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Abstract:

 In this work, the Liquid Impingement Erosion (LIE) performances of deep-rolling (DR) treated and non-treated Ti64 were investigated. Various erosion stages, from the incubation to the terminal erosion stages, could be observed. A full factorial design of experiments was used to study the effect of DR process parameters (Feed Rate, Spindle Velocity, Number of Passes, Pressure) on the residual stress distribution, microhardness and surface roughness of the treated Ti64 specimens. The DR-treated Ti64 specimens exhibited improved surface microhardness, surface roughness, and large magnitude of compressive residual stresses, which were attributed to the amount of cold work induced by the DR process. Although DR improved the mechanical properties of the Ti64, the results showed that the treatment has little or no effect on the LIE performance of Ti64 but different damage modes were observed in these two cases. Evolution of the erosion stages was described based on water-hammer pressure, stress waves, radial wall jetting, and hydraulic penetration modes. The initial erosion stages were mainly influenced by water-hammer pressure and stress waves, whereas the intermediate erosion stages were influenced by the combination of the four modes together. The final erosion stages contain the four modes, however the erosion was greatly driven by the radial jetting and hydraulic penetration modes, where more material was removed. The failure mechanism of the final stages of the LIE test of both DR-treated and non-treated Ti64 was characterized as fatigue fracture. However, a brittle fracture behavior was observed in the initial and intermediate erosion stages of the DR-treated Ti64, whereas a ductile fracture behavior was observed in the non-treated Ti64. This was concluded from the micrographs of the LIE damage through different erosion stages.
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1. Introduction

In the power generation industry, inlet fog cooling is used to cool down the turbine intake air. Gas turbine inlet air fog cooling is the most direct, cost-effective, and energy efficient solution for increasing the power output of gas turbines [1]. It is performed by spraying water into the gas turbine inlet. Some of the sprayed water droplets absorb heat from the air, through evaporation, while the remaining droplets enter the compressor as overspray to cause further cooling [2]. However, this approach leads to liquid impingement erosion (LIE) of the rotating blades in the compressor, resulting in performance degradation and service life reduction of gas turbines [3]. LIE is defined as the continuous material loss from a solid surface due to the repeated impacts of liquid drops or jets [4]. The evolution of various LIE damage stages with time is shown in Figure 1 [4,5,6,7].

Figure 1. Evolution of LIE damage stages [4]. In sequential order: 1: incubation period; 2: acceleration period; 3: maximum rate period; 4: deceleration period; 5: terminal period.
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The failure type of the eroded parts was referred to as a fatigue mechanism due to repeated impacts of the water droplets [8]. Thus, previous studies [9,10,11,12,13] have introduced several mechanical surface treatments as potential solutions to improve the fatigue life of specimens. Among these treatments are laser shock peening (LSP), shot peening (SP), low plasticity burnishing (LPB), and deep-rolling (DR). Mechanical surface treatments are often utilized to improve the mechanical properties, such as fatigue life, of metallic structures by developing a sufficiently deep compressive layer and favorable surface structures on the surface of the test specimen [14,15]. For instance, LPB treatment was used to enhance the fatigue resistance of Ti64 fan blades [16,17,18,19,20,21].

Deep-rolling is a mechanical surface treatment using rolls or ball-point tools inducing deep compressive residual stresses and plastic deformations on the sample surface [13,22,23,24]. In contrast, in low-plasticity burnishing process load is usually applied with lower forces or pressures and mostly aims to obtain a certain surface quality with minimized surface roughness and plastic deformation [25,26,27]. The scope of this work is focused on the DR surface treatment.

Deep-rolling process involves controlled pressure through a smooth hydrostatically-seated hard ball or cylinder against the surface of a specimen, under a normal force sufficient to plastically deform its surface [13]. The burnishing tool is normally held in a lathe tool holder in place of the cutting tool, or can be held by any CNC machine or an industrial robot, depending on the application. In this work, the DR burnishing process was carried out on a manual lathe.

Several theories [4,5,27,28,29] have been put forward to understand the LIE damage modes. These are water-hammer pressure, stress waves, radial wall jetting, and hydraulic penetration. Water-hammer pressure refers to the high pressure generated from the collision of high velocity water droplets with the target solid surface [27]. Water-hammer pressure leads to initiation of surface cracks. Repeated impacts develop stress concentrations in the solid specimen creating stress waves transmitting beneath the target surface until they interact with a discontinuity interface [27,28]. The stress waves reflect back and forth around the discontinuity interface, creating subsurface cracks which are caused due to the presence of tensile stresses. In the presence of pre-existing cracks, the radial wall jetting and hydraulic penetration modes play a main role in opening the cracks and removing the material under water droplet impingement conditions [27].

Thus far, LIE has been treated as a purely mechanical phenomenon [4]. LSP, SP, and LPB treatments are believed to enhance mechanical properties. However, LSP and SP methods did not show any improvement in the LIE performance of Ti64 [10,11]. This could be attributed to worsening the surface roughness of the treated specimen, which leads to decreasing the incubation period and the maximum erosion rate [30]. In contrast, DR treatment leads to smoother surfaces, which can be advantageous for improving the water droplet erosion behavior of Ti64. On the other hand, DR is expected to enhance the fatigue resistance of Ti64 specimens, because it results in larger magnitude and depth of residual stresses than other techniques. The effect of DR treatment on LIE performance of Ti64 has not been studied before. In this work, the LIE performance of the DR-treated Ti64 specimens, under different parameters of feed rate, spindle velocity, number of passes, and pressure, was extensively studied and compared to the LIE performance of the non-treated Ti64. Furthermore, the failure modes that occur during the different stages of the erosion process and their influence on the erosion rate were evaluated based on their logical order of occurrence.



2. Experimental Section


2.1. Materials

The Ti64 (AMS 4911) alloy was received as an annealed plate, with dimensions of 12 × 12 × 0.6250 inch, from Performance Titanium Group (San Diego, CA, USA). Sixteen disks of 3ʹʹ diameter were machined and subsequently DR-treated. Two T-shaped DR samples (shown schematically in Figure 2) were cut out from each disk using waterjet cutting, to avoid inducing additional residual stresses. The edges of the T-shapes were chamfered, 15° from the burnished surface, to remove the rough traces of the waterjet cuts, since they might act as crack initiators during the LIE test.

Figure 2. T-shape coupon used for LIE test. Dimensions are in inches. The arrows indicate the burnished surface.
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2.2. Deep-Rolling Treatment

The deep-rolling tool was acquired from ECOROLL Company (Milford, OH, USA). The equipment consists of a 6.6 mm hard ceramic ball, able to process materials up to 65 HRC, equipped with a hydraulic pump that provides pressures up to 200 bar. DR treatment was carried out on a manual lathe using the DR tool to compress the surface of the rotating Ti64 disk that was held by the chuck. In the present work, several DR treatment parameters were varied in a two-level full-factorial (2k) design of experiments (DOE). These parameters are: spindle velocity, DR feed, number of passes, and DR pressure. Other parameters, such as DR ball material and diameter, were held constant. Each of the four selected parameters was utilized at two different levels, high (+) and low (−). The values of each level, listed in Table 1, were determined based on the available literature data [18,19] and recommended by ECOROLL. According to the DOE, DR conditions were developed and 16 Ti64 disks were treated using different conditions for each, as described in Table 2.

Table 1. Process parameters of DR-treated Ti64.


	Level Parameters
	High Level (+)
	Low Level (−)





	Spindle velocity (rpm)
	150
	75



	DR feed (mm/r)
	0.20
	0.06



	Number of passes
	3
	1



	DR pressure (bar)
	200
	100








Table 2. Combination of parameters used for DR treatment of 16 samples.


	Parameters
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16





	Spindle velocity
	−
	+
	+
	−
	−
	+
	+
	−
	−
	−
	+
	+
	+
	−
	−
	+



	DRfeed
	−
	−
	−
	−
	−
	−
	−
	−
	+
	+
	+
	+
	+
	+
	+
	+



	Number of passes
	−
	−
	+
	+
	−
	−
	+
	+
	+
	−
	−
	+
	+
	+
	−
	−



	DRpressure
	−
	−
	−
	−
	+
	+
	+
	+
	+
	+
	+
	+
	−
	−
	−
	−












It is worth noting that the radial speed of the deep-rolling tool is changing along the tool path for the same spindle speed. Thus, the test specimens were prepared in a way that the LIE test is performed on the same radial distance for all coupons.



2.3. Characterization of DR-Treated Ti64

The surface roughness of the various burnished samples was determined by means of an electronic contact profilometer instrument (Mitutoyo Surftest SJ-210, Aurora, IL, USA). The arithmetic mean roughness (Ra) was used to represent the surface roughness. An average of five roughness measurements was taken for each sample.

A square-base pyramid-shaped indenter was used for Vickers surface microhardness testing. A nominal force of 100 gram-force (gf) and 15 s loading time were used. An average of five measurements was taken at the surface of each sample to evaluate the surface microhardness improvement after DR treatment.

The Incremental Hole Drilling method (IHD) was used to study the compressive residual stress distribution induced by the DR treatment. A strain gauge rosette, with three strain measuring grids (0°, 45° and 90°: ε0, 45, 90), is first bonded to the surface of the test specimen. A hole is then drilled, using a 1.5 mm diameter carbide-tipped drill bit driven by a high-speed air spindle with a rotational speed of 200,000 rpm, into the component through the center of the gauge. The original stress state in the component is calculated from the relieved strain values, according to ASTM E 837-01 [31].

The residual stresses were calculated from Hooke’s law and the nominal strains, εn, were obtained from the bottom of the hole for each drilling step, depending on the surface strains value and a special transfer coefficients (correction curves), as thoroughly explained in [32]. From the directions of the three strain gauges, three residual stresses σ0, σ45, and σ90 can be calculated [33,34]. The main residual stresses (σ1,2) and the main stress axes angle (α) can be determined by means of Mohr’s circle, depending on the depth of the drilling. In this work, the depth increments were set at 4 × 32 μm + 4 × 64 μm + 8 × 128 μm, giving a completed hole depth of 1408 μm.



2.4. Liquid Impingement Erosion Test

The LIE test was performed using a horizontal rotating-disk water erosion rig shown schematically in Figure 3. The rig simulates the working conditions of the compressor blades and can reach a maximum testing speed of 500 m/s under vacuum. The rig has two camera ports, top and side, to observe the water droplet impingements using a Mikrotron high-speed camera (Munich, Germany). T-shape coupons, Figure 2, were tested using impact speeds of 250 and 350 m/s and initial water pressure of 30 psi. The stand-off distance between the droplet generator and the test specimen was fixed at 50 mm for all LIE experiments.

Figure 3. Schematic illustration of the water erosion rig.
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Two different nozzle sizes of 400 and 600 μm were used in the LIE tests to generate two different sizes of water droplets. The droplet size distributions for the 400 and 600 μm nozzles were measured using a high-speed camera (9000 fps) according to ASTM G73-10 [35]. The diameters of 200 droplets were measured from each nozzle. The water droplet size distributions for the 400 µm and 600 µm nozzles are shown in Figure 4a,b. The 400 µm nozzle generated droplet sizes with an average of 460 µm, while, for the 600 µm nozzle, the water droplet size has an average of 630 µm. The flow rates of the generated droplets were 0.05 L/min and 0.1 L/min for the 400 µm and 600 µm nozzles, respectively.

Figure 4. Droplet size distributions of (a) 400 µm; (b) 600 µm nozzles.
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3. Results and Discussion

In this section, a systematic study of the parametric effects contributing to the surface roughness, surface microhardness and residual stresses of DR-treated Ti64 was performed. Furthermore, the LIE performance of DR-treated Ti64 and the failure modes that occur during different erosion stages were evaluated.


3.1. Surface Roughness and Microhardness

One of the full-factorial methodology advantages over the one-factor-at-a-time experimental procedure is the ability to specify the interaction effect of several factors simultaneously. Pareto charts were used to represent the response of the parametric interaction on the DR process. The output of these charts could be affected by the chosen confidence interval (α), which is used to indicate the reliability of an estimate of the effects [13,36]. In the present work, a 5% of confidence interval (α) was used, which implies that 95% (1−α) of the confidence intervals would contain the true response. Accordingly, the influence of DR parameters on surface roughness and microhardness of Ti64 was determined.



The effect of DR treatment on the surface roughness of the as-received Ti64 is shown in Figure 5. According to DOE analysis, the DR feed has the most dominant effect on the surface roughness of Ti64. An improvement of 0.072 μm in the surface finish of Ti64 could be achieved by decreasing the DR feed from 0.20 mm/rev (high level) to 0.06 mm/rev (low level). Moreover, DR feed shows a positive value according to DOE analysis, suggesting that the feed rate of the DR process is proportional to the surface roughness. Hence, in order to minimize the surface roughness value, it is advisable to set the DR feed at a low level.

Figure 5. Surface roughness improvement of DR-treated Ti64. The surface roughness of the non-treated Ti64 is represented by a horizontal line at 0.35 µm. The DR parameters of the 16 samples are in the embedded legend and correspond to those in Table 2.
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The same analyses were applied to the surface microhardness. The DR-treated Ti64 showed 10%–30% increase in surface microhardness. The DOE analysis showed that the interaction of the three parameters, feed rate, number of passes, and pressure, has the most significant effect on the surface microhardness. The effect of the three-factor interaction is inversely proportional (negative effect) to the magnitude of the surface microhardness, whereas the effect of the feed rate, alone, has a directly proportional effect (positive effect). The average microhardness values, shown in Figure 6, varied due to different DR process conditions.

Figure 6. Comparison of the surface microhardness of DR-treated Ti64 with the non-treated Ti64. The microhardness of the non-treated Ti64 is represented by a horizontal line at 302 HV. The DR parameters of the 16 samples are in the embedded legend of Figure 5 and Table 2.
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Figure 6 summarizes the microhardness results of the 16 DR burnished Ti64 specimens with various HV values. Comparing the HV values of deep-rolled samples #6 and #7 it is revealed that the HV value increased from 340 to 390 when changing the number of passes from one to three passes. These samples were chosen because the other three parameters (spindle velocity, DR feed, and DR pressure) were kept constant. This indicates that the HV values changed in response to the change in the processing parameters. Similar trend can be seen for deep-rolled samples #14 and #15 when the number of passes was changed.

It is interesting to note that increasing the pressure at low levels of feed rate decreases the surface microhardness but increases it at high feed rate when the other two factors are set at their low values, as illustrated in the response surface in Figure 7.

Figure 7. Response surface plot of microhardness vs. Feed and Pressure.
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The values of the surface roughness and hardness of the reference Ti64, respectively, are presented as horizontal lines at 0.35 µm and 302 HV in Figure 5 and Figure 6. This is because all references for the 16 DR tests were cut from the same Ti64 plate.





3.2. Residual Stress Profiles

Residual stress profiles revealed that the depth of the compressive residual stress layer, of the samples burnished at 200 bar DR pressure, ranged between 450 μm to 660 μm from the surface. For the same pressure, the magnitude of the maximum compressive residual stresses varied between 861 MPa to 1154 MPa, as shown in Figure 8. The depth of the compressive residual stress layer, for the samples burnished at 100 bar DR pressure, was between 288 μm to 448 μm from the surface, and the magnitude of the maximum compressive residual stresses ranged between 612 MPa and 889 MPa, as shown in Figure 9.

Figure 8. Residual stress distribution DR-treated Ti64 with 200 bar (high pressure).
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Figure 9. Residual stress distribution DR-treated Ti64 with 100 bar (low pressure).
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The DR conditions that produce a deep and high magnitude of compressive residual stresses and low surface roughness and high microhardness values are used to test the LIE resistance of the burnished Ti64 alloy. Thus, samples DR #7 and DR #8 were chosen for the LIE tests. This selection is made in case the induced residual stress, due to deep-rolling, results in improvement of water erosion resistance, this effect will be most obvious in these two samples. The residual stresses measured on the surface of the non-treated Ti64 (reference materials) was ranging between ±150 Mpa. The non-treated Ti64 reference samples were polished down to an average surface roughness of 0.082 μm, which is a comparable roughness to the burnished samples in order to reduce the effect of surface roughness on water erosion resistance results. The DR processing parameters of the two selected samples and the non-treated Ti64 reference materials are summarized in Table 3.

Table 3. Summary of the DR processing parameters and experimental results of samples DR # 7 and 8 and reference Ti64.


	Sample No.
	DR #7
	DR #8
	Reference Ti64





	Spindle speed (rpm)
	150
	75
	-



	Feed rate (mm/rev)
	0.06
	0.06
	-



	No. of passes
	3
	3
	-



	Pressure (Bar)
	200
	200
	-



	Surface Microhardness (HV)
	381.06
	381.78
	302.0



	Surface Roughness (μm)
	0.068
	0.050
	0.082



	Residual stresses (MPa)
	−1154
	−1018
	Stress free



	Depth of residual stresses (μm)
	640
	640
	0












3.3. LIE Tests

Generally, the theoretical LIE curve shown in Figure 1 is characterized based on five stages: incubation, acceleration, maximum erosion, deceleration, and terminal erosion stage. However, it is more practical to represent the experimental LIE curve in three stages: incubation, maximum erosion rate, and terminal erosion rate, as shown in Figure 10. Determination of the five stages requires a large number of experimental points and it is very difficult to capture the acceleration stage.

Figure 10. Maximum erosion rate determination methods, where, A is the nominal incubation period; B is the slope representing maximum erosion rate; C is the y-axis intercept of terminal erosion rate line; D represents the terminal erosion rate [4]; E is the end time of stage 2.
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Characterization of the nominal incubation period and maximum erosion rate are considered as the preferred evaluation method for presenting the LIE curves [4]. According to ASTM G73-10 [35], the incubation period (A) is obtained from the interception of the straight line that best represents the maximum slope (B) with the x-axis, as shown in Figure 10. The maximum slope (B) represents the maximum erosion rate. Point (C) represents the y-axis intercept of the terminal erosion rate (D).

For each combination of LIE parameters (droplet size and impact speed), the tests were repeated twice to verify the consistency of the obtained results. The cumulative mass loss versus exposure time and number of impingements curves were plotted for all combinations. Table 4 summarizes the combinations of LIE test parameters and their experimental results.


Table 4. The combination of LIE test parameters and experimental results of the LIE curve analysis.



	
Test No.

	
Impacting Speed (m/s)

	
Droplet Size (μm)

	
Samples

	
Incubation Period—A (min)

	
Maximum Erosion Rate—B (g/min)

	
End Time of the Second Stage of LIE—E (min)






	
1

	
250

	
460

	
DR #7

	
30

	
0.0002

	
94




	
Ti64

	
29

	
0.0002

	
96




	
2

	
350

	
460

	
DR #7

	
3

	
0.0018

	
21




	
Ti64

	
3

	
0.0018

	
21




	
DR #8

	
3

	
0.0018

	
15




	
Ti64

	
3

	
0.0018

	
15




	
3

	
250

	
630

	
DR #7

	
24

	
0.0002

	
121




	
Ti64

	
28

	
0.0002

	
131




	
DR #8

	
26

	
0.0002

	
88




	
Ti64

	
25

	
0.0002

	
94




	
4

	
350

	
630

	
DR #7

	
1.5

	
0.0026

	
9




	
Ti64

	
1.5

	
0.0026

	
9




	
DR #8

	
1.5

	
0.0025

	
7




	
Ti64

	
1.7

	
0.0025

	
7













In the following section, results of test #2 (Table 4) only are explained thoroughly, because all LIE test analyses were performed in the same way. LIE curves of both DR #7 and DR #8 samples with reference to untreated Ti64 are shown in Figure 11a,b, respectively.

Figure 11. Erosion curves of (a) DR #7; and (b) DR #8 with reference Ti64 under 460 µm droplets and 350 m/s conditions.
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In LIE test #2 (460 μm droplet size at impact speed of 350 m/s), both DR #7 and DR #8 samples, as well as the Ti64 reference sample, showed an incubation period (stage 1) of 3 min. Moreover, the trends in both figures did not show any variation in erosion rate as erosion evolves. The acceleration erosion stage (stage 2) ended after 21 min for DR #7/Ti64 test, and after 15 min for DR #8/Ti64. Erosion rates of all four samples increased to a maximum value of around 0.0018 g/min in stage 2 followed by a decrease in the erosion rate in stage 3. It is obvious from Table 4 that higher erosion rates occurred for the high speed and large droplet size tests.

The changes in the exposed surface of the tested samples at the same time interval during the LIE tests are shown in Figure 12 and Figure 13. In both cases of the DR-treated and non-treated Ti64, the exposed surface showed no measurable material removal, but relatively shiny tracks due to the water droplet impingements during the incubation period (stage 1). Once the small pitting formed, the erosion rate started to increase, leading to formation of a crater and more material removal from other parts of the exposed surface. The craters coalesced as the erosion rate continuously increased in stage 2 and eventually resulted in the formation of the erosion line across the width of the exposed surface. Both the depth and the width of the crater were enlarged during the repeated impingements. The suggested LIE material removal mechanisms are explained in detail in the next section.

Figure 12. Macrographs of test 2 show the change in the exposed surface of DR #7 and non-treated Ti64 with time during the LIE test with 460 µm droplets at 350 m/s impact speed.
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Figure 13. Macrographs of test 2 show the change in the exposed surface of DR #8 and non-treated Ti64 with time during the LIE with 460 µm droplets at 350 m/s impact speed.
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Based on the LIE results (Table 4), it can be concluded that the DR-treated Ti64 samples showed little or no improvement in the LIE performance of Ti64 under the used test conditions. This can be attributed to the strain hardening, making the material more brittle, and compressive residual stress mechanisms that balance each other due to the DR treatment.



3.4. LIE Material Removal Mechanisms

During the LIE tests, no significant difference between the erosion behavior of the DR-treated and the non-treated Ti64 samples can be observed. This is in agreement with previous studies [10,11], which reported that the mechanical surface treatments, such as shot peening and laser shock peening, are generally not effective for improving the water erosion resistance, although they are known for fatigue life improvement. This can be attributed to the fact that these treatments strain harden the material making it more brittle, which is additionally strain hardened, by the high-speed impacts of water droplets, which reduces the expected benefits obtained from the induced residual stresses in enhancing the LIE resistance. The effect of DR treatment on LIE performance of Ti64 has not been studied before. Thus, the present work aims to study the effect of the DR process parameters on the LIE performance of Ti64 specimens and to understand the failure modes occurring during different stages of LIE testing.



In order to be able to explain the material removal mechanisms in the LIE test, the four damage modes illustrated schematically in Figure 14, must be well understood. Figure 14a represents the surface cracks developed due to water-hammer pressure and stress waves during stage 1. At the end of stage 1, Figure 14b, cracks are merged and cavities are formed. Figure 14c represents the cavity horizontal expansion due to radial wall jetting, and the cracks travel forward into the depth due to hydraulic penetration. Figure 14d represents the material removal due to combination of the four modes.

Figure 14. Schematic illustration of the material removal mechanism during LIE test. (a) Crack formation due to water-hammers and stress waves during Stage 1, (b) end of Stage 1 where cracks are merged and formed cavities, (c) radial wall jetting and hydraulic penetration representation in a pre-existing crack during Stage 2. The arrows represent the stress wave direction due to radial wall jetting, and the circles indicate the downward cracks propagation due to hydraulic penetration, (d) extensive material removal and crater formation in Stage 3.
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When a water droplet hits a solid surface, two effects that damage the surface occur: high contact pressure and a subsequent liquid jetting outflow. The high-contact pressure is generated in the area of the impact; whereas, the subsequent jetting radiates out from the impacted area [4]. Consequently, the repeated liquid impacts on the solid surface generate stress waves travelling throughout the test specimen. Both modes, water hammer pressure and stress waves, are strongly responsible for initiating the surface micro-cracks in stage 1 of LIE test (Figure 14a). Figure 15 shows the micro-cracks initiated on the surface of the DR-treated Ti64 substrate, due to the combined effect of water hammer pressure and stress waves, in the initial stages of the LIE test.

Figure 15. (a) and (b) Initiation of micro-cracks on the surface of the DR-treated Ti64 substrate due to the combined effect of water hammer pressure and compressive stress waves.
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The stress waves travel in the solid substrate until they encounter a structural discontinuity, where part of the stress energy transmits through the discontinuity interface and the remaining part travels back as a reflected wave, as shown schematically in Figure 16. The compressive residual stress layer and/or nano-crystalline structure [13,36] of the DR-treated Ti64 represent discontinuity interfaces, indicated in Figure 16 as discontinuity #1. Thus, part of the stress waves transmits through discontinuity #1 and continues until it encounters the discontinuity #2, which might be the other end of the sample or another structural discontinuity, and reflects again, as shown in Figure 16b,c. As the LIE process evolves, the target surface is continuously impacted by the high-speed water droplets and the stress wave transmission and reflection takes place several times, leading to significant tensile stress at the discontinuity interface shown in Figure 16d, which propagates the existing cracks and initiates and opens sub-surface micro-cracks (Figure 14c and Figure 17).

Figure 16. Stress wave directions during LIE (t stands for time).
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Figure 17. Initiation and propagation of the sub-surface micro-cracks due to the effect of the stress waves at (a) the α/β phase boundary; (b) end of the compressive residual stress layer.
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Figure 17a,b shows the sub-surface cracks that are initiated and propagated due to the cyclic tensile stresses in the vicinity of the structural discontinuity interface between α and β phases and at the end of the compressive residual stress layer (~640 μm) of DR #7 specimen.





Due to the dynamic generation of the water hammer pressure along the LIE test, the magnitude of the stress waves increases due to their interactions. Therefore, these two failure modes are simultaneously present in all stages of the LIE process. Stage 2 of LIE damage starts when the cracks reach a certain length and their lines merge together, forming isolated islands on the specimen’s surface (Figure 15) and a network of micro-cracks underneath. At this point, cracks cannot go more in depth but their width increases due to the radial wall jetting effect. In this mode, the cracks turn into cavities due to the horizontal expansion of the cracks. On the other hand, the cracks travel forward into the depth, causing larger damages due to the hydraulic penetration mode, which takes place when large cavities are created. These two modes, radial wall jetting and hydraulic penetration, start acting on pre-existing cracks as illustrated schematically in Figure 14c.

In conclusion, the LIE stage 2 occurs due to the combination of the four damage modes: water hammer pressure, stress waves, radial wall jetting, and hydraulic penetration, as presented in Figure 18. In this stage, the erosion rate reaches its maximum value.

Figure 18. SEM micrograph shows the LIE damage of a DR-treated sample in stage 1 and 2 due to the combination of the water hammer pressure, stress waves, radial wall jetting and hydraulic penetration modes.
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Stage 3 is defined as the terminal or steady-state erosion stage [4], where the erosion rate declines from its maximum value and remains approximately constant. Although in stage 3, the LIE damage is also characterized by the occurrence of the four damage modes as indicated earlier, radial wall jetting and hydraulic penetration play the main role in removing significant amount of the eroded material. Figure 19 shows an example of the LIE damage in stage 3, where the effect of the four damage modes is obvious from the amount of the removed material. The craters developed in stage 3 of the LIE test (Figure 19a) were deeper than those in stage 2 (Figure 18), and the erosion rate becomes steady in stage 3.

Figure 19. SEM micrographs of LIE damage in stage 3. (a) Represents the deep crater due to extensive material removal; (b) demonstrates the cracks connection around large portion of the eroded material.
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3.5. Damage Behaviors of Ti64 before and after DR Treatment


3.5.1. Stage 1 of the LIE Test

Different features in stage 1 of LIE test between the DR-treated and non-treated Ti64 specimens were observed. The non-treated specimens, shown in Figure 20a, exhibits ductile behavior, which is an indication of the impact-damping capacity of the non-treated Ti64.

Figure 20. SEM micrograph of (a) non-treated Ti64 specimen; and (b) DR-treated Ti64 specimen during stage 1 of the LIE test.
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The DR-treated specimens contained brittle features as shown in Figure 20b. This suggests that there are two competing mechanisms at the early stage of the erosion for DR-treated Ti64, which are the strain hardening and the compressive residual stress. The strain-hardened surface could decrease the erosion resistance due to the increased brittleness. However, the compressive residual stress layer is expecting to be beneficial for arresting the cracks that initiated at earlier stages of the erosion. These two mechanisms balance each other in the case of the DR-treated Ti64, which result in the same LIE behavior for both DR-treated and non-treated Ti64.

Although burnished samples were subject to three rolling passes that exert a high magnitude of plastic deformation on the specimen’s surface, no cracks were observed prior the LIE test or in the un-impacted areas by water droplets. The cracks in Figure 15 and Figure 20b were only observed during the LIE test. Thus, we concluded that these cracks were formed due to water droplet impacts.



3.5.2. Stage 2 of the LIE Test

The SEM micrographs of the tested Ti64 samples showed similar behavior to the surface roughening erosion mechanisms reported by Haag [37] at stage 2 of the LIE test. The untreated Ti64, Figure 21, shows the formation of surface slip bands, parallel to the side stress waves imposed by the radial wall jetting. The continuous water impacts result in folding the cavity boundaries under the influence of plastic deformation as shown in Figure 22.

Figure 21. (a) and (b) SEM micrographs show ductile slip bands on the surface of the non-treated Ti64 specimen in the initial stages of LIE test.
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Figure 22. SEM micrograph shows plastic deformation of the non-treated Ti64 surface.
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In the case of DR-treated Ti64, different surface damage behavior, relative to the non-treated specimens, was observed. The surface of the DR-treated samples showed a more brittle behavior during stage 2 of the LIE test. Figure 23a shows the slip bands and their orientation relative to the side stress wave propagation. Unlike the case of the non-treated Ti64, the eroded surface shows a reduction of ductility due to the strain hardening induced by the DR treatment. The brittle features, then, turned into cracks as shown in Figure 23b. This can be attributed to the reduction of the impact damping capacity of the DR-treated surface due to the plastic deformation.

Figure 23. Direction of stress waves and crack formation on the surface of DR-treated specimens at the initial stages of LIE test.
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From Figure 21 and Figure 23, different surface features were observed in stage 2 of the LIE test of the DR-treated and non-treated Ti64 specimens. The brittle features were not observed in the non-treated Ti64 samples, meaning that the fracture toughness of the DR-treated surface was reduced.



3.5.3. Stage 3 of LIE Test

The SEM micrographs of the initial damage on DR-treated and non-treated Ti64 samples under LIE test showed different features. However, later stages of their LIE damage exhibit very similar fracture behavior. This is due to the detachment of the thin hard layer, induced by DR treatment, during the initial erosion stages leaving, behind a bulk material of non-treated Ti64. The fracture behaviors of stage 3 are shown in Figure 24a,b.

Figure 24. Fatigue striations in (a) non-treated Ti64; (b) DR-treated Ti64 samples.
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Fatigue fracture usually occurs in LIE as a result of repeated water impacts and it is shown as a set of concentric ridges (fatigue striations) around the location of the water droplet impact sites. Luiset et al. [38] reported similar failure mode for stainless steel samples under erosion damage. Figure 24 shows the fatigue striations inside the erosion craters of both DR-treated and non-treated Ti64 samples.

Internal micro-cracks occurred due to the tensile stress at the discontinuity interface between α and β phases shown in Figure 17a, which resulted from the stress wave’s propagation across the sample. The crack propagation is expected to move selectively along a weak path in the structure, which is normally the interface between different phases (α and β phases). This could be correlated to the erosion stage 2 as reported by Haag [37]. Similar behavior was also reported by Huang et al. [39] when studying water droplet erosion of Ti64. Kong et al. [27] reported that if imperfections are present at the grain boundaries, the material is more vulnerable to damage under water erosion. Kong et al. [27] reported that if imperfections are present at the grain boundaries, the material is more vulnerable to damage under water erosion. The triple grain split at the grain boundaries is schematically shown in Figure 25 [27]. Figure 25a assumes the presence of four grains attached at a random orientation, which simulates the feature observed in Figure 26a. The water droplet impacts produce a hammer pressure. This causes the detachment of grain no. 4 from the other three grains, producing a deep void as shown in Figure 25b. The same damage is observed in a real sample shown in Figure 26b.

Figure 25. Illustration showing the triple damage failure (a) four grains structure; and (b) after losing grain No. 4 as a result of water hammer pressure [27].
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Figure 26. Triple split damage on (a) non-treated Ti64; and (b) DR-treated samples.
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Other common features, between eroded DR-treated and non-treated Ti64 specimens, are ductile regions observed in the advanced erosion stages. Evidence is the existence of dimpled surfaces, which are an indication of ductile fracture as shown in Figure 27a,b for both DR-treated and non-treated Ti64 specimens, respectively. These dimples appear at the folded edges of the craters. The damage appearance in Figure 25b and Figure 27b is an indication of full-grain detachment from the specimen contributing to the increased erosion rate in the third stage of erosion of the DR-treated samples.

Figure 27. Dimples formation in the erosion crater for (a) non-treated Ti64 specimen; and for (b) DR-treated specimen.
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4. Conclusions

A comparison between the LIE performance of DR-treated and non-treated Ti64 was performed. The DR-treated Ti64 samples showed little or no improvement in liquid erosion resistance at 250 m/s and 350 m/s impact speeds using 460 μm and 630 μm droplets. This could be due to the presence of two competing mechanisms: strain hardening and compressive residual stress that balance each other in the DR-treated Ti64.

Although LBP-treated and non-treated Ti64 showed similar LIE performance, both cases showed different damage modes. The present work characterized the first three stages of LIE, which are the incubation period, maximum erosion rate, and terminal erosion rate. A brittle fracture behavior was observed in the initial and intermediate erosion stages of the DR-treated Ti64, whereas the non-treated Ti64 showed a ductile fracture behavior. The damage mechanisms of DR-treated samples in the initial stages of the LIE test were observed to be in the form of micro-cracks nucleation, growth, and coalescence. These were observed to a lesser extent in the non-treated Ti64 samples, but the presence of slip bands and micro-deformations was dominant in this case. Nevertheless, advanced stages of damage for both DR and non-treated Ti64 samples exhibit very similar damage modes. The similarity in behavior can be attributed to the detachment of the DR-treated surface layer during the initial erosion stages. At advanced stages, the micro-cracks grow further along the interface of α and β phases. Moreover, the formation of dimples, fatigue-like failure, and large material removal were observed.

The four failure modes during LIE test, water hammer pressure, stress wave propagation, radial wall jetting and hydraulic penetration, were analyzed in detail. Water hammer pressure and stress waves modes were found prominent in all stages of the erosion damage, because they initiate and propagate cracks. The material removal process starts when the cracks are developed and after they have propagated until they coalesce, due to further liquid impacts. The radial wall jetting and hydraulic penetration modes start after cracking and pitting occur, causing further crack propagation and more material removal, especially in the intermediate and final stages of water erosion.
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