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Abstract

:

During the past few decades, ultrafine-grained materials (UFG) have experienced rapid development. Enhanced mechanical and surface properties, such as strength, ductility and erosion-corrosion (E-C) resistance by refining the grain to ultra-fine/nanometer size has been achieved. The equal channel angular pressing (ECAP) is a popular severe plastic deformation (SPD) method to fabricate UFG bulk materials. In this research, the E-C behavior of commercial annealed pure copper subject to four passes of ECAP have been investigated. Hardness measurement of the copper specimen after four passes of ECAP showed an increase of 200% on the hardness value as compared with annealed condition. Simulated seawater was used as an E-C medium. The effect of different E-C parameters such as time, slurry flow velocity, impact angle, and solid particle concentration on ECAP process is studied. The results showed that ECAP enhances the E-C resistance of copper, and this behavior improves with increasing the pass number. Generally, a 30% rise in resistance to E-C was achieved after four ECAP passes as compared to coarse grain copper for the parameters studied in this work. Optical microscopy was used to examine the microstructure and material removal mechanism of the annealed copper. Scanning electron microscopy (SEM) was used to validate the reduction of grain size due to ECAP process. Furthermore, examination of the surface roughness of the copper at different ECAP passes showed that for the same E-C condition the increment of ECAP passes leads to a smoother surface.
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1. Introduction


It is well known that the grain size affects the strength and mechanical behavior of the material [1]. Recently, ultrafine-grained (UFG) and nanostructured (NS) materials have attracted interest due to their distinguishing characteristic [2]. The schematic (Figure 1) illustrates the microstructural grain sizes of the materials.



Different severe plastic deformation (SPD) techniques are applied to refine the microstructure and produce (UFG) and (NS) materials [2,3,4]. There are three different SPD categories: bulk, sheet, and tube. Equal channel angular pressing (ECAP) is considered the most popular SPD technique used for bulk materials. It has gained much attention due to the simplicity of die design and manufacturing, as well as low cost. This method has been widely applied on different materials [5,6,7]. Many researchers investigated the effect of ECAP on the mechanical properties of various metals [8,9,10,11,12,13,14,15,16]. On the other hand, erosion-corrosion (E-C) is an interaction effect of erosion and corrosion, including liquid erosion and cavitation. The interaction of E-C leads to a metal loss that would increase significantly beyond that the separate effect of erosion or corrosion [17,18,19,20]. The E-C rate is measured in accordance with ASTM G119 [21]. The following equations relate the different parameters to total E-C rate [22]:


T = Wo + Co + S



(1)






S = ΔWC + ΔCW



(2)




where T is the total E-C rate, Wo is the wear rate due to mechanical erosion, Co is the rate of corrosion, S is the combined effect of both erosion and corrosion, ΔWC is the change in erosion wear rate due to corrosion, and ΔCW is the change in corrosion rate due to erosion:


ΔCW = WC − Co



(3)







Equations (1) and (3) can be combined as follows [22]:


ΔWc = T − Wo − CW



(4)







E-C was studied under various conditions on many materials such as steel, AISI 420 stainless steel, AISI 1020 carbon steel, cast iron, aluminum, and copper alloys [23,24,25,26]. The previous researchers found that the material loss due to E-C is mainly affected by experiment duration, slurry flow velocity, impacting angle, erodent particle size, and solid particles concentration [27,28,29,30,31,32,33]. It is reported that the combined effect of erosion and corrosion together represents almost 40 – 60% of the total weight loss [34]. Copper and its alloys are useful in many industrial applications, such as seawater piping, shipbuilding, fuel lines, and heat exchangers. There are many studies on UFG/NS copper to fully understand and determine the mechanical and surface properties. However, the available literature showed a lack of research on the effect of ECAP on the surface properties and E-C resistance of pure copper. The effect of the slurry velocity on ECAPed copper was studied previously [24]. The aim of the current work is to investigate the ECAP effects on the E-C resistance of copper under various conditions. Furthermore, improvements of the surface roughness and the E-C resistance of commercial pure copper are intended. For this purpose, four passes of ECAP were performed at room temperature to produce UFG copper samples. The hardness variation due to ECAP passes was investigated. Subsequently, the E-C experiments by the slurry pot method were conducted for parameters such as duration time, slurry flow velocity, impacting angle, and solid particle concentration. By studying the E-C behaviors of copper before and after ECAP, it is expected that the results will offer a solution to improve the E-C resistance of wide range of face centered cubic (FCC) materials, since the ECAP process can be applied on wide range of materials.




2. Materials and Experimental Procedure


2.1. Samples Preparation, Hardness Measurment, and the ECAP Process


In the current research, commercial copper samples (Cu 99.95% purity) were used for testing. Specimens of 20 mm diameter and 140 mm length were prepared from extruded copper rods. The ECAP process (four passes) was conducted on the specimens at room temperature. A schematic of the ECAP process and details of the die are shown in Figure 2. The Vickers hardness (HV) of the copper samples before and after ECAP passes were measured according to ASTM E92-04 [35]. The hardness tests were carried out using a universal hardness tester (model: Zwick/ZHU 250, Ulm, Germany). The measurements were conducted along the cross-section and longitudinal planes of copper samples. Before carrying out the hardness test, the surfaces of copper samples were mechanically polished by using silicon carbide papers of 800 grit sizes and washed with ethanol. Then the samples were subjected to distilled water and dried in air.



At each position the Vickers hardness (HV) was measured at three adjacent points with a step of 3 mm using a load of 10 kgf and a dwell time of 10 s. The average values of hardness were recorded for each pass. An ECAP die with 90° channel was designed and made from H13 steel. Four passes of ECAP (route BC) was conducted by using a 160 ton hydraulic press. The setup and details of ECAP process were previously presented [9]. During the ECAP process, MoS2 lubricant was used to reduce the friction between the specimens and die walls. Small plungers made of H13 tool steel with 20 mm diameter and 25 mm height are used to push the specimen along the channel of the die. The tests were conducted at room temperature with a punch speed of about 2 mm/s. The ECAP parameters are presented in Table 1.




2.2. Slurry Pot Tester


There are several types of E-C test rigs, including a slurry pot tester, rotating disc rig, slurry jet erosion wear test rig, and flow-through slurry wear tester. The slurry pot and jet impingement testers are the most commonly used rigs to test erosion and corrosion. A slurry pot tester is inexpensive and easy to operate [36,37,38]. A slurry pot tester was designed and fabricated to study the E-C of a variety of materials [9]. The setup for E-C experiments consists of a stainless steel cylindrical vessel to handle the slurry. A cylindrical disc with a diameter of 200 mm and thickness of 25 mm is fastened to a shaft and the entire assembly is attached to the mandrel of a drilling machine through a coupler. Both the disc and coupler were made of aluminum alloy. A 1.5 kW motor with varying speeds from 340 rpm to 1670 rpm is used for rotating the shaft. In order to have various linear velocities, the samples were mounted at different radial distances. The sample holder can be revolved to enable the slurry impacting the surface of the specimens at different angles. No interaction effects from multiple samples mounted on the disc at different radii. Figure 3 shows the details of the radial positioning of the samples on the disc. The turbulence, vortex, and leakages of liquid were prevented by fixing the cover of the pot tightly with a rubber “O” ring. Additionally, the pot was fully filled with the slurry erodent medium during the experiments.




2.3. Erosion-Corrosion Test


The purpose of the experiments is to investigate the effect of ECAP passes (pass 1 through pass 4) on E-C behavior of pure copper through measuring the weight loss per unit area of the tested samples. Circular samples of different ECAP passes were cut to dimensions of 20 mm diameter and 6 mm thickness using a wire cutting machining to avoid the changes in microstructure. The E-C tests were carried out using the slurry pot method. Prior the experiments, the samples were cleaned by using acetone. In order to determine the weight loss due to E-C effect, the samples were weighed before and after the experiment by using a digital balance of 0.01 mg accuracy. A slurry of 3.5 wt.% sodium chloride (NaCl) and solid particles of silica sand (SiO2) with an average size of 250–500 μm was used as an eroding medium. The tests were conducted according to ASTM G119 standard [21]. Each test was repeated three times. The average weight loss per unit area was calculated. A summary of the testing conditions and methodology are presented in Table 2.




2.4. Microstructural and Surface Roughness Evaluation


After conducting E-C experiments, the surface of copper samples was examined. Optical microscopy (Model Olympus, Olympus Corporation, Tokyo, Japan) “for annealed” and scanning electron microscope (SEM, JEOL–JSM 5510, JEOL, Ltd., Tokyo, Japan) “for ECAPed samples” were employed. The surface roughness of samples was evaluated by using an optical profiling system, manufactured by (Contour GT-K1, Bruker, Billerica, MA, USA). The profiling system works by a technique of streamlined interface and intuitive work flow. It utilizes white and green light interferometry. The profiling system can perform fast three-dimensional surface measurements from millimeter-scale, to nanometer scale with sub-nanometer resolution. The combination of the easy measurement setup, fast data acquisition, and small footprint allow the Contour GT-K1 to deliver 3D surface metrology performance. Furthermore, the roughness parameters of eroded surface at different ECAP passes were studied through measuring the parameters Ra, Rt, and Rq. The arithmetic average of the absolute value (Ra) was recorded and calculated by using the equation:


    R a  =    (   1 L   )    ∫  0 L  Z  ( x )  d x   



(5)




where L is the evaluation length and Z (x) is the profile height function. The maximum profile height Rt of copper through four passes of ECAP was also measured. Furthermore, the root mean square (Rq) which is the average between height deviations and mean line/surface, taken over the evaluation area. The roughness parameter Rq represents the standard deviation of the profile heights. The equations to calculate Rq in both two and three dimensions are as follows [39]:


    R q  =      1 n      ∑   i = 1  n     (   Z i  −  Z ¯   )   2      



(6)






    R q  =      1  M N       ∑   i = 1  M    ∑   j = 1  N   Z 2     (   x i  −  y j   )      



(7)




where M and N are the data points in X, Y, and Z directions relative to the mean plane.





3. Results and Discussion


3.1. Microstructure Images


The microstructures of pure copper before and after four ECAP passes are shown in Figure 4. Figure 4a shows the optical micrograph (before ECAP) and Figure 4b shows the SEM image of ultrafine-grained copper (after ECAP). Approximately, a 100% reduction in grain size was observed after the ECAP process. The average grain size before and after ECAP was 1000 nm and 600 nm, respectively [9].




3.2. Hardness Results


The hardness values (HV) of pure copper before and after ECAP passes as a function of ECAP passes is shown in Figure 5. Before ECAP process, the hardness was 51 HV for all slurry velocities. After the first pass of ECAP, the hardness values dramatically increased, but the rate of hardness decreased as the number of passes increased. After four ECAP passes for the samples subjected to low slurry velocities (2.7 m/s and 3.8 m/s) the maximum hardness value reached ~152 HV (enhancement of 198%) while, at high velocity (5.4 m/s), the maximum hardness was ~115 HV (125.5%).



The increases of HV values after the first ECAP pass are attributed to the generation of dislocations, increase of dislocation density and formation of the ultrafine-grained structure. At low velocities, the material loss due to E-C is low, so the resistance to penetration is high. More details of the mechanism of materials hardness and strength due to the severe plastic deformation for various materials are discussed in [11,12].




3.3. Effect of ECAP on Erosion-Corrosion at Different Test Durations


The weight loss per unit area due to E-C of copper with respect to ECAP passes at different test durations is shown in Figure 6. The tests were conducted at durations of 12 h, 24 h, and 48 h at constant conditions: Velocity of 3.8 m/s, impacting angle 45°, and sand slurry in water 20 wt.%. The results revealed that the experimental time has a substantial effect on E-C of copper at different ECAP passes. For annealed copper samples (pass 0), the weight losses were ~3.8 × 10−6 m/mm2, 6.7 × 10−6 g/mm2, and 25.5 × 10−6 g/mm2 at durations of 12, 24, and 48 h, respectively.



Figure 6 shows no significant difference in the weight loss for 12 and 24 h tests while a noticeable difference was observed for the 48 h test (16.8 × 10−6 m/mm2). This corresponds to a 34% rise in resistance to E-C after four ECAP passes. The hardness of the annealed copper specimens before ECAP was 51 HV. After first, second, third, and fourth ECAP passes, the hardness increased to 110 HV, 130 HV, 131 HV, and 152 HV, respectively. The ECAP introduces surface compressive stresses that increases the incubation period of the material. The incubation period is the time needed for the initiation of new grains and generation of high-angle boundaries so that the new grains appear and can be observed [40]. The increase in hardness increases the resistance to solid particles penetration. Therefore, a lower E-C rate is obtained. Additionally, the materials with high work hardening capacity and low stacking energy were found to be useful for E-C resistance. Low stacking fault energy implies a wide separation of dislocations to cross-slipping. This difficulty interprets the relatively lower recovery rates, which results in lower erosion rates [41,42,43].




3.4. Effect of ECAP on Erosion-Corrosion at Different Flow Velocities


Figure 7 shows the variation of weight loss with ECAP passes as a function of slurry velocity. A slurry of 3.5 wt.% sodium (NaCl) and solid particles of silica sand (SiO2) with an average size of 250–500 μm was used in the tests. The test duration was 48 h with impact angel of 45°. According to the results, the weight loss due to E-C increases with increasing the impact velocities. At low velocities the weight loss is minimal. However, higher increase in weight loss occurred at the velocities of 3.8 m/s and 5.4 m/s, respectively. The largest weight losses for all ECAP passes occurred at a velocity of 5.4 m/s. These results can be attributed to the effect of flow field in the container of the slurry. At low velocities, the erodent is not completely suspended in the fluid; therefore, the erosion is unable to occur. It is recognized that erosion is a function of the fluid velocity (v) and it and be calculated by the nonlinear formula: Erosion = K·(v)n, where K is a constant depends upon particle size and impacting angle, and n is the velocity exponent [41,42]. Comparing the weight losses for pass zero (annealed copper) and four pass ECAP at different velocities it is observed that E-C resistances increased by 0%, 14%, 31.8%, and 13% at 1.4 m/s, 2.7 m/s, 3.8 m/s, and 5.4 m/s, respectively. The improvement increased to 31.8% at the speed of 3.8 m/s and then it has dropped to 13% at the speed of 5.4 m/s. One possible reason can be due to the decrease of hardness at a higher velocity.



After both ECAP and E-C experiments, the hardness (HV) of the specimens were measured as presented previously in Figure 5. It can be observed that the weight loss at a higher slurry velocity is more than at lower velocities. The decrease of the hardness at higher velocity can be attributed to the increase of the degradation of the surface. Other researchers investigating the erosion resistance, with alumina, silicon carbide, and quartz particles [44] reported similar results. It is believed that work hardening due to ECAP enhances the E-C resistance of copper. It is also concluded that, at higher velocity, the elastic strain energy would exceed the strain energy of the tested material and the plastic deformation leads to micro cutting zones on the surface. Furthermore, optical microscopy to study the effect of flow velocity was employed to examine the surface of selected E-C samples. The obtained results will be presented and discussed in (Section 3.7) later in this work. The increasing of the slurry velocity resulted in increasing the kinetic energy of the erosive solid particles. This yields to more weight loss appears as a pitting on the surface. The micrographs of optical microscope showed the same findings (Section 3.7). For the ECAPed samples that were subjected to higher impact velocities, the damage on the impact areas are more clearly compared with the same sample subjected to lower velocities.




3.5. Effect of ECAP on Erosion-Corrosion at Different Impacting Angles


The impacting angle plays a major role in E-C behaviors of copper as shown in Figure 8 below. The highest E-C rates were obtained at an impacting angle of 45° in all ECAP passes. This result is consistent with the findings reported by the other previous studies [26]. It is reported that the maximum E-C rate were obtained with impact angle ranges from 30° to 50° for a range of materials such as pure iron, 304 stainless steel and aluminum [26,27,28,29]. The lowest values of weight loss due to E-C were recorded at an impacting angle of 90°. Comparing the E-C rate for annealed copper and four ECAPed passes specimens at impacting angles of 90° and 45° the weight losses decreased by 28.2% and 32.7%, respectively. Additionally, the hardness value after E-C tests for different impact angles are shown in Figure 9. A drop of hardness values is reported with impact angles of 30°, 60°, and 90°, whereas at the impact angle of 45° no changes in the hardness of the copper specimen were observed. A probable reason can be that the ductile materials show maximum erosion rate at 30°–50° (45° for the ECAPed copper). Furthermore, the impact angle plays a major role in material removal whereas the maximum value of erosion rate arises at normal angle 90° with micro fractures. With a further increase of the impacting angle, the tangential force component will be very low compared with the normal component.



When the impacting energy exceeds the elastic strain energy of the material, the plastic deformation takes place in the indentation form as shown schematically in Figure 10. The cold work generated by the impacting particle would have a stress relaxation effect on the surface of the specimen after ECAP. This effect results in the reduction of hardness. On the other hand, at 45° the normal and tangential components of the impacting force are equal and the rate of material removal is maximized. In case of pure copper samples, it is found that the impact angle has the major effect on the erosion mechanism of solid particles [26]. Further studies are needed to understand and verify this point.




3.6. Effect of ECAP on Erosion-Corrosion at Different Sand Concentrations


The effect of ECAP passes on E-C of copper at different sand concentrations is depicted in Figure 11. The tests were performed at 0, 10, 20, and 30 wt.% of sand in the slurry. It is observed that the increment of sand concentration resulted in an increase in material weight loss. The increase of weight loss is attributed to the enormous number of solid particles impacting the surface and causing material removal [39]. In the absence of sand, the improvement of corrosion resistance due to four ECAP passes was 17%. On the other hand, with sand concentration of 30%, there is a 28% improvement in E-C resistance of copper. In addition, comparing 0% and 30% sand concentration for copper at annealed condition (0 ECAP pass), it can be seen that the increase in weight loss is about 250% (i.e., corrosion condition). However, after four ECAP passes with similar sand concentration an increase of 200% is achieved.




3.7. Metallography and Surface Roughness Observations


Numbers of eroded surfaces were investigated by an optical microscope to gain more insight of the material removal mechanisms. The test conditions were a slurry of 3.5 wt.% sodium (NaCl) and solid particles of silica sand (SiO2) with an average size of 250–500 μm, 20% concentration as erodent and a 45° impacting angle. Typical position near the center on the test specimens was selected. Figure 12 and Figure 13 show the eroded surface of copper samples before and after ECAP. As it can be seen in Figure 12a; for low velocity (1.4 m/s), cutting marks represent the material removal and indicates a ductile fracture of the material. Micrograph in Figure 12b shows the eroded copper surface after four passes of ECAP. Fewer cutting marks were noticed. The E-C is less as compared with the previous one, which is supported by the results. At higher velocity (5.4 m/s), pitting was observed on the surface. In Figure 13, the shapes of eroded zone are rectangular and elliptical similar to sand particles suspended to the slurry. This occurred because of high particle impact on the copper surface at high velocity.



Figure 14, Figure 15, Figure 16 and Figure 17 show the surface texture images (obtained by Bruker profiler, Billerica, MA, USA) of copper samples subjected to four ECAP passes and different E-C conditions. Figure 14 shows the surface texture of annealed copper subjected to corrosion before ECAP. Figure 15a–d reveals the variation of surface texture of eroded copper surface after ECAP passes. Figure 16 presents the surface texture of as-annealed copper samples (before ECAP) subjected to E-C. Figure 17a–d shows the surface texture of copper samples subjected to E-C after four ECAP passes. It is observed that the surface texture enhances with increasing the number of ECAP passes. This can be seen clearly through the red color zones that reduce with increasing ECAP passes. In addition, the combined effect of E-C on surface texture is more profound than the contribution of corrosion only.



In this part of the research, the surface roughness parameters Ra, Rt, and Rq were studied as a function of ECAP passes at two different slurry velocities; v = 3.8 m/s and 5.4 m/s. Other experimental parameters were kept at constant values of: t = 48 h, impact angle = 45°, and erodent (sand) concentration = 20 wt.%. Figure 18 shows the variation in Ra values with respect to number of ECAP passes. It is noticed that the slurry flow velocity significantly affects the surface roughness parameter Ra. For annealed copper (before ECAP), the Ra value increased from 15.62 µm to 54.34 µm at v = 3.8 m/s and v = 5.4 m/s, respectively.



After four passes of ECAP it is observed that the Ra value decreased by 7.8% and 4.1% with v = 3.8 m/s and 5.4 m/s, respectively. This means that increment of ECAP passes leads to smoother surface. Figure 19 revealed that slurry flow velocity has a considerable effect on the surface roughness parameter Rt. For velocities of 3.8 m/s and 5.4 m/s, the parameter Rt of ECAPed copper increased by 2.6% and 13.25%, respectively, as compared to annealed copper. Figure 20 show that parameters Rq is sensitive to slurry flow velocity, similar behavior to parameter Ra have been observed for parameters Rq along the four passes of ECAP.





4. Conclusions


In this work, experiments were conducted to investigate the effect of ECAP passes on E-C behavior of commercially-pure copper at different parameters. Copper samples were pressed up to four passes by the BC route to obtain the UFG material. The following summary and conclusions can be made from the current work:




	
The hardness magnitude of the ECAPed pure Cu is 200% higher than un-ECAP material.



	
The impacting velocity has a significant effect on the E-C of copper. The results showed that the E-C rate increases with increasing the slurry velocity. In addition, the work hardening due to ECAP improved the E-C resistance. More damage is observed in the samples that were subjected to higher velocity compared to the lower velocities.



	
The impacting angle plays a major role in the E-C behaviors of copper. The highest E-C rates were observed at an impacting angle of 45° in all ECAP passes.



	
The ECAP process improved the surface roughness of the E-C copper samples.



	
Generally, a 30% rise in resistance to E-C was achieved after four ECAP passes as compared to coarse-grain copper for the parameters studied in this work.



	
Generally, severe plastic deformation processing is likely to improve the E-C resistance of all FCC metals and alloys.
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Figure 1. Illustration of terminology and grain size ranges for Ultrafine-grained (UFG) and Nanostructured (NS) materials [2]. 
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Figure 2. Setup of equal channel angular pressing (ECAP). (a) Schematic of ECAP process; and (b) two halves of die and sample after ECAP. 
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Figure 3. Positioning of erosion-corrosion (E-C) samples on the disc. 
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Figure 4. Microstructure of coarse grained copper (before ECAP) and ultrafine grain copper (after four passes) [9]. (a) Optical microscope image; and (b) Scanning electron microscope (SEM) image. 
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Figure 5. Hardness measurement along cross section versus ECAP passes at different E-C velocities (t = 48 h, impacting angle = 45°, 3.5% NaCl, and sand concentration = 20 wt%). 
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Figure 6. Variation of weight loss with ECAP passes at different times. (v = 3.8 m/s, impacting angle = 45°, 3.5% NaCl, and sand concentration = 20 wt%). 
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Figure 7. Variation of weight loss with ECAP passes at different velocities. (t = 48 h, impacting angle = 45°, 3.5% NaCl, and sand concentration = 20 wt.%). 
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Figure 8. Variation of weight loss with ECAP passes at different impacting angles (v = 3.8 m/s, 3.5% NaCl, and sand concentration = 20 wt.%). 
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Figure 9. Hardness measurements versus ECAP passes at different impacting angles (v = 3.8 m/s, 3.5% NaCl, and sand concentration = 20 wt.%). 
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Figure 10. Schematic diagrams showing the effect of impact angle on formation of surface plastic deformation. (a) 90°; (b) oblique angle cutting; and (c) shallower impact angle. 
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Figure 11. The variation of weight loss with ECAP passes at different sand concentrations (v = 3.8 m/s, impacting angle = 45°, 3.5% NaCl, and t = 48 h). 
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Figure 12. Optical micrograph of the E-C samples. (a) before ECAP; (b) after four passes of ECAP (impact velocity = 1.4 m/s, sand concentration = 20 wt.%, time = 48 h and impact angle = 45°). 
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Figure 13. Optical micrograph of the E-C samples after four passes of ECAP (impact velocity = 5.4 m/s, sand concentration = 20 wt.%, time = 48 h and impact angle = 45°). 
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Figure 14. Surface texture of annealed copper subjected to corrosion before ECAP (time = 48 h, velocity = 3.8 m/s, impact angle = 45°, and sand = 0 wt.%). 
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Figure 15. Surface texture of copper subjected to corrosion only after ECAP (time = 48 h, velocity = 3.8 m/s, impact angle = 45°, and sand = 0 wt.%). (a) After ECAP pass 1; (b) after ECAP pass 2; (c) after ECAP pass 3; and (d) after ECAP pass 4. 
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Figure 16. Surface texture of copper subjected to E-C before ECAP (time = 48 h, velocity = 3.8 m/s, impact angle= 45°, and sand = 20 wt.%). 
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Figure 17. Surface texture of copper subjected to E-C after four ECAP passes (time = 48 h, velocity = 3.8 m/s, impact angle = 45°, and sand = 20 wt.%). (a) After ECAP pass 1; (b) after ECAP pass 2; (c) after ECAP pass 3; and (d) after ECAP pass 4. 
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Figure 18. Variation of Ra with respect to ECAP passes at two different velocities. 
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Figure 19. Variation of Rt with respect to ECAP passes at two different velocities. 
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Figure 20. Variation of Rq with respect to ECAP passes at two different velocities. 
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Table 1. ECAP conditions.
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	Channel Diameter, mm
	Lubricant
	Temperature °C
	Channel Angle
	Outer Corner Angle
	Ram Speed, mm/s
	Route





	20
	MoS2
	28 ± 3
	90°
	17°
	2
	BC
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Table 2. Experimental erosion-corrosion conditions and methodology.
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Experimental Time, h

	
Linear Velocity, m/s

	
Impacting Angle, Degree

	
Solid Particles Concentration, wt.%






	
Time Effect

	
12

	
3.8

	
45

	
20




	
24




	
48




	
Velocity Effect

	
48

	
1.4

	
45

	
20




	
2.7




	
3.8




	
5.4




	
Impacting Angle Effect

	
48

	
3.8

	
30

	
20




	
45




	
60




	
90




	
Solid Particles Effect

	
48

	
3.8

	
45

	
0




	
10




	
20




	
30
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