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Wet steam flow produces big water droplets in the low-pressure zone of a steam 
turbine blade. These droplets clash with subsequent blades, resulting in a strong 
impact that is evident as erosion. Titanium and its alloys are valuable for technical 
applications such as turbine blades because of their low density, high strength, and 
exceptional corrosion resistance. The boron carbide(B4C) has a high hardness but a 
low strength; therefore, it's exciting to investigate water erosion of Ti/ B4C and SiC 
combination. The effect of 1 wt% B4C and 1, 3, 5, and 7 wt% SiC particles on water 
droplet erosion of Ti composite was studied using the SPS method for 5 minutes at 
1200 °C temperature and 50 MPa pressure. The L9 orthogonal array with four levels of 
parameters of the Taguchi method is used to conduct the experiments. By measuring 
the weight of the specimen at interval time, the erosion behavior with time is obtained 
with different nozzle diameters. The effect of material and experimental parameters 
on erosion resistance is studied, and an empirical relation is developed. 
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1. Introduction 
 

Water droplet erosion is the gradual loss of original material brought about by fast-moving water 
droplets or jets repeatedly striking a solid surface. Droplet impact erosion is a well-known 
phenomenon that occurs in the low-pressure stages of steam turbines and indirectly impacts the 
steam turbines' lifespan and efficiency [1-5]. In addition, water droplet erosion (WDE) has been 
observed in other machines like wind turbine blades, blades of gas turbines, aircraft outer parts, etc 
[6-8]. Ahmad et al., [9] used the wear test setup to examine five distinct materials' water droplet 
impact on wear performance. They examined the effects of impact angle, droplet impact velocity, 
surface sawtooth formation, and material damage degree on liquid impingement erosion. The 
erosion resistance of the laser-hardened X5CrNiCuNb 16-4 was the best, while Ti6Al4V outperformed 
all other tested high-yield strength blade steels in the impact velocity range. Numerous studies that 
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have been conducted to link a material's WDE resistance with a set of macroscopic mechanical 
properties have revealed that a material's hardness, resilience, toughness, tensile strength, elasticity, 
and strain energy all have a major impact on its capacity to tolerate water droplet erosion [9,10]. It 
was shown that improving the hardness of the surface while preserving the homogeneous 
microstructure was a useful strategy for mitigating erosion-damaging occurrences and improving 
erosion performances [11]. Kamkar et al., [12] investigated the WDE in Ti-6Al-4V and revealed the 
damage propagation mechanism in the early stages of water erosion. Ahmad et al., [13] developed 
an empirical model to predict water droplet erosion in low-pressure steam turbine blades. The 
hardness-induced elastic resilience represents the material erosion strength, and it depends on 
parameters like yield strength, modulus of elasticity, and hardness value, as shown in Eq. (1). 
 

𝑈𝑟 =
𝜎𝑦 

2

2𝐸
=

𝐻𝑣 
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18𝐸
             (1) 

 
where 𝑈𝑟 is the elastic resilience, 𝜎𝑦 yield strength, 𝐸 modulus of elasticity, and 𝐻𝑣 is the Vickers 

surface hardness value. Fujisawa et al., [14] investigated the influence of material hardness on water 
droplet erosion ra, revealed that erosion decreases with increased hardness value, and developed an 
empirical model. A water droplet erosion model developed by Lee et al., [15] is shown in Eq. (2). 
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where 𝑚 mass flow rate, 𝑉 velocity, 𝑑 droplet diameter, and 𝛼, 𝛽, 𝛾 are the constants. 

The high strength-to-density ratio, high stiffness and strength, good wear resistance, and low 
thermal coefficient of expansion of titanium matrix composite make it popular; nevertheless, its low 
hardness and erosion value limit its applications [16-20]. The Ti-based composite with different 
reinforcing is considered to get around these restrictions. Han et al., [21] manufactured (TiB+TiC)/Ti 
composite using Ti and B4C powder and stated that the 1wt% B4C addition gives higher elastic 
modulus, yield strength, and ultimate tensile strength. Mixing and B4C powder generates the TiB and 
TiC [22]. Namini et al., [16] sintered the Ti with various wt% of B4C at 1200 oC and 50 MPa. They 
reveal that the ultimate tensile strength and elongation at room temperature is best for 0.24wt% 
B4C and the worst for 1.94wt% B4C. Also, they have demonstrated that more B4C is added to 
increase microhardness. Ti is reinforced with SiC particles to generate the Ti-SiC composite, and both 
wear resistance and hardness have improved in the composite [23]. The B4C-SiC composite made 
using spark plasma sintering shows an increase in SiC % and a decrease in density. 

Moreover, the Vickers hardness value rises as the SiC % does [24]. Ti's wear resistance 
performance and microhardness SiC are reasonable compared to only Ti because of the formation of 
TiC component [25]. The impact of high velocity is correlated with material stiffness, and in the case 
of Ti, it is amplified by the presence of SiC-reinforcing particles [26]. There is no gain in hardness or 
strength when more SiC particles are added because they create a brittle interface [27]. 

Hence, The B4C particles give high hardness, yield strength, tensile strength, and elastic modulus, 
and the SiC reinforcement improves the wear resistance. The WDE depends on velocity, pressure, 
impact angle, and mass flow rate. This work aims to investigate the effect of water droplets and 
develop the WDE empirical model for the Ti matrix with reinforcement of B4C and varying wt% of SiC 
particles by considering various experimental parameters. Furthermore, the scanning electron 
microscopy and powder metallurgical process study are also presented, highlighting the 
development of new materials that will be helpful for the material research world. 
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Some studies have studied related topics using computational simulations and experimental 
methods. Shaikh et al., [28,29] investigated the performance of catalytic converters, highlighting flow 
regularity and pressure drop minimization. Using numerical simulations, Pathan et al., [30] and 
Shaikh et al., [31] optimized nozzle designs for weight reduction and studied surface pressure 
distributions over wedges at high Mach numbers. Shamitha et al., [32,33] contributed to 
understanding the surface pressure characteristics of wedges in supersonic and hypersonic flows, 
applying numerical techniques and design experiments (DOE). 

Furthermore, using CFD analysis, Pathan et al., [34-40] explored various aspects of suddenly 
expanded flows, including base pressure variations and thrust optimization. Their studies provided 
critical insights into fluid dynamics and geometric optimization in high-speed flow regimes. 

Moreover, Jain et al., [41] investigated the influence of plate-fin heat sink orientation under 
natural convection, combining experimental and numerical approaches to enhance thermal 
performance. Khan et al., [42,43] optimized two-dimensional wedge flow fields at supersonic Mach 
numbers, focusing on aerodynamic efficiency and optimization strategies. 

These collective studies contribute significantly to understanding fluid dynamics, structural 
optimization, and aerodynamic performance across various applications. By leveraging these 
insights, the current study aims to explore experimental methodologies to characterize erosion 
resistance in Ti-based MMCs, thereby enhancing their durability and performance in practical 
environments. 
 
2. Experimental 
2.1 Materials 
 

In this work, B4C and SiC particles were introduced as reinforced particles, and Ti powder was 
utilized as the matrix material. The Ti powder and B4C & SiC powder are supplied by NANOSHEL 
Punjab India and Universal Scientific Solutions (Alfa Aesar) Uttarakhand India, respectively. The high 
purity titanium micro powder with 99% purity, 40-50 micron approximate particle size, 47.86 g/mol 
molecular weight, and 4.54g/cm3 density, and B4C & SiC with 10 -15 micron, 120-150 micron 
respectively were used. The SEM images of Ti, B4C, and SiC powder are shown in Figure 1. 
 

   
(a) (b) (c) 

Fig. 1. SEM micrograph for (a)Ti, (b) B4C, and (c) SiC powder as received 

 
The Retsch planetary ball milling machine is used to blend the powder. It has a 200 rpm milling 

speed, a 9:1 ball-to-powder ratio, room temperature, and a 2-hour milling duration. The milling 
medium consists of tungsten carbide spherical balls with a 10 mm diameter and a stainless steel vial. 
The mixed powder is pressed at 50MPa pressure inside the vacuum chamber for 5 minutes at a 12000 
C temperature and 100 0C /min heating rate. The graphite dies used had an outer diameter and length 
of 30 mm and an inner diameter of 15.5 mm. A graphite sheet is positioned between the powder and 
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the mold to aid in demolding. The specimen is prepared with different combinations of SiC particles, 
as shown in Table 1. 
 

Table 1 
Composition of the powder mixture 
Composition Designation 

Ti  S1 
Ti + B4C (1%) S2 
Ti + B4C (1%) + SiC (1%) S3 
Ti + B4C (1%) + SiC (3%) S4 
Ti + B4C (1%) + SiC (5%) S5 
Ti + B4C (1%) + SiC (7%) S6 

 
The specimen is cooled at atmospheric temperature. The sample specimen is shown in Figure 2. 
 

 
Fig. 2. Specimen prepared using SPS 

 
Figure 3 shows the microstructure of the polished and etched surfaces of specimens S2, S4, and 

S5, a, b, and c, respectively. In the S4 sample, black patches are observed due to the aggregation of 
B4C and SiC powder particles. The SEM image of the S5 sample indicates the gap between the 
particles, which shows imperfect bonding, which leads to low mechanical strength and erosion 
resistance properties. 
 

   
(a) (b) (c) 

Fig. 3. SEM images of S2,S4 and S5 samples 

 
2.2 Experimental Setup 
 

The water droplet erosion test rig is designed to perform research experiments on water droplet 
erosion for different materials, especially blade-related ones. The test rig simulates a high-speed 
rotating turbine blade. Most of the experiment platform comprises a three-phase variable speed 
motor, a speed controller, an experimental chamber, a high-pressure water pump, and a nozzle 
assembly. The testing facility includes a chamber with a round disc with four arms and testing 
specimens fixed on the periphery. The actual test rig is shown in Figure 4. The rig is made up of a 
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main frame that supports the high-speed three-phase motor, speed controller, and test chamber. 
The water container, jet assembly, and high-pressure pump are maintained separately from the main 
frame structure for portability. 
 

 
Fig. 4. Experimental test rig 

 
The speed regulator controls the three-phase motor, coupled to the spinning arms via the 

coupling and shaft. The motor speed ranges from 1500 to 3000 revolutions per minute. The 
maximum working pressure for the pump can reach 200 bar ~ 240 bar. Because of the measurable 
and adjustable nature of the water pressure, the jet velocity may accurately mirror the real-world 
velocity of wet steam droplets. The four rotating arms are configured to insert the specimen at 
various radial distances. An essential component of the throttle nozzle is its diameter, which needs 
to be adjustable or exchangeable. Figure 5(a) displays the throttle nozzles with different diameters. 
 

  
 

(a) (b) (c) 

Fig. 5. Nozzle and Specimen arrangement 

 
As illustrated in Figure 5(c), the jet injector is attached to the test chamber shell, and the nozzle 

extending into the chamber cover inside confronts the specimen surfaces. The machine must be 
stopped throughout the experiment, and the specimen surface must be examined regularly. The 
front side of the test chamber is made of acrylic materials, which allows for a clear view of the 
specimen status. A precision balance with a 0.01 mg accuracy was used to measure the weight lost 
following a specific test duration. The length of the test was considered to cause significant 
impingement erosion. Table 1 gives the material samples tested for erosion. 
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2.3 Experimental Test Conditions 
 

During the test, a well-known and proven Taguchi technique-based design of the experiment tool 
was implemented to develop a practical approach and simulate the effect of multiple process 
parameters of the erosion process. Experiments were performed using the four-factor, four-level 
Taguchi method to elaborate on the influence of individual parameters. The experiment parameters 
are shown in Table 2. 
 

Table 2 
Experiment test condition 
Exp.No Nozzle dia(mm) Pressure(bar) Angle(°C) Speed(rpm) 

1  0.4 140 60 1800 
2 0.4 160 70 2000 
3  0.4 180 80 2200 
4 0.4 200 90 2400 
5 0.6 140 70 2000 
6 0.6 160 60 2400 
7 0.6 180 90 1800 
8 0.6 200 80 2000 
9 0.8 140 80 2400 
10 0.8 160 90 2200 
11 0.8 180 60 2000 
12 0.8 200 70 1800 
13 1 140 90 2000 
14 1 160 80 1800 
15 1 180 70 2400 
16 1 200 60 2200 

 
3. Results and Discussion 
 

In the current research study, Experiments are carried out to investigate the effect of water 
erosion on Ti-based metal matrix composites with varied amounts of SiC and B4C reinforcement. On 
a test rig, water erosion is performed on six different types of Ti metal matrix composite specimens 
created from powdered metallurgical processes for 180 min. Some sample erosion observation 
patterns of specimens are shown in Figure 6. The test condition is shown in Table 2 and Table 3. 
Figure 6 and Figure 7 to Figure 9 show the performance for test case 1 and test case 2 conditions, 
respectively. It is well known that properties of materials such as hardness, tensile strength, binding 
energy, and modulus of resilience play a critical role in determining erosion. 
 

Table 3 
Test Conditions 1 
Test No Nozzle dia (mm) Angle of Impact Disc speed (rpm) Pressure (bar) 

Test 1 0.8 900 2400 200 
Test 2 0.6 900 2400 200 
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S1 S2 S3 S4 

Fig. 6. Erosion in specimen S1-S4 

 
Figure 7 shows the erosion resistance compared to the hardness value. In this research, erosion 

resistance is considered reciprocal to erosion mass. The erosion resistance for specimen 6 is higher 
than all other specimens. For S4 and S6, due to improper binding between reinforcement grains, the 
hardness value seems to have declined, irrespective of the high hardness of reinforcement, and the 
result shows poor erosion resistance. Figure 8 shows the erosion concerning surface hardness value. 
The regression equation is shown in Eq. (3) with an R2 value of 0.73. 
 
𝐸𝑟 = −0.0001𝐻𝑣 + 0.0921            (3) 
 

It is observed that erosion in specimens 6 and 3 is lower than in other specimens. The erosion 
resistance per unit hardness value representation is enclosed in Figure 7. The erosion resistance per 
unit hardness value is high for the S3 specimen, as shown in Figure.7. Compared to it, specimen 6 has 
an even higher percentage of SiC reinforcement with good hardness and erosion resistance 
properties. The erosion in specimen 1 is higher than in other specimens, as shown in Figure 8. for test 
condition 2. The empirical model considering experimental parameters is developed using regression 
analysis as given in Eq. (4). Eq. (5) provides the water with erosion with consideration of material 
properties and experimental properties. 
 
𝐸𝑒 =  𝑎 + 𝛼𝑒𝑁𝑑 + 𝛽𝑒𝑃 + 𝛾𝑒𝐴 + 𝛿𝑒𝑉           (4) 
 
𝐸𝑒𝑚 = 𝑏 +  𝛼𝑒𝑚𝑁𝑑 + 𝛽𝑒𝑚𝑃 + 𝛾𝑒𝑚𝐴 + 𝛿𝑒𝑚𝑉 + 𝑐𝑒𝑚𝐻𝑣 + 𝑐1𝐸 − 𝑐2𝐻𝑣      (5) 
 
where 𝐸𝑒 =erosion(g), 𝑁𝑑 =nozzle diameter(mm), 𝐴 =Angle of impact, 𝑉 =Speed of 
specimen(rpm). 𝛼𝑒, 𝛽𝑒, 𝛾𝑒, 𝛿𝑒, 𝛼𝑒𝑚, 𝛽𝑒𝑚, 𝛾𝑒𝑚, 𝛿𝑒𝑚 are the constants, and their values are shown in 
Table 4. 
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Fig. 7. Erosion resistance in test 1 condition 

 

 
Fig. 8. Erosion in test 1 condition 

 
Table 4 
Erosion constants 
Constant Values 

𝛼𝑒 1.307E-2 
𝛽𝑒 6.53749E-05 
𝛾𝑒 1.4527E-4 
𝛿𝑒 5.44791E-06 
𝛼𝑒𝑚  9.3458E-3 
𝛽𝑒𝑚  4.672916E-05 
𝛾𝑒𝑚 1.0384E-4 
𝛿𝑒𝑚 3.894090E-06 
𝑎 1.174000E-09 
𝑏 2.674000E-02 
𝑐1 2.271630E-04 
𝑐2 1.106035E-04 
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It is seen from Figure 10 that excellent erosion resistance is given by specimen 6, followed by 
specimens 3 and 5. The resistance increased from specimen 1 to 3 and then decreased for 4. It is seen 
from Figure 8 and Figure 9 that excellent performance is given by the S3 specimen, which contains 
1wt% of silicon carbide and boron carbide, followed by the S1 and S2 specimens. Adding 1wt% B4C 
in Ti enhanced the mechanical properties of the composite, and the addition of SiC improved the 
wear properties [21,23]. Due to this, the S3 specimen gives excellent results compared to other 
specimens. The SiC and B4C have an exceptional characteristic of absorbing impact energy. It is seen 
that Ti performance is improved by adding SiC and B4C with proper percentages. 
 

 
Fig. 9. Erosion in specimen S1-S6 for test condition 2 

 

 
Fig. 10. Erosion resistance in specimen S1-S6 for test condition 2 

 
 
 
 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 122, Issue 2 (2024) 71-82 

80 
 

4. Conclusions 
 

The Ti- B4C-SiC metal matrix composite uses 1% B4C and 1%, 3%, 5%, and 7% SiC reinforcements 
using the spark plasma sintering powder metallurgical technique. They experimented with Ti metal 
matrix composites using a rotating specimen water erosion setup using the Taguchi method. An 
empirical model based on various parameters has been developed. The main conclusions are 
summarized below. 

(i) The water erosion testing is performed on six types of specimens for 180 min using 
Taguchi's L9 orthogonal array with 4-factor levels, and results are analyzed in detail.  

(ii) With increasing the percentage of SiC, agglomeration occurs, and the gap is produced 
between the grains. This causes the higher erosion per unit hardness in samples 5 and 6 
compared to specimen 3.  

(iii) The erosion in specimen 1 is 44.23 times and 48.28 times more than in specimens 3 & 5, 
respectively. 

(iv) It is observed that, due to the addition of reinforcement materials, the water Erosion 
resistance in specimens 3 and 6 is improved compared to other specimens. 
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