11], NaCl [12], among others [13–14], have been successfully tested. Recently the 
aluminum has been combining with carbon [12,15] and oxides [16].

Another way to improve the Al reaction with water has been its alloy with Ga and adding several low-
melting-point elements such as In, Sn, Zn, and Bi obtaining excellent reaction efficiencies [17]. Also, 
elements such as Mg, Fe, Co, Ni, have been explored [18–21]. These alloys have carried out by the 
continuous casting method. However, some elements increase the production cost of the material.
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Moreover, in some investigations for the reaction to occur, the temperature must rise [18,22]. Other 
evaluated production methods include biological and electrochemical processes [23]. However, the 
biological processes have relatively low efficiency, and the electrochemical methods have a high 
production cost [24,25].

Alloy and mechanical activation of Al with various elements have also been a successful alternative 
[26–28]. Mechanical milling is a simple and relatively low-cost method that produces nanocrystalline 
powder alloys [29]. During the ball milling process, a large number of crystalline defects such as 
vacancies and dislocations are generated that accumulate a large amount of energy and increase internal 
stresses in the material. Nanocrystals in the material increase the grain surface area, thus raising the area 
available for the reaction, that, in addition to the accumulated energy, are structural characteristics that 
favor the diffusion and reactivity of the chemical species. The effect of increasing surface area on Al’s 
reaction with water was reported in the past. For example, nanoaluminum particles reacted completely 
to produce bayerite at low temperatures, while microparticles did not [30]. In all cases, the reaction for 
the hydrogen generation is carried out in three steps: induction time, rapid generation, and passivation. 
The induction time is the period in which the reaction begins, from the moment the reagents come into 
contact until the first hydrogen bubble appears [21]. An objective of the new technologies for hydrogen 
generation is to find the right conditions (maybe room temperature) and appropriated materials so that 
the induction time was zero or almost zero.

On the other hand, Al-based intermetallic compounds are of our interest because of the hydrogen 
environmental fracture that affects them [31]. In this process, the Al of the intermetallic compound reacts 
spontaneously with the water vapor in the air, causing to release of hydrogen. Then, hydrogen releasing 
causes cleavage fracture of the material increases the surface area, improving the conditions for the 
reaction of the intermetallic compound with water. Thus, Al-based intermetallic compounds must be 
explored for these purposes. Thus, in this study, we present the results obtained from the reaction of the 
Al-based alloy (Al–20at%Ca) with different types of water and in the presence of NaCl and CaO 
additives. The alloy mixture was obtained by high-energy ball milling in a two-phase region consisting 
of a solid solution of aluminum, Al[Ca], and the intermetallic phase CaAl4, according to the equilibrium 
phase diagram.

2. MATERIALS AND METHODS

2.1. Materials
In the present work: Al powder (99.5% purity), Ca powder (99.5% purity), NaCl (99.0% purity), and 
CaO (96% purity) supplied from Alpha Aesar are used as starting materials.

2.2. Alloy preparation
A binary alloy with a nominal composition of Al–20at%Ca was prepared by high-energy ball milling 
starting from elemental powders. In a container of hardened steel were loaded 3 g of elemental powders 
and two hardened stainless-steel balls (8.4 g) to give a ball-to-powder mass ratio of 2:8. To form a 
nanocrystalline alloy, Al and Ca powders were subject to high-energy ball milling in a SPEX 8000 M 
mill/mixer for 3, 6, and 9 h. During operation, an Ar atmosphere was used to avoid the oxidation of the 
powders. Then, the alloy particles were exposed to their reaction with different types of water: distilled 
water, tap water, and seawater. CaO and NaCl additives (10 wt%) were used to improve the response of 
the synthesized powders with different types of water. A ballmilling process was conducted for 30 min to 
homogenize the as-synthesized alloy with the additives.
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2.3. Hydrogen generation properties measurements
During the reaction of the powders and water, the amount of hydrogen released was measured by the 
method described previously in [21] with minor modifications. Al–20at%Ca alloy particles reacted with 
different types of water (tap water, natural seawater, or distilled water) inside a 100 ml Kitasato flask. 
The hydrogen produced by this reaction was taken to a 250 mL distillation flask, inverted and filled with 
water. This container also served as a water trap for temperature rise during the reaction. The last 
paragraph constituted the experimental modification with respect to [21]. Water evacuated by hydrogen 
bubbles in the distillation flask was captured in a 250 mL burette. In each experimental sample, the mass 
of the Al element contained in the alloy was equivalent to producing 250 mL of H2 under standard 
conditions (298 K and 1 atm) with excess water. The formation of the first bubble inside the distillation 
flask indicates the initial time for H2 generation. At the end of each experiment, the volume change of the 
inverted burette was measured to determine the amount of hydrogen released. In addition, the induction 
time, generation time and total amount of hydrogen released were recorded.

2.4. Microstructural characterization
In addition to direct measurements of H2 release, evidence of the reaction between Al and water can be 
observed through morphological and chemical changes in the powders after the reaction.

Microstructural characterization of particles with and without additives was performed by X-ray 
diffraction (XRD, Siemens D5000 X-ray diffractometer) and scanning electron microscopy (SEM, 
JEOL JSM 2400). In addition, energy dispersive spectroscopy (EDS) analysis was performed on all 
milled samples to determine their chemical composition. Differential scanning calorimetry analysis 
(DSC) and thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600.

3. RESULTS AND DISCUSSION
Figure 1a displays the XRD pattern of the un-milled sample, which contains only the typical diffraction 
peaks of the Al and Ca. Figure 1b,c shows the XRD patterns of as-milled (Al, Ca) powders after 6 h, and 9 
h, respectively. These powders were used in this work for hydrogen generation. The diffraction peaks 
identified in both XRD patterns confirmed the formation of both Al[Ca] cubic solid solution and the 
CaAl4 tetragonal intermetallic phase after 6 h of mechanical milling. The observed phases in the XRD 
patterns are in good agreement with the Al–Ca phase diagram for the nominal alloy composition used in 
this work. The crystal size calculated using the Debye–Sherrer equation from the Al (111) 
crystallographic plane (FWHM) was 17 nm, which confirms the formation of a nanocrystalline alloy 
[32,33]. According to the Miedema model, the enthalpy of formation for the Al–20at%Ca is negative 
(−8.65 kJ/mol), which indicates that a mechanical alloy process can form the CaAl4 phase. A negative 
enthalpy of formation induces a significant driving force and nucleation due to the relatively simple 
crystalline structure. The dissolution of Ca in Al is due to crystalline defects induced by milling. All these 
defects provide the highest percentage of solubility of the solute element in the structure of Al. These 
defects may include vacancies, dislocations, and grain boundaries, which also participate in the 
activation of the powders for their reaction with water. On the other hand, ball milling of the additives 
with the alloyed powders intends to induce a higher number of active sites for their reaction with water.
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Figure 1. (a) XRD pattern of the un-milled sample with diffraction peaks of the starting
powders (Al, Ca). XRD patterns of as-milled powders after (b) 6 h and, (c) 9 h.

Figure 2a shows an SEM micrograph illustrating the morphological characteristics of the powders 
milled for 6 h. The sample exhibits a relatively narrow particle size distribution. The agglomerates 
observed were formed as a result of these steps: plastic deformation, welding, and fracture that 
repeatedly occurred in the particles during the ball-milling process. Figure 2b shows the EDS chemical 
analysis of the sample, indicating the presence of signals of Al, Ca and small amounts of O. The O 
presences is attributed to the slight oxidation on the particle surface of both metals being approximately 
0.5 wt% [34].

Figure 2. (a) SEM micrograph of the powders after 6 h high-energy ball milling, (b)
EDS analysis of the same particles showing the chemical composition.
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Figure 3 shows the curves of hydrogen generation of the Al–20at%Ca powder as a function of processing 
time in the different water types. From the graph, we can notice that the use of distilled water indicates 
the best results for hydrogen generation, followed by the use of tap water and seawater. Similar results 
were obtained by Wang et al. [35], getting better results in distilled water in comparison with deionized 
water and tap water. On the contrary, Gai et al. [36] find that the Al reaction with tap water and deionized 
water is faster than distilled water and seawater. Mag et al. [37] obtained 10% more hydrogen production 
with seawater, compared with deionized water attribute to the enriched chlorine ions, which accelerate 
the dissolution reaction of the passivation layer on the Al surface. However, in general, the results of 
hydrogen generation after the reaction of Al with only different types of water are low; that is why over 
the years, several additives have used for the reaction activation. In addition, the physicochemical 
properties of seawater are different from the tap or distilled water. Properties such as density, viscosity, 
and bacterial content, can make the chemistry of seawater complex, so its reaction to generate hydrogen 
is also.

Figure 3. Hydrogen generation of as-milled powders after its reaction under different water 
types.

XRD analyses were carried out to know the by-products derived from the hydrogen generation reaction 
between the milled powders and the different types of water. Figure 4 shows the X-ray diffraction 
patterns to confirm the existence of reaction products as a result of the generation of hydrogen with the 
use of the intermetallic phase as an internal additive and different types of water. Figure 4a shows the X-
ray diffraction pattern of the powders after their reaction with distilled water. The analysis of this pattern 
shows the absence of the CaAl4 intermetallic phase. These findings reveal that the intermetallic phase 
reacts entirely with water. Therefore, the intermetallic compound decomposes, functioning as an 
additive in the material. As mentioned earlier, intermetallic materials react spontaneously with water 
vapor in the air to produce ambient hydrogen [38]. As appreciated, there are small amounts of the starting 
phase Al[Ca] in the XRD pattern indicating partial reaction with distilled water to produce hydrogen. 
These results are in good agreement with the results of direct H2 generation measurements. Additionally, 
diffraction peaks of the compounds derived from the reaction such as aluminum hydroxide (Al(OH)3) 
with the monoclinic phase and also cubic calcium carbonate (CaCO3) were identified. Al(OH)3 
compound (bayerite) appears according to the chemical Eq 1 [39].
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where, either Al of the solid solution Al[Ca] or from the intermetallic compound CaAl4 react with 
distilled water releasing hydrogen to form bayerite compound. On the other hand, the observed CaCO3 
is due to CaO reaction with CO2 environmental, according to the chemical Eq 2 [40,41].

Figure 4. XRD patterns of the reactant particles in contact with (a) distilled water and, (b) tap 
water.

Figure 5 shows the graph of the amount of hydrogen released in the Al–20at%Ca alloy reacting with 
distilled water and seawater using NaCl and CaO, respectively. It is observed from the curve that the total 
theoretical yield of hydrogen according to the mass used in these experiments (250 mL) was achieved 
with the NaCl additive and by using distilled water. Furthermore, the induction time was 0 s, and a higher 
rate of reaction was obtained in the comparison to the use of seawater + CaO mixture. These findings are 
comparable to those achieved by using extreme experimental conditions, such as the use of toxic 
substances as NaOH, KOH or temperature [10–11,18,42].

The sodium chloride salt is highly soluble in water and activates the corrosion of aluminum by 
promoting the mobility of ions and the transfer of electrical charges [42]. Seawater itself contains NaCl. 
However, it has been reported that the corrosion process improves when NaCl is milled with the powders 
before the reaction occurs, leading to a small particle size distribution. Also, when NaCl has increased, 
the response of the particles to the reaction with water increases [43].

Figure 4b shows the XRD pattern of the reacted particles in contact with tap water. The diffraction peaks 
of the same compounds observed in the as-milled alloy (Al[Ca] cubic and CaAl4) were identified. The 
presence of the starting phases indicates a reduced efficiency of reaction with tap water, which agrees 
well with the results of the direct measurements of H2. These results could be due to the presence of 
several ions dissociated in tap water. This outcome leads to a lower number of hydroxyl ions and neutral 
values of pH and affects their reaction with the alloy mixture [20].
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Figure 5. Graph showing the amount of hydrogen released from the Al–20at%Ca alloy
reacting with distilled water and seawater with the use of NaCl and CaO additives.

Figures 6 show the XRD patterns of the reaction powders in contact with seawater or distilled water and 
with the addition of NaCl, respectively. In both XRD patterns, some evidence of the starting materials 
(i.e., Al[Ca] and CaAl4) was not displayed. These results indicate their complete reaction with water to 
produce H2. From the patterns, the presence of the monoclinic phase Al(OH)3 was also determined, 
which means that the starting materials react to produce hydrogen with water according to the chemical 
Eq 1. Moreover, XRD peaks of the NaCl and CaCO3 compounds were also identified. NaCl appears 
when the sample is dried for its structural characterization. The milled powders are activated for the 
hydrogen generation reaction due to the crystal size reduction and the increment in internal stresses. 
Thus, the presence of NaCl additions is useful for obtaining better H2 generation in the Al–20at%Ca 
alloy. The hydrogen generation resulting from seawater is a surprising result. It should be considered that 
in seawater, there is a slight reduction of the OH and H ions, which are occupied by the solvation of 
metallic salts dissolved in the seawater (3.5 g/L) as compared to the distilled water. In addition, seawater 
has a higher density, viscosity, and contains organic matter compared to distilled water. These 
differences in the physicochemical properties of water may also be responsible for the delayed rate of 
hydrogen generation in seawater. The last can be seen as if there was more water available in distilled 
water than in the seawater for the reaction with the powders and H2 generation. On the other hand, the 
amounts of ions dissolved in the seawater could be acting as agents of charge mobility that, in some way, 
aids in the process chemistry of hydrogen generation. Obviously, from the commercial point of view, the 
best result obtained in this work was those achieved with seawater and NaCl additive.
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Figure 6. XRD patterns of the Al–20at%Ca reaction powders with the addition of NaCl in 
contact with (a) seawater and, (b) distilled water.

Figures 7a,b show the SEM powders morphology and their corresponding EDS analysis spectra after 
their reaction with distilled water and seawater and in the presence of NaCl, respectively. As can be seen 
from micrographs, the agglomerates show signs of reaction on their surface, for example, roughness, in 
addition to a smaller particle size in comparison with the starting material (Figure 2).

EDS chemical analysis performed on the samples in the case of deionized water (Figure 7c) shows only 
the alloy elements (i.e., Al and Ca) with the presence of high oxygen counts attribute to the reaction by-
products (Al(OH)3). EDS spectrum of the sample reacted with seawater (Figure 7d), shows elements 
from the seawater ions (S, Cl, Na, and Mg) and the alloy (Al and Ca). Furthermore, there are also high 
oxygen counts that can be related to the formation of the Al(OH)3 compound. The presence of the 
Al(OH)3 compound is directly related to H2 generation, as previously determined by the XRD patterns.

In the past, reports that the intermetallic materials react spontaneously with water to release hydrogen 
[21]. The hydrogen generated reduces cohesive forces in the solid to provoke cleavage fracture [31]. In 
this way, the reduction in particle sizes due to the hydrogen fracturing exposes a new surface area to the 
reaction with water, improving hydrogen generation. That is, the same intermetallic material is acting as 
an additive within the material. 
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Figure 7. SEM micrographs of the Al–20at%Ca reaction powders with the addition of NaCl in 
contact with (a) distilled water and (b) seawater, (c) and (d) their corresponding EDS analysis.

DSC and TGA experiments obtained after the reaction of the powder with distilled water and seawater 
and in the presence of NaCl, respectively, are shown in Figures 8a,b. As observed in both curves, an 
endothermic peak situated around 294 ºC corresponding to the dehydration of bayerite appear [44] 
according to the Eq 3. The integrated area of the peak is more prominent in the sample with distilled 
water than in the seawater that is in good agreement with the results of the direct measurement of H2.

Figure 8. DSC–TGA analysis of the powders after reacting using NaCl and different
types of water (a) distilled water, and (b) seawater.
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Figure 9 shows the micro-Raman spectra for the resulting sample obtained from the reaction of Al–Ca 
with distilled water using the additive NaCl. The spectrum indicates the presence of bayerite phase, 
Al(OH)3, and CaCO3. The presence of Al(OH)3 in the Raman spectra appears as a solid byproduct 
during the powder's alloy reaction with water.

Figure 9. Raman spectrum of the reacting particles with distilled water using NaCl as additive.

4. CONCLUSIONS
In summary, in this investigation, the Al–20at%Ca alloy prepared by high-energy ball milling was 
evaluated as hydrogen generation material. XRD and SEM studies, as well as direct measurements of 
H2, indicate that the use of distilled water was better than seawater and tap water.

NaCl additions to the intermetallic character alloy improve hydrogen generation in distilled water, 
reaching 100% efficiency and registering zero induction time. The hydrogen generation from the alloy 
was not as flattering in samples with the use of seawater and NaCl additive. X-ray diffraction shows that 
the Al(OH)3 compound was the main byproduct of aluminum corrosion.

Acknowledgements
The authors want to thank for financial support from Consejo Nacional de Ciencia y Tecnología 
(CONACYT, México). In special for the Doctoral project to A.G. Hernandez-Torres (CVU 335904) is 
gratefully acknowledged.

Conflict of interests
All authors declare no conflicts of interest in this paper.

REFERENCES
1. Chi J, Yu H (2018) Water electrolysis based on renewable energy for hydrogen production. Chinese J Catal 39: 

390–394.
2. Boran A, Erkan S, Eroglu I (2018) Hydrogen generation from solid state NaBH4 by using FeCl3 catalyst for 

portable proton exchange membrane fuel cell applications. Int J Hydrogen Energ 44: 18915–18926.
3. Zhang F, Zhao P, Niu M, et al. (2016) The survey of key technologies in hydrogen energy storage. Int J Hydrogen 

Energ 41: 14535–14552.



AIMS Materials science  (Volume- 10, Issue - 02, May - August 2023)                 Page No - 74                                                                                

· ISSN : 2372-0484

4. Ancona MA, Antonioni G, Branchini L, et al. (2016) Renewable energy storage system based on a power-to-gas 
conversion process. Energ Procedia 101: 854–861.

5. Kotowicz J, Bartela Ł, Węcel D, et al. (2017) Hydrogen generator characteristics for storage of renewably-
generated energy. Energy 118: 156–171.

6. Czech E, Troczynski T (2010) Hydrogen generation through massive corrosion of deformed aluminum in water. 
International journal of hydrogen energy. Int J Hydrogen Energ 35: 1029– 1037.

7. Soler L, Macanás J, Muńoz M, et al. (2007) Synergistic hydrogen generation from aluminum, aluminum alloys 
and sodium borohydride in aqueous solutions. Int J Hydrogen Energ 32: 4702– 4710.

8. Mahmoodi K, Alinejad B (2010) Enhancement of hydrogen generation rate in reaction of aluminum with water. 
Int J Hydrogen Energ 35: 5227–5232.

9. Flores-Chan JE, Bedolla-Jacuinde A, Patińo-Carachure C, et al. (2018) Corrosion study of Al– Fe (20 wt-%) 
alloy in artificial sea water with NaOH additions. Can Metall Quart 57: 201–209.

10. Hurtubise DW, Klosterman DA, Morgan AB (2018) Development and demonstration of a deployable 
apparatus for generating hydrogen from the hydrolysis of aluminum via sodium hydroxide. Int J Hydrogen 
Energ 43: 6777–6788.

11. Porciúncula CB, Marcilio NR, Tessaro IC, et al. (2012) Production of hydrogen in the reaction between 
aluminum and water in the presence of NaOH and KOH. Braz J Chem Eng 29: 337– 348.

12. Al Bacha S, Zakhour M, Nakhl M, et al. (2020) Effect of ball milling in presence of additives (Graphite, AlCl3, 
MgCl2 and NaCl) on the hydrolysis performances of Mg17Al12. Int J Hydrogen Energ 45: 6102–6109.

13. Razavi-Tousi SS, Szpunar JA (2016) Effect of addition of water-soluble salts on the hydrogen generation of 
aluminum in reaction with hot water. J Alloy Compd 679: 364–374.

14. Li F, Zhu B, Sun Y, et al. (2017) Hydrogen generation by means of the combustion of aluminum powder/sodium 
borohydride in steam. Int J Hydrogen Energ 42: 3804–3812.

15. Xiao F, Yang R, Gao W, et al. (2020) Effect of carbon materials and bismuth particle size on hydrogen 
generation using aluminum-based composites. J Alloy Compd 817: 152800.

16. Guan X, Zhou Z, Luo P, et al. (2019) Hydrogen generation from the reaction of Al-based composites activated 
by low-melting-point metals/oxides/salts with water. Energy 188: 116107.

17. Qiao D, Lu Y, Tang Z, et al. (2019) The superior hydrogen-generation performance of multicomponent Al 
alloys by the hydrolysis reaction. Int J Hydrogen Energ 44: 3527–3537.

18. Yang B, Zhu J, Jiang T, et al. (2017) Effect of heat treatment on AlMgGaInSn alloy for hydrogen generation 
through hydrolysis reaction. Int J Hydrogen Energ 42: 24393–24403.

19. Du BD, He TT, Liu GL, et al. (2018) Al-water reactivity of AlMgGaInSn alloys used for hydraulic fracturing 
tools. Int J Hydrogen Energ 43: 7201–7215.

20. Liang J, Gao LJ, Miao NN, et al. (2016) Hydrogen generation by reaction of Al–M (M = Fe, Co, Ni) with water. 
Energy 113: 282–287.

21. López-Miranda JL, Rosas G (2016) Hydrogen generation by aluminum hydrolysis using the Fe2Al5 
intermetallic compound. Int J Hydrogen Energ 41: 4054–4059.

22. Brisse A, Schefold J, Zahid M (2008) High temperature water electrolysis in solid oxide cells. Int J Hydrogen 
Energ 33: 5375–5382.

23. Ilyukhina AV, Kravchenko OV, Bulychev BM (2017) Studies on microstructure of activated aluminum and its 
hydrogen generation properties in aluminum/water reaction. J Alloy Compd 690: 321–329.

24. Acar C, Dincer I (2019) Review and evaluation of hydrogen production options for better environment. J 
Clean Prod 218: 835–849.

25. Ho CY, Huang CH (2016) Enhancement of hydrogen generation using waste aluminum cans hydrolysis in low 
alkaline de-ionized water. Int J Hydrogen Energ 41: 3741–3747.

26. Du Preez, SP, Bessarabov DG (2018) Hydrogen generation by the hydrolysis of mechanochemically activated 
aluminum-tin-indium composites in pure water. Int J Hydrogen Energ 43: 21398–21413.

27. Du Preez SP, Bessarabov DG. (2019) The effects of bismuth and tin on the mechanochemical processing of 
aluminum-based composites for hydrogen generation purposes. Int J Hydrogen Energ 44: 21896–21912.

28. Irankhah A, Fattahi SMS, Salem M (2018) Hydrogen generation using activated aluminum/water reaction. Int 
J Hydrogen Energ 43: 15739–15748.

29. Suryanarayana C (2001) Mechanical alloying and milling. Prog Mater Sci 46: 1–184. 
30. Saceleanu F, Vuong TV, Master ER, et al. (2019) Tunable kinetics of nanoaluminum and microaluminum 

powders reacting with water to produce hydrogen. Int J Energ Res 43: 7384– 7396.
31. Salazar M, Pérez R, Rosas G (2005) Environmental embrittlement characteristics of the AlFe and AlCuFe 

intermetallic systems. J New Mater Electrochem Syst 8: 97–100.
32. Krasnowski M, Gierlotka S, Ciołek S, et al. (2019) Nanocrystalline NiAl intermetallic alloy with high hardness 

produced by mechanical alloying and hot-pressing consolidation. Adv Powder Technol 30: 1312–1318.



AIMS Materials science  (Volume- 10, Issue - 02, May - August 2023)                 Page No - 75                                                                                 

· ISSN : 2372-0484

33. Naghiha H, Movahedi B, Asadabad MA, et al. (2017) Amorphization and nanocrystalline Nb3Al intermetallic 
formation during mechanical alloying and subsequent annealing. Adv Powder Technol 28: 340–345.

34. Antipina SA, Zmanovskii SV, Gromov AA, et al. (2017) Air and water oxidation of aluminum flake particles. 
Powder Technol 307: 184–189.

35. Wang HW, Chung HW, Teng HT, et al. (2011) Generation of hydrogen from aluminum and water-effect of metal 
oxide nanocrystals and water quality. Int J Hydrogen Energ 36: 15136– 15144.

36. Gai WZ, Deng ZY (2014) Effect of trace species in water on the reaction of Al with water. Journal Power 
Sources 245: 721–729.

37. Ma GL, Dai HB, Zhuang DW, et al. (2012) Controlled hydrogen generation by reaction of aluminum/sodium 
hydroxide/sodium stannate solid mixture with water. Int J Hydrogen Energ 37: 5811–5816.

38. Xu S, Zhao X, Liu J (2018) Liquid metal activated aluminum-water reaction for direct hydrogen generation at 
room temperature. Renew Sust Energ Rev 92: 17–37.

39. Nie H, Schoenitz M, Dreizin EL (2012) Calorimetric investigation of the aluminum–water reaction. Int J 
Hydrogen Energ 37: 11035–11045.

40. Belete TT, Van De Sanden MCM, Gleeson MA (2019) Effects of transition metal dopants on the calcination of 
CaCO3 under Ar, H2O and H2. J CO2 Util 31: 152–166.

41. Liu H, Yang F, Yang B, et al. (2018) Rapid hydrogen generation through aluminum-water reaction in alkali 
solution. Catal Today 318: 52–58.

42. Soler L, Candela AM, Macanás J, et al. (2009) Hydrogen generation by aluminum corrosion in seawater 
promoted by suspensions of aluminum hydroxide. Int J Hydrogen Energ 34: 8511– 8518.

43. Xiao F, Guo Y, Li J, et al. (2018) Hydrogen generation from hydrolysis of activated aluminum composites in tap 
water. Energy 157: 608–614.

44. Wang CC, Chou YC, Yen CY (2012) Hydrogen Generation from aluminum and aluminum alloys powder. 
Procedia Eng 36: 105–113.



AIMS Materials science  (Volume- 10, Issue - 02, May - August 2023)                 Page No - 76                                                                               

· ISSN : 2372-0484

Construction and building materials

Anrea Di Schino* and Marco Corradi
1Department of Engineering, University of Perugia, 06125 Perugia, Italy

* Correspondence: Email: andrea.dischino@unipg.it.

1. INTRODUCTION AND SCOPE
Construction materials and related technologies represent a quite interesting wide field from scientific, 
technological and commercial perspectives. They include metal reinforcement, bricks and mortars, 
masonry, timber, steels (common and stainless steels), polymers, composite fibers green materials, 
recycled materials. The scope of the special issue includes, but is not restricted to, new constructions and 
repair & reinforcement of civil engineering structures, infrastructures, silos, highway pavements, 
tunnels, water containment structures, sewers, bridges. The scope of this special issue embraces 
interdisciplinary work covering materials science and technological aspects, reporting about 
experimental and theoretical progress concerning materials microstructure, microstructure–properties 
relations, microstructure–applications relations. 

2. CONTRIBUTIONS
The special issue collects manuscripts from academic and industrial researchers with stimulating new 
ideas and original results coming from scientists in Croatia, Italy, Japan, Russia, Malaysia, Norway, 
Pakistan and Russia so showing how such topic is diffused worldwide. The special issue consists of six 
research papers. Jandrlić et al. [1] propose a new mathematical model for calculation of stresses on the 
basis of experimentally measured values of strains and temperature changes for niobium micro-alloyed 
steel. Construction of model was done using a multiple regression analysis of the measured values of 
temperature change, deformation and stresses at four different stretching rates. All investigations were 
conducted on samples from the niobium micro alloyed steel, using thermography and digital image 
correlation during static tensile testing. The model was tested and validated on the experimentally 
obtained results. Model showed a good agreement of calculated stress values with experimentally 
obtained ones. Di Schino [2] presents a new super-ferritic stainless steels family: these steels are 
characterized by a micro-structure and properties similar to those of more common ferritic alloys, with 
the advantage of higher chromium (Cr) and molybdenum (Mo) levels aimed to increase resistance at 
high temperature and corrosion behavior in aggressive environments, such as seawater. The research 
focuses on the corrosion behavior of recently developed super-ferritic stainless steels. Such steels are 
characterized by a Cr content ranging between 21% to 24% and very low carbon and nitrogen levels (C + 
N < 0.015%).

Moreover, low nickel (Ni) and Mo contents are adopted in such steels, following to the high costs of such 
elements. Ogawa et al. [3] reported about the tensile properties of ferrite single-phase lowcarbon steel 
with different initial microstructures were evaluated. Three types of hot-rolled sheet specimens with 
different microstructure were used. Results suggest that the homogeneous distribution of cementite and 
the fine recrystallized ferrite grains in specimen M suppress void coalescence, thereby resulting in a 
good balance between the tensile strength and the local elongation. 

Gtnokow et al. report about correlation of the chemical composition, structure and mechanical 
properties of basalt continuous fibers [4]. They present the Basalt Continuous Fibers (BCF) tensile  
strength dependence on their chemical composition. 14 different basalt deposits were used to obtain
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continuous fibers by a laboratory scale system. Based on the data for more than 15 articles focused on 
natural basalt continuous fibers (32 different compositions) and experimental data of 14 experimental 
BCF series, the correlation of the tensile strength, the acid modulus and the NBO/T parameter was 
calculated. The PCC (Pearson Correlation Coefficient) value of NBO/T and the tensile strength was 
0.79, for acidity modulus and tensile strength. Raman data for experimental BCF confirm the significant 
influence of the chemical composition of basalts on their structure, which determines their tensile 
strength. With a decrease in NBO/T, the observed ratio between the Raman bands at low- and high- 
frequencies gradually increases. Thorstensen [5] reports about Preventing early age chloride migration 
into low-carbon concrete. Results indicate a potential for reducing chloride penetration with efficiency 
up to 90%, depending on the exposure regime and the maturity level of the concrete and the hydro-
phobic paint. Ahmad et al. [6] report about mechanical properties of hot-mix asphalt using waste 
crumber rubber and phenol formaldehyde polymer. The authors demonstrate that crumb rubber and 
bakelite has potential to enhance the mechanical properties and between them Bakelite shows better 
result in term of higher strength and stiffness. 
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A B S T R A C T

Pure BiFeO  (BFO) and (Sm, Mn) co-doped materials were synthesized by the citrate method. Effects of 3

(Sm, Mn) co-doping on the structural, magnetic, electrical and ferroelectric properties of the BFO 

materials were characterized and investigated by different techniques, such as X-ray diffraction (XRD), 

Raman scattering spectroscopy, magnetic hysteresis (M–H) loops, electric polarization hysteresis loops, 

and complex impedance spectra measurements. Analysis results of the XRD measurement show that all 

samples were crystallized in the rhombohedral structure with R C space group and crystal lattice 3

parameters of a = 0.5584 nm, c = 1.3874 nm and the average crystal size of LXRD = 60 nm for BFO 

sample. The crystal lattice parameters a, c and the average crystal size LXRD of (Sm, Mn) co-doped 

samples were found to decrease with the increasing Sm concentration. The Raman scattering spectral 

show that the position of peaks characteristic for the Fe–O bonds in the (Sm, Mn) co-doped samples shifts 

toward lower frequency compared to that of BFO. For the (Sm, Mn) co-doped samples, the position of 

peaks characteristic for Bi–O covalent bonds shifts toward higher frequencies when the Sm concentration 
3+ 2+increases, confirming that Sm  and Mn  ions are substituted into Bi-sites and Fe-sites, respectively. The 

data from the magnetic hysteresis loop measurements indicate that all samples exhibit weak 

ferromagnetic behavior. The BFO sample presents weak ferromagnetic properties with a saturation 

magnetization of Ms = 0.015 emu/g and the remnant magnetization of Mr = 0.007 emu/g. Ferromagnetic 

properties of the (Sm, Mn) co-doped samples are found enhanced compared to those of BFO. The origin of 

ferromagnetism of the materials has been considered.

Keywords: X-ray, Raman, (Sm, Mn) co-doped, ferromagnetic, ferroelectric

1. INTRODUCTION
Multiferroic materials are known from several previous studies to contain coexisting ferromagnetic 
(antiferromagnetic), ferroelectric orders and to exhibit ferroelasticity and magnetoelectric (ME) effect 
in the same structure phase [1–4]. These materials have found broad application in electronic devices, 
such as information storage, memory sensor, and also in ultrasonic technologies. Due to the competition 
between the ferromagnetic and the ferroelectric orders, the multiferroic materials are very rarely 

3available in the nature. BiFeO  (BFO) has a small saturated magnetization and a small electric 
polarization, that limit the applicability of this materials. This problem can be solved by modification of 

3+ 3+ 3+ 3+
the magnetic and electrical properties substitution of rare earth ions (such as Sm , Nd , Gd , Ho , etc.) 

2+ 2+ 2+
into the Bi-sites [5–7] or transition metal ions (such as Ni , Co , Mn , etc.) into the Fe-sites [8–10]. 
Recently, some studies showed that both the ferromagnetic and ferroelectric properties are enhanced as 
rare earth (RE) and transition metal (TM) ions are co-doped into the BFO host materials 11–13]. 
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Chakrabarti et al. [14] and Zhang et al. [15] pointed out that the magnetization of (Eu, Co) or (La, Co) co-
doped BFO was enhanced by a few times of that the parent BFO compound. Ye et al. [16] also have 
shown that the (Ho, Mn) co-doped BFO compound exhibit to improve ferromagnetic and ferroelectric 
properties compared to those of BFO.

In this work, Sm and Mn are chosen for co-doping into the BFO host materials. Because Smdoped 
BiFeO  can improve magnetic and dielectric properties, Mn substitution for the Fe-site is expected to 3

further affect the magnetic and ferroelectric properties to a greater extent resulting in a larger ME effect 
at room temperature [16–18]. Some previous studies also have shown that the Mn concentration of about 
2% to 3% molar was the appropriate one for effectively doping into the BFO host materials [12,19,20]. 
In this work, we use a fixed Mn concentration of 3% molar and a Sm concentration in the range from 2% 
to 12% molar to study the effect (Sm, Mn) co-doping on the structural and other physical properties of 
BFO.

2. MATERIALS AND METHODS

2.1. Materials synthesis
Pure BiFeO  and (Sm, Mn) co-doped BiFeO  materials were synthesized by citrate method. The firstly, 3 3

Bi(NO ) ·5H O, Fe(NO ) ·9H O, Sm(NO )·6H O, and Mn(NO ) ·4H O were dissolved in 35 mL citric 3 3 2 3 3 2 3 2 3 2 2

acid solution. The solution was then mixed by magnetic stirring at the temperature of 60 °C for 45 min to 
obtain so solution. Then, temperature of the sol was increased to 100 °C to evaporate the water for 3 h 
obtaining the wet gel. In the next, the gel was dried at 130 °C for 4 h. Finally, dry gel was annealed at 
temperature 800 °C for 7 h in air to obtain the powder materials. The chemicals used were: 
Bi(NO ) ·5H O (Sigma-Aldrich, 98%), Fe(NO ) ·9H O (Sigma-Aldrich, 98%), Sm(NO ) ·6H2O 3 3 2 3 3 2 3 3

(Sigma-Aldrich, 99.99%), Mn(NO ) ·4H O (Sigma-Aldrich, 98%), C H O  (Sigma-Aldrich, 98%), and 3 2 2 2 6 2

HOC(COOH)(CH COOH)  (Sigma-Aldrich, 99%).2 2

For the measurements of the complex impedance and electric polarization hysteresis loops of all 
samples, powder materials were compressed at a pressure of 20 MPa into pellets of 6.106 nm in diameter 
and 106 nm in thickness. The pellets were sintered at of 800 °C for 5 h. Then, the ceramic pellets were 
polished to the accurate thickness. Finally, the samples were evenly covered with Pt glue as electrode 
and sintered at of 500 °C for 3 h to obtain the appropriate specimens for the measurements of complex 
impedance spectra. 

2.2. Microstructural characterization
The microstructure, magnetic and ferroelectric properties of all samples were investigated by using X-
ray diffraction (D8 Advance, Cu-Kα radiation), Raman scattering (LabRAM HR Evolution, λ = 532 
nm), magnetization hysteresis loops (Lake Shore Cryotronics, 704 VSM), and electric polarization 
hysteresis loops (Radiant, Precision LC 10 V), and complex impedance measurement (LeCroy equiment 
with frequency range from 10 Hz to 5.3 MHz and using the LabView 8.0 software).

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction
The phase formation and crystal structure of BiFeO  (BFO) and (Sm, Mn) co-doped BiFeO  materials 3 3

were investigated by X-ray diffraction (XRD). The XRD patterns of all samples are shown in Figure 1.
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The refinement of these patterns following the standard cards JPCDS No. 71-2494 revealed that all 
samples exhibit rhombohedral crystal structure of the original BiFeO  compound. The main diffraction 3

peaks could be indexed to the (012), (104), (110), (006), (202), (024), (116), (122), (018), and (300) 
crystalline planes, as indicated in Figure 1a. The XRD patterns of (Sm, Mn) co-doped samples show that 

3+ 2+Sm  and Mn  ions are well incorporated into the BFO crystal lattice.

Figure 1b shows a comparison of the positions of the (012), (104) and (110) peaks, which may depict the 
effects of (Sm, Mn) co-doping on the crystal structure of BFO. As it is seen, the corresponding peaks of 
the (Sm, Mn) co-doped samples shift toward higher 2θ values compared to those of the undoped BFO 
sample. From data of XRD analysis, the crystal lattice parameter and the average crystallite size (LXRD) 
have been determined by using the UnitCell software and the Debye Scherrer’s formula, and results are 
shown in Table 1. As seen in Table 1, the BFO sample has crystal lattice parameters of a = 0.5584 nm, c = 
1.3875 nm and the average crystal size LXRD = 60 nm. It is also seen that the crystal lattice parameters 
and the average crystal size of the (Sm, Mn) co-doped samples decrease when the Sm-concentration 

2+increases. This observation can be easily understood considering the large ionic radius of Mn  (0.067 
3+ 2+nm) compared to that of Fe  (0.065 nm). When the Mn  ions are substituted into Fe-sites they cause an 

expansion of the crystal lattice, which in turn increases the length of the Fe/Mn–O bonds. For the (Sm, 
Mn) co-doped samples, the diffraction peaks shift toward higher 2θ values compare to those of the BFO 

3+
sample, which could be explained as due to the smaller ionic radius of Sm  (0.108 nm) compare to that of 

3+ 3+
Bi  (0.117 nm). The presence of the small Sm  ions leads to the contraction of the crystal lattice. 

3+
Furthermore, the Sm  ion with the small ionic radius is not large enough to fill the 12-sided cavity 
created by the BO6 octahedron causing the BO6 octahedron to rotate (B-site is Fe or Mn), which reduces 
the 12-sided cavity volume. So, at the low concentration of Sm (x ≤ 0.08), the value of a lattice parameter 
seems to remain unchanged while the value of c slightly decreases to compared with that of BFO sample.

For the (Sm, Mn) co-doped samples with higher Sm-concentrations, the rotation BO6 octahedron is 
significant leading to the significant reduction of both the a and c parameters. So, the simultaneous 

3+ 2+
substitution of Sm  and Mn , respectively, into the Bi-sites and the Fe-sites leads to the shrank of the 
crystal lattice, which is related to the decrease of the Bi/Sm–O bonds. This may be the reasons for the 
decrease of the crystal lattice parameters and the average crystal size, as shown in Table 1.

Previous studies also indicated that the lattice parameters change due to the fact that ionic radius of 
3+ 2+ 3+Sm3+ is smaller than that of Bi  and the ionic radius of Mn  is larger than that of Fe  [21].

Figure 1. (a) X-ray diffraction diagrams of BiFeO  and Bi1−xSmxFe0.97Mn0.03O  (x = 0.02, 3 3

0.04, 0.06, 0.08, 0.10, and 0.12) materials; (b) Comparison of the positions of the (012), (104), 
and (110) peaks.
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Table 1. Crystal lattice parameters and average crystal size of BiFeO  and Bi SmxFe Mn O3 1−x 0.97 0.03 3 

(x = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) samples.

3.2. Raman scattering spectra
Raman scattering spectra of BFO and Bi Sm Fe0.97Mn0.03O  (x = 0.02, 0.04, 0.06, 0.08, 0.10, and 1–x x 3

0.12) materials, as shown in Figure 2. According to the group theory, 13 Raman active modes could be 
expected for the rhombohedral BFO structure with the R3C space group (Γ = 4A1 + 9E) [22,23]. 
However, not all modes could be clearly observed at room temperature. In the analysis of the Raman 
scattering spectra for all samples, the positions of the Raman active modes for all samples are fitted by 
the Gaussian function. As one can see in Figure 2, Raman scattering spectra of the BFO sample has A1-1, 
A1-2, A1-3, E-2, E-3, E-4 modes, whereas Raman scattering spectra of the (Sm, Mn) co-doped samples 
have A1-1, A1-2, A1-3, E-2, E-3, E-4 and E-9 modes. When concentration of Sm increases the A1-1, A1-
2, A1-3, E-2, E-3, and E-4 modes shift toward the higher frequencies compared to the situation in the 
BFO sample. Previous studies have also shown that the A1 modes and the E modes both at low 
frequencies are characteristic for the Bi–O covalent bonds, while other E modes at high frequencies are 
characteristic for the Fe-O bonds [24]. The A1-1, A1-2, A1-3, E-2, E-3, and E-4 modes are found 
characteristic for the Bi-O covalent bonds [13,25], while the E-9 mode is characteristic for the Fe–O 

2+
bonds [10,26]. So the observed change positions of the E-9 modes shall confirmed that the Mn  ions are 
substituted into the Fe-sites, and the change of the positions of the A1-1, A1-2, A1-3, E-2, E-3, and E-4 
modes also confirmed Sm3+ ions being substituted into the Bi-sites. These results are consistent with the 

3+ 2+XRD results, which confirmed that Sm  and Mn  ions are substituted into the Bi- and the Fe-sites, 
respectively.

Figure 2. Raman scattering spectra of BFO and Bi SmxFe0.97Mn0.03O  (x = 0.02, 0.04,1−x 3

0.06, 0.08, 0.10, and 0.12) materials.
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3.3. Magnetic properties
Figure 3a shows the magnetic hysteresis loops recorded for the BFO and Bi SmxFe Mn O  (x = 1–x 0.97 0.03 3

0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) compounds at room temperature.

As it is seen in Figure 3a, all samples present a weak ferromagnetic behavior. The BFO sample has a 
saturation magnetization Ms = 0.015 emu/g and remnant magnetization Mr = 0.007 emu/g. For the (Sm, 
Mn) co-doped samples, the Ms and Mr values increase up to Ms = 0.04 emu/g and Mr = 0.02 emu/g, as 
are seen in Figure 3b. These results could be understood from the following consideration. Firstly, the 

2+ 2+
substitution of the Mn  ions into the Fe-sites creates the exchange interaction between the Mn  ions with 

3+
the neighbouring Fe  ions [27,28] leading to the change of the material’s magnetic state from the 
antiferromagnetic to the ferrimagnetic order; Secondly, there exist double exchange interaction in the 

3+ 2+Fe –O ––Mn  chains resulting from the contribution of the 3d electrons in the magnetically active 2
2+Fe/Mn atoms; Thirdly, the substitution of metal ions with another different valence state (i.e. Mn ) leads 

to the structural lattice distortion and/or the breakdown of the balance between the antiparallel 
3+magnetizations in the sublattice of the Fe  ions. This can cause the canting of the antiferromagnetic 

ordering spins and thus enhances the total magnetization of materials [28]; Furthermore, the substitution 
2+

of the Mn  ions into the BiFeO  crystal lattice creates oxygen vacancies and lattice defects, which in turn 3

also contributes to the enhancement of the material’s magnetization [29].

Figure 3. (a) Magnetization hysteresis loops of BiFeO  and Bi SmxFe Mn O3 (x = 0.02, 0.04, 3 1–x 0.97 0.03

0.06, 0.08, 0.10, and 0.12) materials; (b) The Ms and Mr values depend on concentration of Sm.

3.4. Ferroelectric properties
Figure 4a shows the room temperature polarization as a function of applied-electric fields of BFO and 
(Sm, Mn) co-doped samples. It is clear that all the samples show ferroelectric behavior.

The ferroelectric properties are clearly improved in (Sm, Mn) co-doped samples compared to that of the 
BFO sample. The saturation polarization (P ) and remnant polarization (P ) values of BFO and (S , M ) s r m n

co-doped samples, as shown in Figure 4b. For (S , M ) co-doped samples show the P  and P  values, m n s r

indicating the best improvement of ferroelectric properties of BFO with (S , M ) codoping.m n

This observation can be explained as the substitution of Sm into the Bi-sites, leading to modification of 
the Bi/Sm–O bonding. On the hand, the substitution of Mn into Fe-sites created oxygen vacancies and 
changes the FeO  octahedron, leading to enhancement of P  and P .6 s r
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Figure 4. (a) Polarization electric hysteresis loops of BiFeO  and Bi SmxFe Mn O3 1−x 0.97 0.03 3

(x = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) materials; (b) The P  and P  values depend ons r

concentration of S .m

3.5. Complex impedance spectra
Figure 5 shows complex impedance spectra of the BiFeO  and Bi SmxFe Mn O  (x = 0.02, 0.06, and 3 1–x 0.97 0.03 3

0.08) materials. The complex impedance spectra of materials are known to consist of the various 
contributions from intra- and inter-grains, grain boundaries, and the electrode interfaces. The complex 
impedance spectra in term of the Cole-Cole plot are presented in successive semicircles indicating the 
imaginary part vs. the real part in the complex plane. A high frequency semicircles originate from 
intragrain contributions, a semicircle in the intermediate frequency provides information on the 
contributions from the grain boundaries, whereas the low frequency semicircle associates to the ion and 
electron transfer at the contact interface between the sample and the measuring electrode [12,30,31]. 
Impedance spectra are determined by the frequency range of the measurements, but all these 
contributions may not be ruled out. Some previous studies also showed the distinction between the intra 
and the inter-grain contributions which are related to the defects in ferroelectric materials [32,33]. The 
complex impedance spectra thus can provide reliable information on the dielectric properties of 
materials. In our work, for all samples, the simulated curves agree quite well with the experimental ones. 
As it is seen in Figure 5, the impedance spectra of the BFO and (S , M ) co-doping samples consist of a m n

semicircle at the high frequency region, toward zero in the complex plane presenting the intragrain 
contribution and a semicircle at the intermediate frequency, untoward zero in the complex plane 
presenting the grain boundaries. However, due to limited measurement frequency range, the 
contribution of the electrode interface to the impedance could not be fairly detected in all the investigate 
samples. These presented results provide, thus, just some preliminary information pointing out 
significant modification of the dielectric properties of the (S , M ) co-doped BiFeO  materials. Which is m n 3

consistent with results of the hysteresis loop measurement showed the ferroelectric properties of (S , m

M ) co-doping samples was improved to compared with that of BFO sample.n
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Figure 5. Impedance spectra of BiFeO  and Bi SmxFe Mn O  samples: (a) BiFeO ;3 1–x 0.97 0.03 3 3

(b) x = 0.02; (c) x = 0.06; (d) x = 0.08.

4. CONCLUSION
In summary, BiFeO and Bi SmxFe Mn O  (x = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) materials have 3 1–x 0.97 0.03 3

been successfully fabricated by citrate method. All samples crystallize in rhombohedral structure of 
BiFeO  materials. Crystal lattice parameters and average crystallite size of (S , M ) co-doping samples 3 m n

decreased gradually compared to those of BiFeO  sample. X-ray diffraction patterns and Raman 3
3+ 2+scattering spectra confirmed the successful substitution of Sm  and Mn  ions into B  and Fe-sites, i-

respectively, which affected obviously to magnetic and ferroelectric properties of BiFeO  host materials. 3

Magnetic and ferroelectric properties of (S , M ) co-doping samples enhanced to compared with those of m n

BiFeO  materials.3
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A B S T R A C T

The formation of aggregates is commonly observed in soft matter such as globular protein solutions and 

colloidal suspensions. A lively debated issue concerns the possibility to discriminate between a generic 

intermediate-range order taking place in the fluid, as contrasted with the more specific presence of a 

clustered state. Recently, we have predicted by Monte Carlo simulations of a standard colloidal model — 

spherical particles interacting via a short-range attraction followed by a screened electrostatic repulsion at 

larger distances — the existence of a tiny structural change occurring in the pair structure. This change 

consists in a reversal of trend aecting a portion of the local density as the attractive strength increases, that 

is shown to take place precisely at the clustering threshold. Here, we address the same issue by refined 

thermodynamically self-consistent integral equation theories of the liquid state. We document how such 

theoretical schemes positively account for the observed phenomenology, highlighting their accuracy to 

finely describe the aggregation processes in model fluids with microscopic competing interactions.

Keywords: colloidal suspensions, cluster formation process, competing interactions, clustering 

threshold, simulation, integral equation theories

1. INTRODUCTION
It is well established that the breadth of equilibrium fluid phases exhibited by relevant soft matter, such 
as globular protein solutions and colloidal suspensions, extends well beyond a macroscopic liquidvapor 
phase separation, giving rise to inhomogeneous fluids phases composed of clusters or patterned 
morphologies [1].

At the microscopic level, the origin of such structures is commonly ascribed to the presence of 
competing interactions acting on dierent length scales: the propensity to form equilibrium clusters 
phases — heralding the development of patterned morphologies — stems from the competition between 
a short-range attraction, favouring aggregation, and a long-range repulsion, frustrating a complete phase 
separation [2]. Model potentials of this kind are usually referred to as SALR (Short-range Attractive and 
Long-range Repulsive) interactions [3].

A flourishing literature clarified many aspects of the physics of SALR models (see e.g. [4–17]), 
including a broad assessment of their accuracy in describing general aspects of structure and 
thermodynamics of real protein solutions and colloidal suspensions, see e.g. [18–23]. The large interest 
on this topic is witnessed by several recent reviews [24–27].
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At the structural level, a ubiquitous indication to detect the presence of aggregates is provided by a peak 
in the static structure factor S (q), located at a wavenumber qc well below the position of the main 
diraction peak, see e.g. [28–31]. Nonetheless, a live debate concerns the correct relationship between 
such a low-q peak and the eective microscopic arrangement taking place in the fluid. Initially, this 
feature was related to the specific existence of equilibrium clusters, as observed both in colloid-polymer 
mixtures and in protein solutions [28]. However, the presence of such clusters was questioned by other 
experiments on similar systems [32–34]. Later on, a series of coupled dynamical and structural 
experiments on lysozyme solutions suggested the low-q peak in S (q) to arise from the formation of a 
generic Intermediate-Range Order (IRO) taking place in the fluid [21–23]. Such a situation, to be 
contrasted with the more specific formation of clusters, corresponds to a less distinct, locally 
nonhomogeneous microscopic arrangement characterized by the presence of aggregates with sizes 
ranging from dimers, trimers on, with a fast decrease of associated probability distribution [35,36]. This 
picture turns back to prior conclusions about the onset of a “medium–range order” in models for 
covalentlybonded non-crystalline materials [37, 38]. Therein, the presence of the low-q peak was 
ascribed to a local icosahedral order in the fluid. The original investigations in [21–23] prompted most 
recent studies, investigating dynamical properties of SALR fluids [39, 40].

Two dierent criteria, based on the property of the low-q peak, were proposed to discriminate between 
IRO and genuine clustering in model SALR fluids. In the first scheme [36], it is argued that clusters (at 
low density) or cluster-percolated states (at higher densities), are signaled by a height of the low-q peak 
rising over  2:7. This empirical observation closely recalls the Hansen-Verlet criterion for the freezing of 
simple fluids [41]. As for the second criterion, it is argued in [42] that clustering occurs as far as the 
thermal correlation length encoded in S (qc) becomes larger than the typical length-scale associated with 
the long-range repulsion. Recently, we addressed the same issue by using Monte Carlo simulation for a 
common SALR model, focusing on correlations in the real space, as described by the local density (r) 
[43, 44]. We have shown that, as the attractive strength increases, a threshold is crossed, whereupon a 
portion of (r) experiences, at long distance, a tiny peculiar rearrangement, consisting in a reversal of 
trend. In coincidence, S (qc) rapidly rises, in such a way that it goes almost discontinuously well over the 
threshold S (qc) 2:7 (in agreement with the criterion of [36]), with the simultaneous appearance of a 
shoulder in the cluster-size distribution. Based on all such evidence, we argued that modifications 
observed in real-space correlation and onset of clustering are tightly linked.

In this work, we extend our previous investigation [43, 44], to ascertain the worth of Integral Equation 
Theories (IETs) of the liquid state to study the onset of clustering. The possibility to discriminate on the 
basis of purely structural indicators the underlying arrangement of SALR fluids, coupled with the use of 
eective theoretical tools, turns to be especially advantageous in all those cases in which microscopic data 
are not readily available. Theoretical tools are also beneficial for a wide investigation of clustering 
conditions in dierent SALR models upon disparate thermodynamic conditions, a task prohibitively 
costly to bear by simulations only. We have organized the paper as follows: after introducing our SALR 
model and IETs (Section 2), we present and discuss our main findings in Section 3. Concluding remarks 
and perspectives follow in Section 4.

2. MODEL AND THEORY
Theoretical calculations concern a standard SALR model, constituted by hard spheres of diameter  
interacting via a potential formed by the sum of two Yukawa contributions of opposite sign (hardsphere 
two-Yukawa, HS2Y). Hence, the total interaction between a pair of spheres, v(x) — with x = r= as the 
(reduced) interparticle distance — reads:
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where  = 1=kBT, with T and kB as the temperature and the Boltzmann constant, respectively. Positive 
parameters " and A determine the strength of attractive and repulsive contributions respectively, while za 
and zr (with za > zr), determine their corresponding ranges. We focus on a particular set of HS2Y 
parameters, widely adopted in previous studies [2, 8, 9, 15, 45]: we have fixed za = 1, zr = 0:5, A = 0:5 and 
let " move from 0.9 to 1.6. Within our choice, the Mean Spherical Approximation predicts the occurrence 
of a microphase separation [2], the liquid-vapor coexistence taking over only for " & 5.

We carry out our study at fixed reduced density 3 = 0:6, while the temperature is included in the 
definition of v(x), see Eq 1. Our choice for such a relatively high density allows the fluid to develop 
spatial correlations extending over relatively large distances. In this way, we observe under optimal 
conditions the tiny structural rearrangements at the heart of our findings, to be discussed in the next 
section.

We determine the pair structure of our model by means of two thermodynamically self-consistent 
integral equations, namely the hybrid mean spherical approximation (HMSA), derived by Zerah and 
Hansen [46], and the Self-Consistent Integral Equation (SCIE) derived by two of us [47–49]. Both 
approaches provide a closure to the Ornstein–Zernike equation [1], relating the pair correlation function 
g(x) to the direct correlation function c(x). Thermodynamically self-consistency is ensured by enforcing 
the equality of compressibilities obtained by two dierent routes from structure to thermodynamics [1], 
thank to the mixing parameter f , i.e.:

This expression derives from the expansion of the configurational entropy in terms of multi-body 
correlations involving two, three and successively more particles [52–54]. In simple fluids, the leading 
term s2 is generally found to account for about 90% of the configurational entropy [54–56].

3. RESULTS AND DISCUSSION
In Figure 1, we show SCIE structural predictions for two dierent attractive strengths, namely
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Since SCIE correctly predicts the typical structural features we documented by MC [43], the question 
naturally arises so as to whether IETs are able to discriminate — on the basis of local, real-space 
properties — between a generic intermediate-range order and the more specific onset of clustering. To 
this purpose, we examine now in detail the structural modifications undergone by h(x), as predicted by 
SCIE and HMSA, for intermediate attractive strengths. We recall that in [43] we identified the MC 
clustering threshold as falling at  In Figures 2A and 2B we focus on the amplitude of the fifth 
neighbor peak of h(x), denoted as h(x5); therein, we see that the behavior of h(x5) contrasts with that of 
the first four coordination shells in that it does not monotonically increases with ". Specifically, in Figure 
2A SCIE predicts that (i) h(x5) starts to decrease from positive values as
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The consequences of our findings on the low-wavevector portion of the structure factor can be 
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The moderate increase of compressibility witnesses the development of larger and larger density 
fluctuations, as the system progresses within an increasingly inhomogeneous arrangement, heralding 
the onset of clustering.

to the thermodynamically inconsistent HyperNetted chain (HNC) approximation. We refer the reader to 
our recent work [44] for an extended analysis of HNC predictions concerning the HS2Y model of Eq 1 
within various parameterizations including the one employed in this work. We simply note here that, 
consistently with the assumption of a constant f value, HNC is unable to capture the discontinuous 
changes in the structural properties documented by MC [43].
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We finally turn to the pair entropy s2 of (Eq 3), a global property found to be a fingerprint to distinguish 
between liquid-like and solid-like environments on the one hand, and between dierent crystal structures 
on the other hand [57]. More generally, in simple liquids s2 decreases as the system becomes 
progressively more structured. As seen from Figure 5, this statement holds also for our model, during the 
clustering process. In facts, as " increases, the formation of a further coordination shell contributes to the 
overall stabilization of the local environment around a given particle, provided by the existing shells of 
neighbours; as we have seen, this structural rearrangement abruptly triggers the clustering process, with 
the consequence that a drastic reduction of available configurational states aects all those particles 
forming aggregates. This mechanism is exactly reflected in the rapid, almost

ascribed to the entropy change related to the onset of clustering. In a previous study [14], we identified a 
possible signature of the arising IRO peak in HS2Y models, as a jump in the entropy, based on chemical 
potential calculations [58–61]; therein, we surmised that the loss of available space within the clusters is 
tempered by a gain of accessible space between clusters, mitigating overall the decrease of the total 
entropy due to the decrease of the main contribution provided by s2. In general, the search for 
thermodynamic signatures of clustering could greatly help our understanding of these systems, 
favouring as well our capability of experimentally identifying aggregation processes.
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Figure 5. SCIE (crosses) and HMSA (squares) pair entropy. Arrows indicate e0 and et as 
predicted by both theories, whereupon jumps occur, witnessing successive rearrangements 

within the fluid as the attractive strength increases.

4. CONCLUSION
Refined thermodynamically self-consistent integral equations are shown to reproduce a mechanism, 
previously unearthed by MC [43], governing the clustering process in a model SALR fluid. Refined 
IETs, designed a priori for the study of the liquid state, are able to capture the structure of such a system 
across the clustering threshold. In a previous study [14], we documented the existence of small 
simultaneous discontinuities of several thermodynamic and structural properties of the same pair 
potential (but within dierent parameterizations), under physical conditions close to the early 
development of an intermediate-range order in the fluid. In comparison, discontinuities presently 
observed when passing from an IRO to a clustered state are neater. We speculate that in model colloids 
with competing interactions, the present mechanism is a generic feature intrinsic to the clustering 
process.

Possibly due to the fact that the scale at which our eect shows up is rather small, this process was 
overlooked in other studies using the same HS2Y model with identical parameters, but for those we 
already published [43, 44]. As for the experimental side, the pair potential adopted in this work provides 
a reasonable description of dispersions of charged colloidal particles in the presence of a depletant, e.g. 
non-adsorbing polymer-coils, in which " is proportional to the polymer concentration, the radius of 
gyration governs za, and the parameters entering the long-range repulsion depend on the electrostatic 
properties of the mixture [62]. Hence, an experimental realization of our setup, to gauge our findings 
against, would consist of a colloidal suspension, where all chemical and physical conditions are held 
fixed, but for the concentration of the polymer, so as to control the depletion potential strength. Similarly 
to what observed for simulations, also in experiments the process could be dicult to be traced in the 
neighborhood of the fifth coordination shell. Nevertheless, this limitation could be overcome since we 
have preliminary evidence that, for lower densities, the formation of clusters is signaled by reversals of 
trend occurring at shorter distances, making them easier to be detected.
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A B S T R A C T

The present study shows promising approach to produce hydrogen-accumulated rechargeable 

intermetallic compounds (IMC) from three-component powder composition Ti–25Al– 25Nb (at%), 

through experimentally chosen best modes and combined technological processes. The study includes 

research results on the effect of mechanoactivation (MA) process and following spark plasma sintering 

(SPS) technique on structural phase state of intermetallic Ti–Al–Nb composites. It was revealed that upon 

activation of the initial powder mixtures during their machining, intermetallic phases are formed by the 

interpenetration of aluminum into titanium and niobium lattices with the formation of solid solutions (Ti, 

Al) and (Nb, Al). It is found out, that the combination of MA and SPS is good for producing fine-graded 

predicted micro-structures in Ti–Al–Nb system owing to the activation of particle surface and formation 

of intermetallic phases at the preparation stage of powder mixture using MA technique as well as due to the 

effect of fast consolidation using SPS. This points to the fact of prospect for creating metal hydrides by 

combining MA and SPS techniques that makes it possible to obtain fine-grained IMC containing fair 

amount of O-phase. 

Keywords: intermetallic compounds; Ti–25Al–25Nb alloy; spark plasma sintering; 

mechanoactivation; O-phase

1. INTRODUCTION
So far, efforts are underway to study IMC based on titanium aluminides with high content of Niobium. 
Ti2AlNb-based materials belong to the third generation of titanium aluminides and have an 
orthorhombic basocentric crystal lattice. A wide homogeneity range of these intermetallics confers the 
possibility to produce the materials with different chemical composition. Intermetallic Ti–Al–Nb 
composites own interesting structural properties; they are hydride-forming and are able to absorb 
hydrogen extensively that provides them with a significant advantage while using them as hydrogen 
storage materials [1,2].

Low density, safety and wide distribution of these elements make them especially attractive. However, at 
the moment one of the main problems of the development of this direction is the lack of reliable 
manufacturing technology for producing the Ti2AlNb-based IMC, which could provide the best 
properties depending on the purpose. The present study showed that structural-phase state and physical-
mechanical properties of Ti2AlNb-based IMC can be controlled directly by the production technology 
[3,4].
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The application of the MA technique at the stage of powder mixture preparation creates active states in a 
solid body, opening a certain prospect for subsequent conducting and accelerating chemical reactions 
between the solid bodies and producing materials in a high-equilibrium state. Activation of solids bodies 
in the course of their mechanical processing by grinding in shock, shock-abrasion or abrasion modes 
leads to the accumulation of structural defects, increase in curvature and surface area, phase 
transformations and even amorphization of crystals, thus affecting their chemical activity [5,6].

At the same time, during the last decade there were published a number of studies considering the 
application of powder sintering technique in spark plasma [7]. Short-term high-temperature effect on 
powder mixture, optimal ratio of heating and deformation modes of the material, as well as the way of 
electric current through the powder mixture allow to obtain high-strength materials characterized by a 
fine-grained structure, low porosity and low mechanical stresses [8,9]. New composites with best 
properties might be produced in case of realization of this technology. 

As reviewed above, the combination of MA and SPS techniques can strike out in an original direction of 
consolidation of Ti–Al–Nb alloys. Few research works have experienced in this issue, so the effect of 
sintering process on the structure, phase state and physical and mechanical properties of Ti–Al–Nb 
alloys should be investigated further. The effect of MA on the process of consolidation of powder 
mixture is also reasonably to study.

This study aims and focuses on the effect of preliminary MA and subsequent SPS on the structural-phase 
state of intermetallic compound in the Ti–Al–Nb composite.

2. MATERIALS AND METHODS
The studied intermetallic compounds in the Ti–25Al–25Nb composite (at%) have been produced 
through the combination of two techniques: MA and SPS. Titanium powder with particle size of 45–60 
μm, Niobium powder with particle size of 40–63 μm, and Aluminum powder were used as a reference 
material. Aluminum powder of different dispersity and morphology were used in order to assess the 
impact of the properties of the initial powder on the final product:

Ÿ Aluminum nanopowder with fuzzy-edged particles of ~90–250 nm. The powder is heavy 
agglomerated.

Ÿ Aluminum powder is characterized with quite different size of the particles from 50 to 60 μm. 
The particles are mostly globular.

Ÿ The particles of aluminum chips have compacted and dominant sponge structure. Size of the 
aluminum chips’ particles is in the range of 100–150 μm.

The powders were mixed up in a P100CM planetary mill at the ratio of the masses of moldering bodies 
with a diameter of 10 mm to the processed material as 23:1 than they were subjected to the MA. Table 1 
provides details of the MA. 
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Table 1. Details of the MA.

The morphology and particle size distribution of mechanically activated powders, as well as the 
microstructure and elemental composition of the obtained IMC were studied in the topographic and 
compositional contrast mode using scanning electron microscope TescanVega3 with the addition of 
energy dispersion spectral analysis. X-ray phase analysis (XPA) of studied materials was performed in 
X-ray diffractometer Empyrean in Cu-Kα radiation. Ready diffractograms were processed in the 
HighScore program.

The SPS of powder mixtures was carried out in the vacuum (10−5 Pa) in SPS-515S machine (SyntexInc., 
Japan). The powder mixture was consolidated under the temperature of 1300 ºС, static pre-pressing 
pressure of 20 MPa and isothermal exposure for 5 min.

Integrated video cameras recorded some changes in linear dimensions of ceramic material in the course 
of the sintering process. A high-temperature pyrometer, built-in a technological hole in the side wall of 
the mold, measured the temperature in the course of the sintering process which ranged from 575 to 2500 
°C.

3. RESULTS AND DISCUSSIONS

3.1. Mechanoactivation
Detailed analysis of the radiographs of powder mixture after MA has shown it is quite complicate to 
identify phase composition because of the overlapping most strong lines of the phases.

However, when the MA process lasted for 20 min, regardless the size of their aluminum particles, each 
powder mixture showed the main peaks of single elements like Ti, Al and Nb. This justifies that the 
mixture contains unreacted particles.

According to the analysis results of diffractograms α-Ti with hexagonal crystal lattice of the spatial 
group P63/mmc, Nb with a body-centered cubic lattice (bcc) of the spatial group Im3m, Al with a cubic 
lattice, the spatial group Fm-3m are common phases for the composition of samples of all powder 
mixtures. Figure 1 shows the overlapping of diffractograms of powder mixture Ti–Al–Nb.
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Figure 1. Diffraction pattern of the mixture Ti–Al–Nb: (a) in the initial state, (b) after MA in 
different modes.

While studying diffractograms it was stated that intensity line and width of peaks depend on the MA 
process and size of aluminum particles. Maximum intensity of peaks of aluminum phase after the MA 
process is observed on the diffractograms of MA-1Np mixture, whereas the opposite effect is observed 
for MA-1P mixture: diffraction peaks Ti, Al and Nb decreased in intensity and expanded in width. The 
same case is typical for MA-2Sh powder mixture after 180 min since the MA has started. 

Sim et al. [10] studied that this is due to the process of synthesis of metastable supersaturated solid 
solutions by mixing elementary powders at MA powder mixture of Ti–Al–Nb system. Therefore, after 
the MA process, when using MA-1P mixture for 20 min and MA-2Sh mixture for 180 minutes, most of 
aluminum particles were dissolved in the lattice Ti and Nb by interpenetration with formation solid 
solutions (Ti, Al) and (Nb, Al). In addition, Mukhamedova et al. [11] studied that in the process of sample 
preparation by the MA technique the orthorhombic phase Ti2AlNb is also formed and by increasing of 
MA duration the composition of this phase will only raise [12].

Scanning electron microscopy of mechanically activated powder mixtures in the topographic and 
compositional contrast mode showed that as a result of multiple effects of cold welding of Al, Ti, Nb and 
destruction we can observe formation of layered composite particles. In case of using MA-1Np mixture 
with aluminum nanopowder after treatment for 20 min (Figure 2a) there is a sticking of aluminum on 
titanium and niobium particles, without formation of solid solution, that explains maximum intensity of 
peaks of aluminum phase after MA.
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Figure 2. SEM image of Ti–25Al–25Nb (at%) alloy powder particles after MA: (a) sample MA-
1Np, (b) sample MA-1P, (c) sample MA-1Sh, and (d) sample MA-2Sh.

It was found that after MA, the powder particles become inhomogeneous and polyhedral-shaped. With 
extending time of the MA process we can observe a gradual transformation of the particle shape into a 
spherical one that is mainly characterized for small particles. Figure 3 and Table 2 show results of EDS 
analysis of particle’s local regions after cold welding effect.

Figure 3. SEM image and EDS analysis of particle of powder mixture MA-2Sh after МА
for 180 min.
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Table 2. Results of local element analysis of powder mixture MA-2Sh in weight shares.

As can be seen in Figure 3, regions with a dark grey tint are typical for areas with high titanium content, 
whereas the areas of light gray tint are typical for the regions with high content of niobium.

According to the results of EDS-analysis of local points, it can be said that the fractions of powder 
mixtures are inhomogeneous in each single particle and consist of areas enriched or depleted with 
titanium and niobium. In this case, aluminum is almost completely dissolved, except of some local areas. 
At the same time, composition of predominant and secondary initial components varies in a wide range 
of values.

Nowadays it has been inferred that characteristics of the feedstock mostly determine microstructure, 
phase composition and operating properties of sintered solid alloys and intermetallic compounds. Many 
researchers have introduced studies on the effect of characteristics of initial powders on the structure and 
properties of solid alloys [13]. Morphology and size of particles of powder mixture of Ti–Al–Nb system 
directly impact on the structure and operating properties of producing material while their consolidation. 
This is due to nonequilibrium and chemical inhomogenuity of poly-phase particles as well as diffusion 
velocity while sintering. 

The analysis of particle size showed that particles are randomly distributed throughout the mixture 
(Figure 4). Such distribution is caused by multiple plastic deformations of particles, their cyclic 
conglomeration and destruction that results in increase of small and large fractions after MA process. As 
can be seen in Figure 3, powder mixtures with aluminum chips MA-1Sh and MA-2Sh with a particle size 
of more than 100 μm are the most susceptible to particle conglomeration. 

Fractions with size of more than 300 μm are not detected for a mixture using aluminum powder and 
nanopowder herewith. It is seen, that particle conglomeration depends on duration of MA process 
because constant activation of particle surface takes place with increasing MA time that, in turn, leads to 
cold welding of these particles.

Figure 4. Distribution of particles on sizes after MA process.
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3.2. Microstructural research of intermetallic Ti–Al–Nb composites by combining of МА and SPS 
techniques
The temperature of SPS was experimentally identified according to the phase diagram of Ti– Al–Nb 
system. Samples sintered under the temperature of 1300 °C are characterized by a homogeneous 
multiphase structure consisting of intermetallic Ti3Al, AlNb2, B2 and O-phases, without pores and 
cracks. The characteristic structure of sintered samples and the results of local elemental analysis are 
shown in Figure 5 and Table 3.

Figure 5. SEM image and XPA of samples based on Ti–25Al–25Nb system (at%)) after SPS 
under 1300 ｺС/5 min/20 МPа: (а) sample MA-2Sh, (b) sample MA-1P, (c) sample  MA-1Np, 

and (d) sample MA-1Sh.

Table 3. Results of local element analysis of IMC samples after SPS in weight shares.

Review of microstructure of sintered samples under the temperature of 1300 ｺС revealed noticeable 
changes in distributions and in the contents of the main phases. This is evidenced by the images of the 
surface of the samples obtained by the SEM method. Figure 5 shows SAM images of Ti–25Al–25Nb 
alloys (at%). It is seen that in the samples, sintered under the temperatures of 1300 ｺС, almost complete 
diffusion of unreacted Niobium and titanium occurs, while the grain boundaries of B2 phase are
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noticeably enlarged on all samples. This is probably due to the decay of most part of Ti3Al phase, which 
is forming in the course of the sintering. It likely seems that at the sintering stage, the niobium element 
quickly diffuses and penetrates the intergranular boundary of Ti3Al, and the phases with a large average 
size of Ti3Al are broken into many small globular particles and deposited at the boundaries of B2 phase 
[14]. In addition, Niobium and Aluminum occupy Ti positions in B2 phase and form O-phase at the grain 
boundaries. Thus, the microstructure of the samples under the given temperature consists mainly of the 
B2 + O phase, and composition becomes more homogeneous. However, as can be seen in Figures 5b,c at 
the grain boundaries of B2 phase, there are still intermittent globular deposition and long aligned Ti3Al 
phase bars, which are located parallel to the grain boundary of B2.

It is worth noting that distribution of AlNb2 phase on the surface of the samples while sintering under the 
temperature of 1300 ｺС led to the formation of a coarse-crystalline dendritic structure for this phase. 
AlNb2 phase distribution has two features. The main part of particles are plate-shaped and look like 
needles up to 5 μm thick and 20–25 μm long in the field of metallographic sections and located mainly at 
the triple joints of B2 phase (Figure 5с), and grow as needles into the grain bodies and B2 phase 
boundaries. We also can observe accumulation of this phase in the form of short needlelike inclusions 
distributed throughout the diameter of B2 grains (Figure 5d), which create a barrier with a thickness of 
4–5 μm between the main B2 phase and boundary O-phase. 

If the first type of distribution of AlNb2 phase is typical for all samples, the second type is mostly related 
to sample MA-1Sh. It might be due to short-term technological processes (МА and SPS) and worse 
diffusion feature. Residual niobium in powder mixture MA-1Sh cannot complete reactive diffusion and 
deposit as AlNb2 phase.

As shown from Figure 5, microstructure of samples under this sintering temperature is characterized by 
the presence of plate-like structure of О-phase 10–25 μm long and 5–6 μm thick. At the same time there 
are globular accumulations of O-phase from 2 to 5 μm in some areas. О-phase distribution depends on 
the size of Al particles in the initial burden and pre-Ma modes. For example, MA-1Sh sample is 
characterized by globular accumulation of O-phase in the grain body of B2 phase which sizes vary 
widely. MA-1P and MA-1Np samples are characterized by wide lamellar structure and globular 
accumulation of O-phase sized less than 2 μm. It should be emphasized that these two types of O-phase 
can be found in separate B2 phase grains and at the same time can be combined in one B2 phase grain 
matrix. MA-2Sh sample, where MA process was carried out for 180 minutes, differs from other samples 
by the absence of above mentioned types of O-phase distribution, and it is characterized by the presence 
of lamellae in the grain body, which are located perpendicular to the grain boundaries of B2 phase and 
have different lengths and widths. Changes in the volume fractions of the О-phase between different 
samples are shown in Figure 6. As can be seen from the Figure, while SPS under the temperature of 1300 
ｺС, B2-phase and O-phase are the main ones for all samples, at the same time there is a small amount of 
Ti3Al-phase. Identifying of the volume fraction of AlNb2-phase was difficult due to their small content 
and local distribution. The O-phase content for all samples is the highest in comparison with other phases 
and reaches a maximum on the MA-2Sh sample at a value of 50.92%. This dependence of O-phase is 
typical for all samples regardless of particle size and MA duration. This indicates that the O-phase is 
rapidly precipitated from B2 and Ti3Al phases.
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Figure 6. Changes of volume share of O-phase in samples depending on particle size and MA 
duration.

Longer duration of the MA has positive impact on IMC structure especially on the formation of O-phase. 
Increase in time of MA for MA-2Sh sample led to more homogeneous distribution of O-phase which 
characterized with fine texture of lamellae, whereas the samples obtained after 20 min since MA has 
started are more heterogeneous. This is due to the formation of solid solution BCC (Ti, Al, Nb) and its 
increased content because of longer MA.

4. CONCLUSION

The following conclusions were made throughout this work:
–Intermetallic phases are evolving in the process of MA of initial powder mixtures due to 

aluminum penetration in the Ti and Nb grids and owing to formation of solid solutions (Ti, Al) и 
(Nb, Al);

–Extending time of MA gives positive effect on the structure of new intermetallic compounds. 
This is due to formation of solid solution BCC (Ti, Al, Nb) and its increased content while the 
time extending of the MA;

–By combining MA amd SPS processes it is able to monitor structural-phase state of the final 
product. For example, MA-1Sh specimen is characterized by globular accumulations of O-
phase in the body of the grain of B2-phase. Specimens MA-1P and MA-1Np are characterized 
by lamellar structure and globular accumulation of O-phase no more than 2 μm. Specimen MA-
2Sh, where MA lasted for 180 min, differs from other specimens because it hasn’t above 
characteristics with more homogenous distribution of lamellae of O-phase in the body of the 
grain of B2-phase located up-and-down the boundaries of the grains;

–Lastly through the conclusions as mentioned above, it was proved that the combination of MA 
and SPS techniques makes it possible to produce fine-grained predicted microstructures in 
Ti–Al–Nb system. This is due to the activation of particle surface and the formation of 
intermetallic phases at the preparatory stage of powder mixture using MA as well as due to 
rapid consolidation reached by SPS. This is promising direction to produce metal hydrides 
using MA and SPS in order to obtain fine-grained IMC with required amount of O-phase.
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A B S T R A C T

In this study, novel multi-component Ti–Mo–Nb–Sn–Mn alloys were developed as a solution to the 

mismatch in elastic moduli of implant and human bone and toxicity of the Ti–6Al–4V alloy commonly 

used in the biomedical field. This study is aimed to investigate the effects of Sn and Mn addition as beta 

stabilizers on the microstructural transformation, mechanical properties, and corrosion behavior of the 

alloys. Ti–6Mo–6Nb–xSn–xMn (x = 0, 4, or 8) alloys were re-melted five times in an arc re-melting 

process under an argon atmosphere and the obtained ingots were characterized using optical microscopy, 

X-ray diffractometry, ultrasound, a Vicker’s hardness tester, and polarization tests in a Ringer solution. 

The results show that a Ti–6Mo–6Nb–xSn–xMn alloy had a lower elastic modulus and better corrosion 

resistance than those of commercial Ti–6Al–4V alloy, making it a potential candidate for use in the 

biomedical field.

Keywords: multi-component beta alloy; Ti–6Mo–6Nb–xSn–xMn; elastic modulus; corrosion 

resistance

1. INTRODUCTION
Although scientific developments and economic growth of a country generally lead to an improvement 
in the quality of life of its population [1], they may also have a negative impact. For instance, there is an 
increased need for implant materials that can be used to replace failed body tissues to improve the quality 
of life of the patients requiring the implant. Around 70–80% of the implants used in the biomedical field 
are made from metallic materials [2], which have been the case since the beginning of the industrial 
revolution in the 19th century [3], and these material are now widely used in orthopedic devices such as 
bone plates, pins, screws, and total joint replacements [4]. Due to their high strength and toughness under 
loading conditions, metallic implants have better properties than other implant materials, such as 
ceramics and polymers [5]. However, metallic implants are sometimes toxic and lack corrosion 
resistance [6]. Compared with metallic materials such as cobalt alloys and steel, titanium shows better 
corrosion resistance and biocompatibility with the human body [7,8]. Ti–6Al–4V alloy has been widely 
used in the biomedical fields due to its highly specific strength, good corrosion resistance and 
biocompatibility [9]. 



AIMS Materials science  (Volume- 10, Issue - 02, May - August 2023)                 Page No - 109                                                                                

· ISSN : 2372-0484

Vanadium has been reported as having cytotoxic effects in the human body, and aluminum is thought to 
contribute toward Alzheimer’s disease [10]. Moreover, the large difference in the elastic modulus of 
human bone and Ti–6Al–4V may result in a stress shielding effect and, thus, promote implant failure 
[11]. Stress shielding is a phenomenon that takes place when the load in the area of the implanted 
material is entirely supported by the implant material, so that the bones around the implanted material are 
lack in nutrient intake [12]. When this happens over a long period of time, the bone around the area of the 
implant loses its mass, resulting in the failure of the implant due to the fragility of the surrounding bone 
[13]. 

The b-type titanium alloy has been developed with a lower elastic modulus than that of the Ti– 6Al–4V 
alloy to reduce stress shielding effect [14]. The β-phase has been prepared via heat treatment, so it retains 
its full β-phase upon going from a high (β-phase field) to room temperature [15], which is possibly due to 
the addition of a sufficient amount of beta stabilizing elements to suppress the growth of α’ and α” phases 
usually formed at room temperature [16–18]. In 1996, the first β-type titanium alloy, Ti–13Nb–13Zr, 
was developed by Mishra, with the later development of a β-type titanium alloy using the low-cost β 
stabilizing elements Mn, Sn, Fe, and Cr [19–21].

Lately, there has been focus on developing a non-toxic β-type titanium alloy with a low elastic modulus. 
So far, a β-type titanium alloy, Ti–Nb–Ta–Zr, has been found to have the lowest elastic modulus 
approaching that of human bone [22]. Gabriel developed a Ti–12Mo–3Nb alloy aimed at reducing the 
use of Ta and Nb, however, a relatively high elastic modulus of 105 GPa was achieved [23].

Some author stated that Sn is neutral element since it has no influence on both α or β phase boundary. 
However, Morinaga stated that Sn and other element (O, Al, and Zr) can behave like β stabilizer. And 
from Mello’s studies of Ti–Mo–Sn and Zhang studies of Ti–7.5Nb–4Mo–xSn reported that Sn has 
influence on supressed ω phase formation and could reduce the elastic modulus [16,24]. When 6% Sn 
was added to the Ti–8Mo alloy, the full beta-phase formed an elastic modulus of around 78 GPa [16]. 
Moreover, Santos also developed a beta titanium alloy containing Mn as a beta stabilizer known as a 
common alloying element. It was reported that at a Mn content of 9%, the lowest elastic modulus value 
was achieved at 94 GPa, and after this content, a full betaphase of the binary Ti–Mn alloy formed [25]. 
Several studies using cheap metal with a lower density did not result in the formation of a beta titanium 
alloy with an elastic modulus approaching that of a human bone. This study accommodates the use of 
titanium alloy with various combinations of low cost alloying elements (multi-components).

The addition of stannum and manganese, as both are low-cost elements, is to replace tantalum and 
reduce the use of niobium and molybdenum as beta-phase stabilizers. In this study, beta-phase titanium 
alloys were synthesized using Mo, Nb, Sn, and Mn as alloying elements, with the aim of determining the 
effects of adding Sn and Mn on a multi-component Ti–6Mo–6Nb–4Sn–xMn (x = 0, 4, or 8 wt%) and 
Ti–6Mo–6Nb–8Sn–xMn (x = 0, 4, or 8 wt%) alloys with respect to their phases, mechanical properties, 
and electrochemical properties in a Ringer solution. 

2. MATERIALS AND METHODS
Multi-component β-type Ti–Mo–Nb–Sn–Mn (wt%) alloys were synthesized using Ti (99.9% pure), Nb 
(99.5% pure), Mo (99.5% pure), Sn (99.5% pure), and Mn (99.5% pure) from Nilaco Japan as raw 
materials. An arc melting furnace with a non-consumable tungsten electrode on a watercooled copper 
hearth was used to melt the alloys under an ultra-high purity argon atmosphere. Before melted in a
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vacuum arc furnace, the raw materials were prepared by cutting them to the applicable sizes, cleaning 
them using volatile organic solvents, and subsequently weighing them according to the calculation of 
material balance, and loading them onto the top of a copper crucible in the melting chamber. The melting 
process took place under vacuum that is achieved by pumping the chamber up to the vacuum condition 
and subsequently draining it by argon, so that the melting chamber is free of oxygen. The ingots were re-
melted five times to ensure the process had undergone completion rather than to improve their chemical 
homogeneity. The ingot was further homogenized by heating in a tube furnace with an argon atmosphere 
at 1150 °C for 6 h, followed by water quench cooling. The chemical compositions of the as-cast samples 
were examined by Rigaku X-ray fluorescence spectroscopy (XRF). The as-cast Ti–Mo–Nb–Sn–Mn was 
sectioned using an abrasive cutting wheel with dimensions of 2 cm Χ 2 cm Χ 1 cm. Samples for 
microstructure analysis were sanded on different 80–1500 grade SiC paper, polished with alumina paste, 
and etched using a solution of Kroll’s reagent containing 2 mL HF + 6 mL of HNO3 + 92 mL of H2O. The 
microstructures of the samples were observed using a Meiji optical microscope. Powder X-ray 
diffraction (XRD) measurements were carried out at room temperature to analyses their phases using a 
Rigaku diffractometer equipped with a CuKα radiation source, operating at 30 kV and 15 mA. Vicker’s 
hardness measurements were performed using a Mitutoyo hardness tester with a 0.3 N load for a 12 s 
indentation, and the elastic modulus were measured using an ultrasonic method according to an ASTM-
E494-95 standard [26,27]. Square Ti–Mo–Nb–Sn–Mn alloy samples were cut to a size of 0.5 cm2 for 
electrochemical testing purposes, and their surfaces polished with fine 1200 grade SiC paper. The 
electrochemical measurement were performed on autolab 302 Multi BA electrochemical working 
station. The tests were carried out in a three electrode corrosion cell: Ag–AgCl as the reference electrode, 
platinum wire as the counter electrode, as well as working electrode. Tests were carried out in Ringer’s 
solution at neutral pH and room temperature. The potentiodynamic polarization curve was recorder at 
scan rate of 0.5 mV/s.

3. RESULTS AND DISCUSSION
Table 1 shows the chemical compositions of the Ti–Mo–Nb–Sn–Mn ingots after being remelted five 
times in an arc re-melting furnace under an argon atmosphere, the results show that the measured 
compositions are close to the ideal compositions.

Table 1. Chemical compositions of the As-cast Ti–Mo–Nb–Sn–Mn alloys.

Figure 1 shows the XRD patterns of the as-cast Ti–Mo–Nb–Sn–Mn alloys, where the profiles of the 
quaternary Ti–6Mo–6Nb–4Sn and Ti–6Mo–6Nb–8Sn alloys show the existence of α and β phases of 
titanium. Meanwhile, only the β-phase was observed inquinary Ti–Mo–Nb–Sn–Mn alloys.

The diffraction pattern with the α-phase peak indicated that the alloy has an HCP crystal structure with 
α(101). From Figure 1, it can be seen that the α-phase in the alloys containing 0% Mn exhibit peaks with 
2θ-angle positions of 35.6? 40.5? 53? 63? and 76? The titanium α-phase peak disappeared after Mn is 
added. Since Mn is �-phase stabilizer, its addition resulted in the full b-phase alloy with body center 
cubic crystal structure at the orientations of (110), (200), (211), and (220).
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o o o o oThe β-phase was detected at peaks of 39.5  56.9  70.5 85 and 96

Figure 1. Diffraction patterns of the Ti–Mo–Nb–Sn–Mn alloys.

Moreover, Figure 1 shows that adding Mn has a positive impact on the phase constituent formation in the 
titanium alloys. Prior to Mn addition, the α phase still existed, and then disappeared when Mn was added 
to the Ti–6Mo–6Nb–4Sn and Ti–6Mo–6Nb–8Sn alloys. It was previously reported by Wang that only 
the β phase was observed when 5% Sn was added to a Ti–16Nb alloy [28]. Chen also reported that the α 
phase disappeared when 3% Mn was added to a Ti–16Nb alloy, leading to an increase in the b phase 
content [29].

Figure 2 shows optical microscope images of the microstructures of Ti–Mo–Nb–Sn–Mn alloys 
synthesized involving five-cycle melting process. The Figure 2a–f show that the β-phase titanium has 
equiaxed grain shapes. Upon the addition of 4% Mn increased the grain size of the β-phase titanium 
slightly. Increases Mn content up 8% Mn reduce the grain size to 100–200 μm long grain.

Macro segregation or micro segregation was not observed in the melted samples, which negatively 
affected the mechanical properties of the alloys. Santos reported the increase in Ti–xMn grain size when 
18% of Mn was added [25]. This phenomenon may be caused by the stability of β phase reaching a 
critical point marked by a decrease in beta transus temperature leading to the grain growth occur. The 
various content of Sn does not have a significant effect on the grain size. This phenomenon was also 
reported by Wang where grain size in titanium alloy Ti–Nb–Sn was relatively the same as polygon-
shaped grains [28].
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Figure 2. Optical microscope images of the As-cast Ti–Mo–Nb–Sn–Mn alloys: (a) Ti– 
6Mo–6Nb–4Sn, (b) Ti–6Mo–6Nb–4Sn–4Mn, (c) Ti–6Mo–6Nb–4Sn–8Mn, (d) Ti–6Mo– 

6Nb–8Sn, (e) Ti–6Mo–6Nb–8Sn–4Mn, and (f) Ti–6Mo–6Nb–8Sn–8Mn. 

Figure 3 shows a plot of the Vicker’s microhardness values of the Ti–Mo–Nb–Sn–Mn alloys synthesized 
using five-cycle melting process, it can be observed that the addition of Mn changes the hardness values 
of the Ti–Mo–Nb–Sn–Mn alloys. Prior to the addition of Mn, the hardness value of Ti–6Mo–6Nb–4Sn 
was 327 HV, which then decreased to 318 HV after the addition of 4% Mn. This decrease in the hardness 
values of the Ti–6Mo–6Nb–4Sn alloy upon the addition of Mn resulted from changes in the grain size of 
the β phase of the Ti–6Mo–6Nb–4Sn–xMn alloy. The finer the grain size of the β-phase titanium is, the 
higher the hardness value of Ti–6Mo–6Nb–4Sn–xMn is. However at 8% Mn and Sn, the hardness of the 
alloy increased indicating that the Sn and Mn addition have strong solid-solution hardening effect [24].

Figure 3. Vicker’s hardness values of the Ti–Mo–Nb–Sn–Mn alloys according to their Mn 
content.
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The hardness value of Ti–6Mo–6Nb–8Sn–xMn decreased when 4% Mn was added due to an increase in 
the grain size of the b-phase in the alloy, as shown in Figure 2d,e. However, 4% Mn was not sufficient 
enough to retain the grain growth in the b phase with higher Sn content (8% Sn). As the Mn content was 
increased to 8%, it began to suppress the grain growth in the b phase, as shown in Figure 2f, leading to a 
slight increase in the hardness value of the Ti–6Mo–6Nb–8Sn–8Mn alloy. The hardness value is 
influenced by the phase constitutent of its alloy and the microstructure (phase and grain size). In Figure 2 
the grain size of Ti–6Mo–6Nb–4Sn–8Mn and Ti–6Mo–6Nb–8Sn- 8Mn were nearly same in size, and 
from the XRD pattern both alloys only contained β phase (no α phase observed). This may cause the 
hardness value of both Ti–6Mo–6Nb–4Sn–8Mn and Ti–6Mo– 6Nb–8Sn–8Mn to be relatively the same.

It was also found that further addition of Mn affected the change in the elastic modulus value of the 
Ti–6Mo–6Nb–4Sn alloy, as shown in Figure 4. The elastic modulus of the Ti–6Mo–6Nb–4Sn alloy was 
103 GPa, then decreased to 94 GPa upon the addition of 4% Mn. The elastic modulus of the 
Ti–6Mo–6Nb–8Sn alloy decreased from 98 to 92 GPa with the addition of 4% Mn. Moreover, changes in 
the volume fractions of α and β phase titanium also resulted in changes to the elastic modulus of the 
titanium alloys, where α-phase titanium has a higher elastic modulus than that of the β-phase titanium, 
with the order of elastic modulus values following: β < α" < α' < ώ [27].

Figure 4. Elastic modulus of the Ti–Mo–Nb–Sn–Mn alloys according to their Mn content.

In terms of the Ti–6Mo–6Nb–4Sn alloy, its grain size increased along with the Mn content (see Figure 
2a–c), resulting in increases in the strength, elastic modulus, and hardness of the alloy in line with the 
Hall–Petch equation. For the Ti–6Mo–6Nb–8Sn alloy, a small amount of the b-phase formed (Figure 1) 
leading to decrease in its elastic modulus with respect to that of the Ti–6Mo–6Nb– 4Sn alloy (Figure 4). 
However, as the Mn content of the Ti–6M–6Nb–8Sn alloy was increased, some intermetallic Mn–Sn 
compounds may have precipitated within the grains in the form of Mn3Sn, Mn3Sn2, MnSn2, or 
Mn(2–x)Sn. These precipitates significantly hinder the mobility of dislocations, leading to an increase in 
the elastic modulus [30]. Compared to α-β type titanium alloys, the elastic modulus of the Ti–6Mo–6Nb-
based titanium alloy is still lower than that of the Ti–6Al–4V alloy,the value of which is 115 GPa, and a β-
type Ti–12Mo–3Nb (105 GPa) alloy [23,27].

Figure 5 shows a polarization curve of the corrosion test results of the Ti–Mo–Nb–Sn–Mn alloys in 
Ringer solution simulating human body fluid. Many corrosion tests were carried out on commercial 
Ti–6Al–4V alloy in the same solution. It was observed that both Ti–6Mo–6Nb–4Sn–xMn and
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Ti–6Mo–6Nb–8Sn–xMn alloys had similar and typical passive behaviors, indicating the formation of 
passive film on the surface of Ti–Mo–Nb–Sn–Mn alloys

Figure 5. Potentiodynamic polarization curves of Ti–Mo–Nb–Sn–Mn in the Ringer solution.

Potentiodynamic polarization tests were carried out in the range of −1000 mV to +200 mV versus OCP 
for all alloys. The parameters of corrosion, corrosion potential (ECorr) and corrosion current density 
(icorr) were obtained from the tafel area. The corrosion current represents the degree of degradation of 
the alloy and is used to determine the corrosion rate of the alloy. Different passive areas were observed on 
the anodic polarization curves, of wich the formation of passive films occurs. 

Corrosion rate was calulated from the corrosion current density using the equation according to ASTM 
Standard G102-89 [31].

Table 2 summarized the electrochemical parameters, such as corrosion potential (Ecorr) and corrosion 
current density (Icorr) of Ti–Mo–Nb–xSn–xMn alloys in Ringer solution. The Icorr of the alloys prior to 
Mn addition showed the values of 3.162 and 5.010 μA/cm2. The Icorr value subsequently decreased 
with increasing of Mn content. The potentiodynamic corrosion test data shown in Table 2 also provide 
evidence that the Ti–6Mo–6Nb–4Sn–4Mn, Ti–6Mo–6Nb–4Sn–8Mn, Ti–6Mo–6Nb–8Sn–4Mn, and 
Ti–6Mo–6Nb–8Sn–8Mn alloys have better corrosion resistance than that of the commercial Ti–6Al–4V 
in the Ringer solution, with the Ti–6Mo–6Nb–8Sn–4Mn alloy showing the lowest corrosion rate of 
0.0016 mm per year (mmpy). Tsao reported that adding Sn to a Ti–7Cu titanium alloy increased its 
corrosion resistance in NaCl solution [32]. He also carried out energy-dispersive X-ray spectroscopic 
(EDS) tests to determine the elements present in the alloys after the potentiodynamic corrosion tests, 
where the results showed the formation of a passive layer in the form of TiO, CuO, and SnO on the 
surface of a Ti–Cu–Sn alloy [32]. In a heat-treated Az91 magnesium alloy, additional Mn increased the 
corrosion potential, lowered the corrosion current density, and reduced the corrosion rates, similar to 
what has been observed in Ti–Mo–Nb–Sn–Mn alloys [33].

Table 2. Corrosion parameters of the Ti–6Mo–6Nb–xSn–xMn alloy in the Ringer solution.
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4. CONCLUSIONS
The Mn and Sn addition had a positive impact on the formation of β-phase titanium in Ti–Mo– 
Nb–Sn–Mn alloy and reduced α-phase formation in the β-phase matrix. Due to the reduction of α- phase 
content, sample hardness and elastic modulus of β-phase alloy were lower than that of α-β titanium alloy. 
Moreover, the alloys with stood the formation of α-phase titanium. The higher the Mn and Sn content, 
the lower the amount of α-phase titanium, and the more β-phase titanium were formed. The addition of 
4% Mn to this alloy led to the formation of full β-phase titanium with an optimum modulus of elasticity 
of 92 GPa. It is suggested that the further addition of Mn enhances the corrosion resistance of 
Ti–6Mo–6Nb–8Sn alloys. The optimum corrosion rate of this alloy was also achieved upon the addition 
of 4% Mn. To ensure the biocompatibility of these alloys, further studies should be conducted to 
determine the optimum Mn content without sacrificing the balance of the mechanical properties and 
corrosion resistance in various simulated body fluids.
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