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Abstract 
 
 
 

In power generation industry, inlet fog cooling is used for the turbine inlet cooling 

(TIC). However, this approach also leads to liquid impingement erosion (LIE) of the 

rotating blades in the compressor, resulting in performance degradation and reduction of 

service life of gas turbines. 

Previous studies have introduced Laser shock peening (LSP) and shot peening (SP) 

as potential solutions for LIE of Ti64. However, no study has been done on the LIE 

performance of the low plasticity burnished Ti64. 

Full factorial design of experiments was conducted to investigate the effects of LPB 

process parameters (Feed Rate, Spindle Velocity, Number of Passes, Pressure) on the 

residual stress distribution, microhardness and surface roughness of Ti64. The surface 

microhardness and the surface roughness of the Ti64 were improved after the LPB 

treatment. Moreover, a large magnitude of compressive residual stress layer was induced 

by LPB treatment on the surface of the Ti64. However, the results of the LIE tests showed 

that LPB treatment has little or no effect on the LIE performance of Ti64. 
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Chapter 1 

Introduction 
 

Gas  turbines  suffer  from  both  decreasing  output  power  and  efficiency as  the 

ambient temperature increases because the air becomes less dense (which results in less 

mass flow rate). Gas turbine inlet air fog cooling is considered as a cost-effective solution 

[1]. Fog cooling is done by spraying micro-scale water droplets into the gas turbine inlet 

[2].  Some  of  the  droplets,  through  evaporation,  absorb  heat  from  the  air,  while  the 

remaining droplets enter the compressor as overspray, which leads to further cooling of the 

compressor [1]. However, this particular approach causes Liquid Impingement Erosion 

(LIE) of the compressor blades, as shown in Figure 1-1 [3], resulting in performance 

degradation and a reduction in service life of the compressor blades. 

 

 
 

Figure 1-1 Gas Turbine Engine [3]. 
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This study will look at current methods used to improve LIE resistance and the 

potential of low plasticity burnishing to reduce the compressor blade erosion. The objective 

will be to study the parameter of LPB and design a process which can later be tested for its 

use in improving LIE performance. 



3  

Chapter 2 

Literature Review 

 
2.1 Turbine inlet cooling and droplet-induced erosion 

 
2.1.1 Turbine inlet cooling 

 
In the power generation industry, ambient air temperature plays a very important 

role in the performance of gas turbines. Meher-Homji et al. [1] found that, 1°F increase in 

the ambient temperature leads to 0.3-0.5% decrease in the gas turbine output power. This 

particular correlation between the output power of a gas turbine and the ambient 

temperature was also confirmed by the U.S. Department of Energy [4]. They reported a 

loss of 9% in the output capacity of gas turbines in the summer time, when there is a 

relatively higher ambient temperature, compared to that of the winter time. This was 

attributed to the decrease in the air density commensurate with an increase in the ambient 

temperature [2]. Thus, the actual mass of intake air decreases, since each gas turbine is 

designed to intake a fixed volume of air [2]. As a result, the gas turbine efficiency and the 

output power capacity decrease [2]. 

Therefore, there is a need for turbine inlet cooling (TIC); to cool the intake air 

before it enters into the turbine compressor. Inlet fog cooling is the most popular method 

being used since it has been proven to be the most effective method, cost-wise [5]. During 

the fog cooling process, as shown in Figure 2-1 [5], micro-scale water droplets are sprayed 

into the turbine inlet and they absorb the heat from the air by evaporation. Some of the 

droplets do not evaporate and they enter into the compressor (overspray) with the air, 

leading to further cooling [1]. However, this approach also leads to liquid impingement 

erosion  (LIE)  of  the  rotating  blades  in  the  compressor,  resulting  in  performance 

degradation and reduction in service life of the compressor blades [6, 7]. 
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Figure 2-1 Image of typical gas turbine inlet cooling (TIC) [5]. 

 
 

2.1.2 Liquid impingement erosion (LIE) mechanism 
 

Thus far, LIE has been treated as a purely mechanical phenomenon [8]. Several 

theories [8–11] have been put forward to understand LIE damage. Most of these theories 

are based on the concept of water-hammer pressure and shock wave propagation. Water- 

hammer pressure refers to the high pressure generated as a result of the collision of high 

velocity water droplets with the target solid surface, coupled with the compressibility of 

the liquid droplet [11]. The high velocity impacts of the water droplets develop stress 

concentrations in the solid workpiece. Thus, stress waves are induced and transmitted 

beneath the target surface [9, 11]. 

Generally, the evolution of LIE damage follows its initiation by a ductile fracture 

mechanism (microvoid nucleation, growth and coalescence). A general description of the 

erosion damage is illustrated in Figure 2-2 [12]. It is mainly divided into 4 stages: surface 
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'  I 

roughening,  formation of small pits and micro cracks, crack propagation and formation of 

larger pits, and material removal. 

 
Water droplet impact 
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Figure 2-2 The mechanism of LIE material removal [12]. 



6  

Surfaces are usually roughened due to the collision with water droplets, forming 

what are called slip bands. Adler [13] linked this behavior to the formation of surface 

depressions upon impact of the water droplets, extruding part of the surface around the 

impact zone; hence, increasing the surface roughness. 

Jolliffe [14] also explained the formation of the slip bands with the aid of a 

schematic diagram shown in Figure 2-3. Water droplets impacting a previously formed 

depression induce a water hammer pressure inside the crater. As the compressed liquid 

moves, it pushes the edges of the depression causing their plastic deformation in the form 

of extruded (emerging) edges. 

 

 
 
 
 
 
 

Figure 2-3 Formation of the slip band [14]. 
 

As the slip bands are formed, lateral jet pressure acts to initiate microcracks on the 

rough surface, as shown in stage 1 of Figure 2-2. As a result of stress wave propagation in 

the specimen, it forms micro- and macrocracks (Meng et al., 1998) [15]. This can be 

attributed to the abundance of stress concentration locations on the surface which lead to 

the formation of more surface microcracks upon successive water droplets impingements. 

Cracks start to propagate along grain boundaries as described in stage 2 of Figure 2-2. 

As the surface cracks merge, unsupported material particulates that detach from the 

specimen forming larger pits are created as illustrated in stage 3 in Figure 2-2. Further 

impingements acting on the fracture surface initiate more microcracks known as secondary 

microcracks. Due to the increased surface roughness, more stress concentration locations 

are present as sketched in stage 4 in Figure 2-2. 
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Experimental evidences [10, 14, 15] indicate that, under a wide range of LIE 

conditions, the weight loss of a material subjected to repeated impingements of liquid 

droplets varies with time (erosion rate) as shown in Figure 2-4 [8]. The evolution of LIE 

could  be  divided  into  5  stages.  In  sequential  order  they  are:  "incubation  period, 

acceleration period, maximum rate period, deceleration period and terminal period" [8]. 

The description of the stages is as follows: 

① Incubation period: In this stage, there is negligible material loss. However, this period

 
may not appear if the impact conditions are too severe. 

② Acceleration period: It is characterized by rapid increase in erosion rate to a maximum

 

value. 

③ Maximum rate period: The erosion rate, in this period, remains relatively constant.

 

④ Deceleration period: During this stage, the erosion rate declines to (normally) 1/4 to 1/2

 
of the maximum rate. 

⑤ Terminal period: This is the last stage of the evolution of LIE. The erosion rate is

 
expected to remain constant, once again, indefinitely. However, in some cases, the erosion 

 
rate fluctuates in this stage. 

 

 

 

Figure 2-4 LIE damage stages [8]. 
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2.1.3 Factors affecting Liquid impingement erosion (LIE) 
 

LIE of the compressor blades of gas turbines is a very complex mechanical 

phenomenon and is significantly affected by many parameters such as: impact velocity, 

impact  angle,  droplet  size,  droplet  shape,  frequency  of  impacts,  and  impingement 

resistance of target material [16–23]. 

 

1) Impact velocity 

 
The impact velocity is defined as the relative velocity between droplets and rotating 

blades,  which  is  the  vector  sum  of  the  absolute  droplet  velocity  and  the  peripheral 

rotational velocity of the blades [13, 17]. 

Impact velocity is one of the most important parameters that significantly affect the 

erosion rate; their relation could be demonstrated by a Power Law equation of the form: 

E ≡ V
n 

(1) 

 
where E is erosion rate, V is impact velocity, and n is a material dependent constant. For 

 
Ti64 alloy, n was reported about 7 [16, 21]. 

 

 
2) Impact angle 

 
Impact angle is another important parameter affecting LIE. Ahmad [27] reported 

that maximum erosion occurs at an impact angle of 90°. When the impact angle deviates 

from the normal direction, the erosion rate will be affected due to the decrease of the 

normal impact velocity. However, the impact angle, to some extent, has been regarded as 

an unstable parameter in the literature, due to the continuous change of the surface 

roughness during the impingement process [6, 8]. 
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3) Droplet size 

 
Droplet size is another important parameter that significantly affects the LIE. Wang 

et al. [28] found that the cooling effectiveness tends to decrease when the droplet diameter 

is larger than 50 µm. Also, large droplets with high kinetic energy impact the leading edge 

of the compressor blade [20], causing increased erosion rate and more severe crater and 

pitting damage on the blades, especially on the blades tips [29]. The use of smaller primary 

droplets with a typical size of 5 to 10 µm is a common practice not only to improve the 

cooling effectiveness but also to reduce the water droplet erosion [28]. 

 

4) Droplet shape 

 
The injection force, the gravity, and the reaction force, upon collision, could affect 

the actual shape of the water droplets, making them not to be perfect spheres. This might 

affect the LIE. A flattened droplet, with a larger equivalent diameter, has been proven to be 

more damaging, because it behaves effectively as a larger droplet [30]. This indicates the 

importance of studying the effect of the shape of the impacting droplets. However, in this 

work care is taken to assure as uniform droplets as possible. 

 
 
 

2.1.4 Potential mechanical surface treatment solutions for LIE 
 

Studies have not yet successfully correlated LIE resistance with any independent 

measurable material property [30].  Rather, it depends on  a combination of properties 

whose relative importance may differ depending on the variables, such as the nature of the 

substrates and erosion conditions [28–30]. 

Surface treatments, such as shot peening (SP), could be a reference for a potential 

solution to LIE. SP is one of the most widely-used surface treatments, which introduces a 
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high magnitude of local residual stress with high percentage of cold work by bombarding 

the surface of the material with solid particles. It enhances the fatigue life of the materials, 

but it entails high cold work percentage and produces a  rough surface finish, which might 

not be beneficial for LIE resistance [31, 32]. 

Laser shock peening (LSP) is another widely-used technique to enhance the 

properties of the material, such as fatigue life [36]. Since the process involves the usage of 

laser technology, the cost is relatively high and the processing time is long. Robinson et al. 

[37] applied LSP to Ti64 to study its LIE performance. For the tests, they [37] used an 

impulsive water jet that produced 100-micron droplets size at an impact speed of 500m/s, 

and the total test period was 25 hours. The results showed an improvement of 20-25% in 

mass loss, compared to the untreated samples under the same erosion condition. The 

improvement was attributed to the combined effects of the existence of 400μm depth 

homogeneous martensitic (α’) microstructure on the surface of Ti64, and an up to 10% 

increase in micro-hardness. 

Low Plasticity Burnishing (LPB) is another important surface enhancement 

technique. Improvement of both high cycle and low cycle fatigue life is the most popular 

application of LPB [33, 35–37]. However, its effectiveness in LIE is yet to be established. 

The details of LPB will be discussed in the following section. 

 
2.2 Low plasticity burnishing (LPB) 

 
The LPB parameters are reviewed here in order to design the best process for LIE 

tests. The LPB process develops a deep layer of high magnitude compressive residual 

stress, with improved surface finish but minimal cold work, which provides the thermal 

stability of the compressive residual stresses produced [38, 39]. LPB can be performed 



11  

with either CNC or conventional machines. The process involves a pass or multipass of a 

smooth free rolling spherical ball tool on the surface of a workpiece, under a normal force 

sufficient to plastically deform the surface of the workpiece, as shown schematically in 

Figure 2-5 [43]. The hard ceramic burnishing ball is supported in a fluid bearing and is 

lifted off the surface of the retaining spherical socket. The ball is in mechanical contact 

only with the surface to be burnished; hence, it is free to roll in any direction [44]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-5 Schematic of LPB process [43]. 
 
 

LPB develops subsurface Hertzian contact stresses (residual stresses), which act 

parallel to the burnished plane. With sufficient normal pressure, the subsurface stress 

exceeds the yield strength of the workpiece, reaching a maximum beneath the surface, 

thereby producing deep subsurface compression [45]. 

 
2.2.1 Process parameters of LPB 

 
The significant processing parameters of LPB are: feed rate, normal force provided 

by the hydraulic pump, LPB ball material, LPB ball diameter and number of passes [43– 

46]. With a poor choice of processing parameters, the workpiece surface could be left 
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nearly stress-free or even in tension [50, 51]. Hence, process optimization has to be used to 

select parameters that leave the treated surface in compression. 

 
2.2.2 Characterization of LPB process 

 
LPB produces a good surface finish and induces a relatively a high compressive 

residual stress at the substrate surface. The change in surface characteristics, due to LPB, 

can cause improvement in surface hardness, wear resistance, fatigue resistance, yield and 

tensile strength [38, 48, 49]. Thus, studying the influence of different LPB conditions on 

different properties is essential. 

As a cost-effective surface enhancement technology with processing speed 

comparable to those of conventional machining operations, LPB is widely used for many 

applications. Deep compression produced by LPB could improve the fatigue strength of 

engine parts made of IN718, Ti64, and Al 7075-T6 alloys [46, 50–53]. These advantages of 

LPB have attracted attention of US Air Force and US Navy, and the process has been 

investigated for potential use in aircraft industry [58]. Application of LPB to the 

manufacturing of compressor blade is shown in Figure 2-6 [59]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-6 LPB application to an engine compressor blade using four-axis CNC milling machine [59]. 
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1) The compressive residual stress induced by LPB 
 

An LPB treated workpiece has a maximum magnitude of compressive residual 

stress just below the surface with a small equilibrating tensile stress inside the workpiece, 

as shown in Figure 2-7 [36]. When considering the compressive residual stress, the depth 

of the compression and its magnitude are very important. The reviews of different LPB 

processing parameters on the residual stress distribution are as follows: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-7 Residual stress distribution of a LPB treated workpiece [36]. 
 
 

a) The effect of LPB load on residual stress distribution 
 

Finite element analysis and experimental study (Figure 2-8) have been used to 

investigate the effect of LPB load on residual stress distribution [50]. The results showed 

that both the magnitude and the depth of compressive residual stress increase with 

increasing the LPB load. This effect is synonymous with increasing the laser intensity in 

the LSP process [42, 50]. However, the depth where the maximum compressive residual 

stress occurs stays almost the same [59]. 
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Figure 2-8 FEM and experimental results of the effect of different pressure on residual stress 

distribution [50] 

 

 
b) The effect of LPB ball material on residual stress distribution 

 

 
 

Several studies [33, 38, 57, 58] were conducted to verify the effect of LPB ball 

material on residual stress distribution. There was no noticeable difference in the residual 

stress  distribution  obtained  with  the  use  of  chromium  steel,  beta-silicon  nitride,  and 

tungsten carbide burnishing balls. Hence, the effect of burnishing ball material on residual 

stress is negligible. 

 

c) The effect of LPB ball diameter on residual stress distribution 
 

 
 

Sartkulvanich et al. [60] studied the effects of LPB ball diameter on residual stress. 

Using a larger burnishing ball led to a slight increase in maximum compressive residual 

stress and much deeper compression layer, this is due to the fact that a larger ball presses 

down the near-surface material more repeatedly and uniformly when compared to LPB 

with a smaller ball as shown in Figure 2-9 [50]. Although using different sizes of LPB balls 
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did not affect the depth where the maximum compressive residual stress resides. 
 

 
 

 
Figure 2-9 FEM and experimental results of the effect of ball diameter on residual stress distribution [50]. 

 
 

d) The effect of overlapping ratio on residual stress distribution 
 

Multipass LPB has been used to study the effect of different overlapping ratios on 

residual stress distribution [59, 60]. According to the finite element modeling results of 

Zhuang and Wicks [64], as shown in Figure 2-10 [64], the magnitude and the depth of the 

compressive residual stress induced by the 2-pass LPB are greater than those of a single 

pass LPB. However, the experimental work of Salahshoor and Guo [42] showed that 

overlapping ratio has no significant influence on the residual stress distribution, as shown 

in Figure 2-11 [42]. 
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Figure 2-10 FEM result of multipass LPB on residual stress distribution [64] 

 

 
Figure 2-11 Experimental result of the effect of different overlapping ratios on residual stress distribution [42]. 

 
 

2) The effect of LPB on microhardness 
 

The near-surface microhardness depth profiles of an LPB treated Ti64 samples 

showed a 10% increase in hardness compared to virgin Ti64, as shown in Figure 2-12 [65]. 

This could be due to the existence of a work-hardened layer after surface treatment [65]. 

However, the trend  line  was  not convincing since it  was  not well  matched with the 

scattered readings of the microhardness. The claimed 10% increase of the microhardness 
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induced by LPB at the near-surface region could be within the difference of microhardness 

between α and β phases. 

 
Figure 2-12 In-depth microhardness profile of LPB (Deep Rolling) and LSP treated Ti64 alloy [65]. 

 

Luo et al. [48] performed a parametric study of the effect of LPB parameters on the 

surface microhardness. The parameters that had an influence on hardness, in decreasing 

order of importance, were burnishing feed, pressure, ball diameter and number of passes 

[66]. Figure 2-13 [67] shows the relationship between the burnishing feed f,   and the 

surface microhardness of two different materials. The results showed that the surface 

microhardness of both materials increased with an increase in the feed rate of the LPB 

process. 
 

 
 
 
 
 
 
 
 
 
 

(a) (b) 

Figure 2-13 Correlation of the burnishing feed with surface microhardness: (a) Specimen material: H62LY12, 

n=4000r/min, burnishing depth d=3.5µm; (b) Specimen material: LY12, n=3000r/min, burnishing depth d=2µm 

[67]. 
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While  in  terms  of  the  correlation  of  the  burnishing  pressure  and  surface 

microhardness, results in Table 2-1 [68] show that for both heat-treated steel and Inconel 

718, the surface microhardness improved by increasing the burnishing pressure. 

 
Table 2-1 Vickers hardness of heated-treated steel and Inconel 718 near to the LPB treated surface [68] 

 

 

Burnishing pressure 

(normal force) 

 

Surface hardness of 

heat-treated steel 

 

Burnishing pressure 

(normal force) 

 

Surface hardness of 

Inconel 718 

0 MPa 32 HRC 0 MPa 41 HRC 

10 MPa (250N) 36 HRC 10 MPa (250N) 43.8 HRC 

15 MPa (375N) 37 HRC 15 MPa (375N) 44.6 HRC 

20 MPa (500N) 38 HRC 20 MPa (500N) 46.5 HRC 

 
 

 
3) The effect of LPB on surface roughness 

 
LPB has also been proven to improve surface roughness [57, 63]. The SEM images 

in Figure 2-14 [69] show the initial turned surface of Ti64 and the surface after LPB 

treatment. The LPB treated surface became much smoother and uniform, compared to the 

untreated surface. The direction of LPB operation is depicted by the arrow marks on the 

images. Mark 'G' in Figure 2-14 shows that sharp machining marks deformed due to the 

LPB process. According to Low and Wong [69], when the surfaces are under continuous 

compressive  load  during  LPB  operation,  the  sharp  asperities  deform,  resulting  in  a 

smoother and more uniform surface. SEM image of the LPB treated Ti64 also shows some 

of the undeformed asperities ('F' in Figure 2-14). 



19  

 

Figure 2-14 SEM image of Ti-6Al-4V surface before and after ball burnishing [69]. 
 

Studies [51, 67] show that, no single LPB process parameter has the dominant 

effect on the surface roughness. All the parameters are interacting. In the case of LPB 

treated AISI 1045 [71], a strong interaction between burnishing speed and ball diameter 

was noticed. In order to minimize the surface roughness value, it was recommended to set 

the burnishing speed, pressure, number of passes at high level and ball diameter at low 

level. For the LPB process of Ti64 [67], burnishing pressure and number of burnishing 

passes showed strong interaction. Higher number of passes was recommended to improve 

the surface roughness of Ti64. Hence, it is important to study the effects of the operating 

parameters of LPB on surface roughness in order to better characterize the LPB process. 
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4) The effect of LPB on microstructure 
 

There is relatively less information about the near-surface work-hardened 

microstructure induced by LPB and its influence on fatigue behavior. Figure 2-15 [73] 

shows TEM images of Ti64 near-surface nanocrystalline grain structure after LPB surface 

treatment at different temperatures. Nalla et al. [65] studied the correlation between the 

thermal stability of this nanoscale microstructure and fatigue resistance of Ti64. The near- 

surface nanocrystalline structure stayed perfectly stable up to 500-550
o
C as shown in 

Figure 2-15, where complete release of the applied compressive residual stresses has 

occurred,  as  shown  in  Figure  2-16  [65].  In  conclusion,  the  improvement  of  fatigue 

resistance after LPB treatment at elevated temperatures could be attributed to the existence 

of the thermally stable, near-surface, nanocrystalline grain structure [65, 73, 74]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-15 Near-surface microstructure of LPB treated Ti–6Al–4V after thermal exposure at temperatures 

between ambient and 850
o
C [65]. 
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Figure 2-16 Release of residual stresses of LPB treated (Deep Rolled) Ti64 at elevated temperatures [65]. 
 

 
2.3 Evaluation and comparison of LPB with LSP and SP 

 
All these surface enhancement techniques are aimed at developing a layer of 

compressive residual stress using mechanical deformation. However, the techniques differ 

in terms of how the surface is deformed, the form and magnitude of the residual stress and 

plastic deformation distributions developed in the surface layers [55]. General evaluations 

and comparisons were made among these three surface enhancement techniques, as shown 

in Table 2-2. 

Table 2-2 Evaluation and Comparison of LPB with LSP and SP 
 

 

Surface 

Enhancement 

Techniques 

 

 

Cold work 

Percentage 

Depth of 

Compressive 

Residual 

Stress 

 

 

Surface 

finish 

 

 

Processing 

time 

 

 
Cost 

 

LPB 
 

Low 
Deep 

>1mm 

 

Mirror like 
 

Moderate 
 

Moderate 

 

SP 
 

High 
Shallow 

0.2-0.5mm 

 

Poor 
 

Fast 
 

Low 

 

LSP 
 

Low 
Deep 

>1mm 

 

Worsen 
 

Slow 
 

High 



22  

2.3.1 Residual stress profiles 
 

Figures 2-17 [68] and 2-18 [75] show comparisons of residual stress profiles among 

various surface treatments. In general, SP generates relatively shallow depths of high 

magnitude compressive residual stresses. With LSP, the depth of induced compressive 

residual stresses is significantly greater than that produced by SP. On the other hand, LPB 

generates high magnitude of compressive residual stresses through a deeper thickness of 

the substrate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-17 Comparison of residual stress profiles induced by SP, LSP and LPB for IN718 [68]. 
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Figure 2-18 Residual stress–depth distribution in Ti–2.5Cu (SHT) after various surface treatments (SP=shot 

peening, BB=ball-burnishing, LSP=laser shock peening, USP=ultrasonic shot peening, SHT=solid solution heat 

treatment) [75]. 

 
2.3.2 Cold work percentage 

 
Comparison in terms of the degree of cold work among three surface treatment 

techniques was made as shown in Figure 2-19 [68]. A high amount of cold work (up to 30- 

40%) is achieved by repeated application of SP. For the LSP process, the degree of cold 

work (9%) is beneficially less for the same peak compressive residual stress produced by 

SP. LPB generates the least amount of cold work (4%) for the same peak compressive 

residual stress at the surface [36, 68]. The minimized plasticity could be attributed to the 

configuration of the LPB tool constituted by a free rotating ball, which reduces the friction 

with the workpiece surface [38, 64]. 
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Figure 2-19 Degree of cold work of SP. For LSP process [68]. 
 

 
2.3.3 Residual stress relaxation 

 
Although the mechanism of residual stress relaxation still needs to be investigated, 

it has been found that the degree of cold work induced during residual stress generation 

will influence the rate of thermal relaxation of the residual stresses [65]. A comparison 

study of thermal relaxation for a variety of surface treatment technologies has been 

conducted, the results indicated that compressive residual stresses at heavily cold worked 

SP surfaces  relaxed  very  rapidly,  compared  with  that  of  a  low  cold  worked  surface 

produced by LSP and LPB [65, 68, 74, 76]. 

 
2.3.4 Surface finish 

 
SP produces a poor surface finish by bombarding the workpiece with hard shots, 

resulting in localized plastic deformation (Figure 2-20 b). However, LPB improves the 

surface close to a mirror-like finish after the process (Figure 2-20 a). While in the case of 

LSP, the surface finish could be worsened after the treatment (Figure 2-20 c) [75]. 
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Figure 2-20 Images of the mechanically treated surface (a) LPB, (b) SP and (c) LSP [75]. 

 
 

2.3.5 Cost and processing time 
 

LSP is the most expensive and the slowest, compared to SP and LPB, and it is the 

most difficult to incorporate into an existing machine shop environment, while LPB can be 

carried out on existing CNC or conventional machines, at speeds comparable to 

conventional machining processes such as surface milling [38, 58, 75]. 

 
2.4 General properties of Ti6Al4V 

 
Titanium alloys are used as base material for the compressor of the gas turbine 

blades. They are also used as erosion shield material for the last stage rotor blades in large 

steam turbines, because of their high strength to weight ratio and better erosion/corrosion 

resistance [18].  Ti64 is the most widely used titanium alloy. Ti64 contains 6% aluminum 

(Al) and 4% vanadium (V), making it an alpha-beta alloy. Table 2-3 shows a typical 
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chemical composition of Ti64. It has a density of roughly 4.4 g/cm
3
, compressive yield 

strength of 970 MPa, and tensile yield strength of 880 MPa. Although Ti64 has good 

mechanical properties, LIE remains a problem. 

Table 2-3 Chemical composition of Ti64 (wt. %) [77] 

 Al V C N O H Fe Y Others Ti 

Min. 5.5 3.5 - - - - - - - - 

Max. 6.75 4.5 0.08 0.5 0.2 0.0125 0.3 0.005 0.1 Balance 

 

 
2.5 Objectives of the present work 

 
Previous studies have introduced LSP and SP as potential solutions for LIE of Ti64. 

However, no study has been performed to study the effects of LPB on the water erosion 

resistance of Ti64. Therefore, the present work aims at filling this research gap. 

The objective is to undertake a series of tests to measure the water erosion 

performance of Ti64 that has been treated by a LPB process. In order to find suitable 

process parameters for this LPB process, an investigation of the principal LPB parameters 

(the feed rate, spindle velocity, number of passes and pressure) on Ti64 were undertaken. 

The optimized process will then be used for the liquid impingement coupon. 

Residual stress distribution, microhardness and surface roughness measurements were 

conducted to characterize the LPB process. 

Since LIE resistance depends on a combination of different properties of the 

material, the present work is expected to establish the correlation between the LIE 

performance and the properties of Ti64 improved by LPB. 

The present study aims at: 

 
 Optimizing the LPB process parameters in order to obtain much deeper and larger 

compressive residual stress. 

http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Tensile_strength
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 Investigating the effect of hardness on the LIE performance of Ti64. 

 
 Investigating the effect of compressive residual stress on the LIE performance of 

 
Ti64. 

 
 Studying the LIE mechanisms of LPB-treated and non-treated Ti64. 
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Chapter 3 

Experimental Methodology 
 

This chapter introduces the material processing, as well as the parameters used for 

the  LPB  treatment. Furthermore, the  methods  used  for  evaluating surface  roughness, 

microhardness, residual stress,  microstructure and  water  droplet  impingement test  are 

described. Figure 3-1 shows a brief description of the research methodology used during 

this work. The Ti64 alloy was received from Performance Titanium Group (San Diego, US) 

in the form of a square plate. The as-received Ti64 plates were then cut and LPB treated. 

The burnished alloys were then subjected to several characterization processes such as: 

microhardness, microstructural, surface roughness, residual stress and LIE measurements. 

 
 

Figure 3-1 Research methodology used in the present work. 
 

The detailed description of the experimental methodology is as follows: 
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3.1 Ti6Al4V sample preparation 
 

The Ti64 (AMS 4911) was received as an annealed plate with dimensions of 12 

inch × 12 inch × 0.6250 inch. It was cut into 16 small squares, with sides of 3 inches. The 

small squares were machined into small disks with 3 inch diameter. These disks were 

processed using different LPB parameters on a conventional lathe at Concordia University. 

Two T-shape LPB samples, as shown in Figure 3-2, were cut from each disk using a 

waterjet cutting machine. This particular design was made for the LIE-tested parts of both 

T-shape coupons to have the same strain rate after LPB treatment. The T-shape samples and 

cutting steps are shown in Figure 3-3. 

 

Figure 3-2 Schematic of the two T-shape samples cut from small disks. 
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Figure 3-3 Cutting steps for the T-shape samples. 
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3.2 Low plasticity burnishing 
 

The LPB equipment is from ECOROLL Company (Ohio, US). The equipment, 

shown in Figure 3-4, consists of a 6.6 mm hard ceramic ball able to process material up to 

65 HRC hardness equipped with a hydraulic pump that is able to provide pressures up to 

 
200 bars. Graphical representation of the LPB process is shown in Figure 3-5. It is carried 

out by mounting the burnishing tool on a manual lathe and then pressing the tool against 

the rotating Ti64 disk surface with the normal force provided by the hydraulic pump. 

 
Figure 3-4 LPB tool and hydraulic pump. 
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Figure 3-5 LPB process on a conventional lathe. 
 
 

3.3 Surface roughness 
 

The surface roughness of the various burnished samples was determined by means 

of an electronic contact profilometer instrument (Mitutoyo Surftest SJ-210). The arithmetic 

mean roughness (Ra) was used to represent the surface roughness. The average of five 

roughness measurements was taken for each LPB sample. 

 
3.4 Microhardness 

 
3.4.1 Surface microhardness 

 
The surface microhardness was determined using a square-base pyramid-shaped 

indenter (Mitutoyo Surftest SJ-210) for testing in a Vickers tester. A nominal force of 100 

gram-force (gf) and a loading time of 15 s were used for the tests. The average of five 

measurements  was  taken  at  the  surface  of  each  sample  to  evaluate  the  surface 

microhardness improvement after LPB treatment. 

3.4.2 In-depth hardness profile 
 

Nano indentation measurements were performed to construct the hardness-depth 

profiles, as shown in Figure 3-6. The measurements were repeated twice for each sample 

and the average of two measurements was taken at each depth. The cross-sectioned LPB 
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samples were polished down to 1-micron. The measurements were taken across the depth 

at an interval of 0.025 mm starting from the edge of the burnished surface and going 

toward the center. The total depth of measurements was around 0.8 mm. 

 
Figure 3-6 Schematic for in-depth hardness measurement. 

 
 

3.5 Microstructural analysis 
 

Hitachi S-3400N Scanning Electron Microscope (SEM) was used to observe the 

microstructure of the Ti64 sample before and after the LPB surface treatment. The surface 

preparation of the samples was done the same way as that of the cross-sectioned samples 

used in in-depth hardness measurements. SEM was also used to study the LIE mechanism 

of the tested samples. 

 
3.6 Residual stress: incremental hole drilling method (IHD) 

 
The Incremental Hole Drilling Method (IHD) was used in the present work to study 

the compressive residual stress distribution induced by various LPB conditions. The hole 

drilling method is a well-established and widely accepted technique for measuring residual 

stress.  A strain gauge  rosette is  first  bonded  to  the  surface of  the  component under 
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investigation. A hole is then drilled using carbide tipped drill with 1.5 mm diameter driven 

by an air-turbine with a rotational speed of 200,000 rpm into the component through the 

center of the gauge to a depth approximately equal to half its diameter, as shown 

schematically in Figure 3-7. The original stress state in the component is then calculated 

from the relieved strain values according to ASTM E 837–01. Both the magnitude and 

directions of principal stresses are calculated [78, 79]. During the IHD measurement, the 

carbide tipped cutter is milling and drilling the workpiece at the same time as can be seen 

in Figure 3-7. As a result of that, a flat-bottom hole was made, as shown in Figure 3-8; this 

was aimed at avoiding stress concentrations for each increment of stress measurement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-7 Process of carbide tipped cutter milling the hole [80]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-8 A flat-bottom hole was drilled after each increment of IHD measurement [78]. 
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Target site surfaces were prepared for gauge installation by two very light passes of 

 
400 grade abrasive paper followed by thorough degreasing. One rosette (CEA-06-062UL- 

 
120), as shown in Figure 3-9 was installed on the surface of each sample with elements 1 

and 3 aligned as shown in Figure 3-10. These directions also refer to stresses σ1 and σ3 in 

the subsequent results sheets. For all the 16 samples, gauges were installed and drilled at 

the same position in relation to the curved surface as shown in Figure 3-10. 

 

Figure 3-9 The schematic of CEA-06-062UL-120 strain gauge [81]. 
 
 
 

 
Figure 3-10 The positions of the stain gauge as installed. 
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Each sample in turn was cemented to an angle plate. Gauges were drilled using a 

miniature PC-controlled orbital driller; depth increments were set at 4 x 32 μm + 4 x 64 μm 

+ 8 x 64 μm, giving a completed hole depth of 1,408 μm. Figures 3-11 and 3-12 show the 

arrangement for incremental drilling. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-11 The arrangement for incremental drilling. 

 

 
Figure 3-12 The arrangement for sample of incremental drilling. 
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3.7 Water droplet erosion test 

 
3.7.1 Water droplet erosion rig 

 
The water droplet erosion test was done using the rig as shown schematically in 

Figure 3-13. It simulates the working condition of the compressor blades and could reach 

the maximum testing speed of 20,000 rpm with the rotating disk. Three different designs of 

coupons are used for different testing speeds, as shown in Figure 3-14. The flat coupon as 

shown in Figure 3-14 (a), coupled with the L-shaped sample holder, was used in the LIE 

tests with impact speed lower than 350m/s; the T-shape coupon shown in Figure 3-14 (b) 

could be tested in the LIE tests with impact speed up to 500m/s; the L-shape coupon Figure 

3-14 (c) is designed for the LIE tests with the impact speed up to 350m/s. The rig has two 

camera ports, top and side, to observe water impingement using a high-speed camera. 

 

Figure 3-13 Schematic of the Water Erosion Rig. 
 

The experiments were performed using pressurized deionized water, supplied by a 

vacuum pump and injected through orifice nozzles with diameters of about 400 μm and 
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600 μm. The experimental parameters of this rig were set up empirically using the DOE 

method. The initial water pressure was fixed at 30 psi. The stand-off distance between the 

nozzle and the specimen was set at 50 mm. The flow rates of the 460 μm and 630 μm 

droplets were set at 0.05L/min and 0.1L/min, respectively. Two water droplet impingement 

speeds; 250 m/s (10000 rpm) and 350 m/s (14000 rpm) were used for both sizes of droplets. 

 
Figure 3-14 Coupons for LIE tests at different impact speeds: a) flat coupon coupled with the sample holder; b) T- 

shape coupon; c) L-shape coupon. 
 

 
 

3.7.2 Water droplet size determination system 
 

Since water droplets have a broad size distribution, normally, the mean diameter is 

used in the prediction of erosion for convenience. In this study, a high-speed camera was 

setup and aimed at a transparent glass water box which simulates the same conditions of 

the water droplet erosion testing rig as shown in Figure 3-15. Full resolution pictures (500 

frames per second) were taken to measure the droplet size. 200 readings of the droplets 

size were recorded and the droplets size distributions were plotted. 
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Figure 3-15 High-speed camera setup for water droplet size measurement. 
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Chapter 4 

Results and Discussions 
 

A systematic study of the parametric effects contributing to the surface roughness, 

surface microhardness and residual stress of LPB treated Ti64 was conducted. Furthermore, 

the LIE performance of LPB treated Ti64 was evaluated. 

A design of experiments (DOE) approach was used for evaluating the parametric 

effects of LPB treatment. It was carried out using 2-level full factorial (2
k
) design 

considering randomization and replication of experiments since one-factor-at-a-time 

approach cannot give a clear picture of the effect of parameter interaction. A 2-level full 

factorial design of experiment is an experiment whose design consists of two or more 

factors, each with discrete two possible values ("+" and "-") or levels ("high" and "low" 

level). It consists of every combination of the levels of factors in the experiment [82]. 

When analysing the full factorial design, several statistical terminologies were used 

in this study, which are explained as follows. 

Main  effects  refer  to  the  effect  of  a  single  factor  on  a  specific  experimental 

response. In contrast, factor interactions occur when the effect of a factor depends on the 

level setting of another factor. 

A Pareto chart could be used to examine the significance of these estimated effects. 

The output of Pareto chart could be affected by the chosen confidence interval (α), which is 

used to indicate the reliability of an estimate of the effects [82, 83].  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. 
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4.1 Low plasticity burnishing (LPB) 
 

The parameters involved in the DOE for the present study are: spindle velocity 

(Factor A), burnishing feed (Factor B), number of passes (Factor C), burnishing pressure 

(Factor D) and the other parameters were held constant, such as burnishing ball material 

and diameter. 

Each of the four selected parameters was utilized at two different levels with their 

respective coded values as indicated in: a low level (-1) and a high level (+1). The values 

of each level, as listed in Table 4-1, were determined from the available literature [39, 67] 

and recommendations gained from the manufacturer of the LPB equipment (ECOROLL). 

Table 4-1 Process Parameters of LPB. 

Level 

 
Parameters 

 

 
High (+1) 

 

 
Low (-1) 

 
Spindle Velocity (rpm) 

 
150 

 
75 

 
Feed (mm/r) 

 
0.20 

 
0.06 

 
Number of Passes 

 
3 

 
1 

 
Hydraulic Pressure (bar) 

 
200 

 
100 

 

 
 

The design table of LPB processing conditions was constructed with the parameters 

and corresponding coded values in Table 4-1. Sixteen Ti64 disks were treated using 16 

different LPB conditions as shown in Table 4-2. Each LPB-treated disk was engraved with 

the corresponding number in the last column (Order of Runs) of the table, and this is 

recognized as the LPB sample number in the following text. 
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Table 4-2 Combinations of parameters for LPB process. 
 

Observation 

Number 

A B C D  

Order of 

Runs 
Spindle V 

(rpm) 

Feed 

(mm/rev) 

 

#Pass 
Pressure 

(Bar) 

1 -1 -1 -1 -1 (1) 
 

2 
 

+1 
 

-1 
 

-1 
 

-1 
 

(2) 
 

3 
 

-1 
 

+1 
 

-1 
 

-1 
 

(15) 
 

4 
 

+1 
 

+1 
 

-1 
 

-1 
 

(16) 
 

5 
 

-1 
 

-1 
 

+1 
 

-1 
 

(4) 
 

6 
 

+1 
 

-1 
 

+1 
 

-1 
 

(3) 
 

7 
 

-1 
 

+1 
 

+1 
 

-1 
 

(14) 
 

8 
 

+1 
 

+1 
 

+1 
 

-1 
 

(13) 
 

9 
 

-1 
 

-1 
 

-1 
 

+1 
 

(5) 

10 +1 -1 -1 +1 (6) 
 

11 
 

-1 
 

+1 
 

-1 
 

+1 
 

(10) 
 

12 
 

+1 
 

+1 
 

-1 
 

+1 
 

(11) 
 

13 
 

-1 
 

-1 
 

+1 
 

+1 
 

(8) 
 

14 
 

+1 
 

-1 
 

+1 
 

+1 
 

(7) 
 

15 
 

-1 
 

+1 
 

+1 
 

+1 
 

(9) 

 

16 
 

+1 
 

+1 
 

+1 
 

+1 
 

(12) 

 

 
 
 

4.2 DOE analysis of surface roughness 
 

Tables 4-3 and 4-4 present the average surface roughness (Ra) values (average out 

of five readings) of the 16 different LPB-treated, and the untreated Ti64 substrate. Overall, 

the range in treatment parameters resulted in an Ra from 0.05 to over 0.212 μm for LPB- 

treated samples, while the initial Ra of the Ti64 is 0.35 μm. 
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Table 4-3 Surface Roughness of LPB treated Ti64. 
 

LPB 

Sample # 

 

Surface Roughness (μm) 

R1 R2 R3 R4 R5 Ave. 
 

1 
 

0.12 
 

0.09 
 

0.07 
 

0.09 
 

0.09 
 

0.09 

 

2 
 

0.14 
 

0.13 
 

0.10 
 

0.14 
 

0.15 
 

0.13 

 

3 
 

0.08 
 

0.09 
 

0.12 
 

0.09 
 

0.08 
 

0.09 

 

4 
 

0.07 
 

0.08 
 

0.06 
 

0.09 
 

0.08 
 

0.08 

 

5 
 

0.06 
 

0.06 
 

0.05 
 

0.06 
 

0.08 
 

0.06 

 

6 
 

0.07 
 

0.07 
 

0.10 
 

0.07 
 

0.09 
 

0.08 

 

7 
 

0.07 
 

0.06 
 

0.07 
 

0.07 
 

0.07 
 

0.07 

 

8 
 

0.04 
 

0.07 
 

0.05 
 

0.05 
 

0.04 
 

0.05 

 

9 
 

0.17 
 

0.14 
 

0.13 
 

0.13 
 

0.18 
 

0.15 

 

10 
 

0.13 
 

0.16 
 

0.13 
 

0.15 
 

0.14 
 

0.14 

 

11 
 

0.17 
 

0.16 
 

0.12 
 

0.14 
 

0.11 
 

0.14 

 

12 
 

0.12 
 

0.17 
 

0.19 
 

0.15 
 

0.08 
 

0.14 

 

13 
 

0.15 
 

0.16 
 

0.16 
 

0.14 
 

0.11 
 

0.14 

 

14 
 

0.15 
 

0.13 
 

0.21 
 

0.15 
 

0.14 
 

0.16 

 

15 
 

0.19 
 

0.19 
 

0.34 
 

0.14 
 

0.20 
 

0.21 

 

16 
 

0.15 
 

0.16 
 

0.16 
 

0.14 
 

0.11 
 

0.14 

 

Table 4-4 Initial surface Roughness of Ti64. 

 
Ti64 

Surface Roughness (μm) 

R1 R2 R3 R4 R5 Ave. 

0.22 0.30 0.41 0.50 0.31 0.35 
 

Figure 4-1 shows the general effect of the 16 different LPB conditions on surface 

roughness of the treated disks as compared to the initial surface roughness of the Ti64 
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substrate. It is evident that all the LPB conditions left the Ti64 surface with an improved 

 
surface finish, an example is shown in Figure 4-2. 
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0.35 
 

0.3 
 

0.25 
 

0.2 
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0.1 
 

0.05 
 

0 

Surafce Roughness of LPB Samples Surface Roughness of Ti64 Substrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

Numbers of LPB samples 
 

Figure 4-1 Surface roughness improvement on Ti64 after LPB treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Before LPB treatment After LPB treatment 

 
Figure 4-2  Surface finish of Ti64 disks before and after LPB treatment. 

 

The Pareto chart, shown in Figure 4-3, indicates that the burnishing feed has the 

most dominant effect on the surface roughness of Ti64. An improvement of 0.07 μm in the 

surface finish of Ti64 could be induced by decreasing the burnishing feed (Factor B) from 

the high level (0. 20 mm/rev) to the low level (0.06 mm/rev). Moreover, the Factor B 

shows a positive value according to DOE analysis, suggesting that the feed rate of the LPB 
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process works directly proportional to the surface roughness value. Hence, in order to 

minimize the surface roughness value, it is advisable to set the burnishing feed at a low 

level. 
 
 
 

0.072 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-3 Pareto chart of Ra. 

 
One of the full factorial methodology advantages over the one-factor-at-a-time 

experimental procedure is its ability to specify the interaction effect between any two 

factors. In general, treatments conducted with low level of feed rate resulted in lower Ra, 

which means smoother surface finish. The response surface plots shown in Figure 4-4 

highlight the interactions between the significant effect of the feed (Factor B) and the 

spindle velocity (Factor A), number of passes (Factor C) and the pressure (Factor D) on the 

Ra. 

It is worth noting that spindle velocity has little effect on Ra when LPB was 

operated under high level of pressure (200 bar) for 3 passes. The response surface shown in 

Figure 4-4 (a) was dominated by the change of the feed rate. While under the LPB process 

parameters with low level of pressure (100 bar) for single pass, increasing the feed rate 
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showed no effect on the Ra at high level of spindle velocity (Factor A), as shown in Figure 

 
4-4 (d). The response surface in Figure 4-4 (d) showed an increasing trend of Ra by 

increasing the spindle velocity at the low level of the feed rate, but a decreasing trend at the 

high level of the feed rate. Another interesting observation could be made in Figure 4-4 (c) 

and (f); the pressure showed a less pronounced effect on the Ra at the LPB condition of 

high levels of the feed rate (0.20mm/rev), spindle velocity (150rpm) and number of passes 

(3 passes), as shown in Figure 4-4 (c). However, the response surface of Ra showed a 

decreasing trend by increasing the pressure at low levels of the feed rate (0.06mm/rev), 

spindle velocity (75rpm) and the number of passes (1 pass), as shown in Figure 4-4 (f). 



 

4
7
 

 

 

 
 

Figure 4-4 Response surface plots of Ra Vs: a) V, f at high level of No. Pass and P; b) f, No. Pass at high level of V and P; c) P, f at high level of V and 

No. Pass; d) V, f at low level of No. Pass and P; e) f, No. Pass at low level of V and P; f) P, f at low level of V and No. P ass. 
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4.3 Results of hardness measurements 

 
4.3.1 DOE analysis for surface microhardness 

 
As a surface enhancement technique, LPB is expected to improve the surface 

properties of the material. Results of surface microhardness measurements of the tested 

samples are listed in Tables 4-5 and 4-6, with the average of five readings for each sample. 

Table 4-5 Results of surface microhardness of LPB samples. 

LPB 

Sample # 

Surface Microhardness (HV) 

R1 R2 R3 R4 R5 Ave. 

1 340.2 333.6 335 344.9 325.1 335.8 

2 348.16 395.3 361.1 369.1 395.3 373.8 

3 353.8 347.6 351.8 326.6 340.5 344.1 

4 355.9 324.2 334.7 339.0 340.3 338.8 

5 331.8 337.4 349.9 340.2 327.8 337.4 

6 349.1 335.3 358.0 344.2 332.1 343.7 

7 378.1 380.8 401.7 376.5 384.3 381.1 

8 396.6 333.2 392.4 391.4 395.3 381.8 

9 386.5 350.5 384.2 360.8 351.5 366.7 

10 393.8 358.1 390.6 395.6 413.8 390.4 

11 378.4 400.7 388.9 384.7 389.3 388.4 

12 345.4 387.3 388 394.0 352.7 373.5 

13 371 376.8 396.1 400.8 382.8 385.5 

14 389.7 389.8 355.2 355.8 353.0 368.7 

15 363.3 311.1 363.9 368.1 348.4 351.0 

16 340.0 366.5 357.1 322.4 344.7 346.1 

 
 

Table 4-6 Surface microhardness of Ti64 substrate 

 
 

Ti64 

 

Surface Microhardness (HV) 

R1 R2 R3 R4 R5 Ave. 

310.8 297.3 308.0 302.1 291.9 302.0 
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A comparison between the surface microhardness of the LPB-treated and non- 

treated Ti64 is presented in Figure 4-5, indicating an increase of 10 - 30% in the surface 

microhardness of Ti64 after LPB treatment, the value varying with the different process 

conditions. 
 

 
 
 

 
410 

 

390 
 

370 
 

350 
 

330 
 

310 
 

290 
 

270 

Surface Microhardness of LPB Samples 

Surface Microhardness of Ti64 Substrate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
 

Numbers of LPB samples 
 

Figure 4-5 Comparison of the surface microhardness between the LPB treated and non-treated Ti64. 
 

The Pareto chart shown in Figure 4-6 indicates that, the interaction effect (BCD) of 

the feed rate (Factor B), number of passes (Factor C) and pressure (Factor D) have the 

most significant effect on the surface microhardness of Ti64 at the 95% confidence level. 

In addition, the feed rate (Factor B) has a significant effect on the surface microhardness of 

Ti64. However, the level of its significance is less than that of the third order interaction 

effect, BCD. More details are provided by DOE analysis. The effect of the three-factor 

interaction (BCD)  is  inversely proportional  (negative effect)  to  the  magnitude of  the 

surface microhardness of Ti64, while the feed rate has a directly proportional effect 

(positive effect) on the surface microhardness. 



50  

 
 

13.60 HV 
-28.63 HV 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-6 Pareto chart of the surface microhardness (HV). 
 

Due to the presence of the significant three-factor interaction effect (BCD) on 

surface  microhardness  after  LPB  treatment,  it  is  important  to  study  the  nature  of 

interactions among the factors to obtain the optimized LPB condition for the sake of 

surface microhardness enhancement. As discussed above, in order to increase the surface 

microhardness of Ti64, the factors B, C and D should be combined in a way to build up a 

negative BCD effect, as presented in Table 4-7. 

Table 4-7 Combinations of the parameters showing a negative BCD effect. 

Third Order Interaction 

Effects BCD that are 

beneficial for surface 

microhardness 

 
Surface Hardness 

(HV) 

 

LPB 

Sample 

Number 

Factors 

B C D 
 

Feed 
Number of 

passes 

 

PRESSURE 

1) 385.5 & 368.7 #13 & 14 + + - 

2) 388.4 & 373.5 #10 & 11 + - + 

3) 335.8 & 373.5 #1 & 2 - - - 

4) 381.1 & 381.8 #7 & 8 - + + 
 
 

Practical interpretations were examined with the help of the response surface plots 

to verify the obtained parametric effects of the LPB conditions listed in Table 4-7 on the 

surface microhardness of Ti64. The corresponding response surface plots are shown in 

Figure 4-7. A maximum microhardness value of about 390 HV on the response surface was 
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identified for all four LPB conditions listed in Table 4-7. 

 
The results of the response surfaces indicate the dominance of the third order 

interaction effect (BCD) over the main effect (B), as shown in Figure 4-7 (b), (c) and (e). 

The surface plot in Figure 4-7 (b) reached the maximum values of surface microhardness at 

LPB conditions (2) and (4) listed in Table 4-7. The same observation could be made in 

Figure 4-7 (c) and (e); the surface plot reached the maximum values at the LPB condition 

(2) in Figure (c), and LPB condition (4) in Figure 4-7 (e). This is in accordance with the 

literature that, the main effects do not have much meaning when they are involved in 

significant interactions [82]. 

However, it is interesting to note that the pressure (Factor D) at low level of feed 

rate (Factor B) decreases the surface microhardness but increases it at high level of feed 

rate (Factor B) when the rest two factors (Factor A and Factor C) are set at their low level 

of values, as shown in Figure 4-7 (c). This explains the reason that a relatively smaller 

increment of surface microhardness value was observed in the LPB condition (3) listed in 

Table 4-7. 



 

5
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Figure 4-7 Response surface plots of surface microhardness Vs: a) V, No. Pass at high level of f and P; b) f, No. Pass at high level of V and P; c) P, f at 

low level of V and No. Pass; d) P, No. Pass at high level of f and V; e) f, Vat high level of V and P; f) P, V at high level of f and No. Pass. 



53  

4.3.2 In-depth hardness Profile 
 

Two LPB treated samples (LPB #10 and LPB #15, shown in Table 4-8) were 

chosen for the in-depth hardness profile measurement with a nano-indentation tester. The 

only difference in the process parameters between these two LPB samples is the pressure. 

LPB #10 was treated with a high level of burnishing pressure (200 bar), while LPB #15 

was treated with low burnishing pressure (100 bar). Two repeated tests were done for each 

sample to show the consistency of the results. 

Based on the in-depth hardness profiles (Figures 4-8 to 4-10), comparisons were 

made between the LPB-treated samples and the virgin Ti64 samples. It showed that there 

was no certain trend for the changes in hardness for the LPB-treated Ti64 compared to that 

of the non-treated Ti64. Similar scattered readings of in-depth hardness were obtained in 

the measurements of both the present work and the literature [65]. The hardness values lie 

in the range of 4 GPa to 6 GPa in all measurements. The average values were given by the 

most matching trend line drawn in the profiles. It indicates that the in-depth hardness of 

LPB-treated and non-treated Ti64 have the same average value of 5 GPa. The fluctuation 

in microhardness could be due to the dual-phase (α and β) microstructure of Ti64, as the 

more brittle α phase is harder than the more ductile β phase. Moreover, the comparison of 

the in-depth hardness profiles between the LPB sample#10 and LPB sample #15 (Figures 

4-8 and 4-9) indicates that the LPB pressure has little or no effect on the in-depth hardness. 
 

 
Table 4-8 Process parameters of LPB sample #10 and #15. 

 

LPB Sample 

# 

A B C D 

Spindle V 

(rpm) 

Feed 

(mm/rev) 

 

#Pass 
Pressure 

(Bar) 

10 75 0.20 1 200 
 

15 
 

75 
 

0.20 
 

1 
 

100 
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Figure 4-8 In-depth hardness profiles of LPB sample #10, replica #1 and #2. 
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Figure 4-9 In-depth hardness profile of LPB sample #15, replica #1 and #2. 
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Figure 4-10 In-depth hardness profiles of non-treated Ti64, replica #1 and #2. 
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4.4 Residual stress distribution 
 

The residual stress distributions of the 16 different LPB conditions were determined 

using the incremental hole-drilling method. Results from the individual target gauges are 

shown in Figures B-1 to B-3 (Appendix B). Each figure lists the relaxed strains recorded at 

16 drilling depths. Within the data reduction program, the strain data was subjected to a 

moving average smoothing process and then reduced to normal stresses (σ1 and σ3) and 

shear stress (τ13). The distributions of both directions of residual stresses (σ1 and σ3) show 

little or no difference, thus, the discussion will be on σ1 and it should be applied to σ3 as 

well. The values of shear stress (τ13) are negligible, compared to σ1 and σ3. 

The NPL Good Practice Guide [84] lists a number of contributors to stress 

uncertainty including factors arising from the component, the drilling process, the strain 

gauge and strain indicator. The strain gauge and indicator together are the greatest sources 

of uncertainty in the form of noise in the strain output. A random strain uncertainty in the 

range  of  ±  3  με  applied  to  the  strain  data  of  gauges  in  this  assessment  produces 

uncertainties of ± 34 MPa in σ1 and σ3 stresses over a depth range of 16 μm to 112 μm. 

This decreases to a minimum of ± 6 MPa at a depth of 512 μm and then increases 

again to ± 14 MPa at the final increment, because of reducing sensitivity. Uncertainties at 

other depths vary linearly between these values. Many of the other factors have been 

evaluated; the additional experimental error is estimated at ± 6%. Total uncertainty ranges 

over the depth range covered here may be calculated as: 

• ± 70 MPa (= ± 34 MPa ± 6% of –600 MPa) at depth 16 μm, 

 
• ± 88 MPa (= ± 34 MPa ± 6% of –900 MPa) at depth 112 μm, 

 
• ± 8 MPa (= ± 6 MPa ± 6% of 30 MPa) at depth 512 μm, 
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• ± 16 MPa (= ± 14 MPa ± 6% of 30 MPa) at depth 1024 μm. 

 
The DOE analysis was performed on the basis of the responses of maximum magnitude of 

residual stress (RS Max.) and the total depth of the residual stress (RS Depth). 

 
4.4.1 DOE analysis for the maximum magnitude of the compressive residual stress 

 
The Pareto chart in Figure 4-11 shows that the only LPB parameter significantly 

affecting the maximum magnitude of the compressive residual stress at 95% confidence 

level is the pressure (Factor D). The effect of the pressure (Factor D) is positive (227.63), 

indicating that the maximum magnitude of the compressive residual stress (RS Max.) 

works in direct proportion to the pressure. The Pareto chart (Figure 4-11) indicates that 

there would be an increment of about 230 MPa on the maximum magnitude of the 

compressive residual stress (RS Max.) by increasing the pressure from low level (100bar) 

to high level (200 bar). 
 
 
 

227.63 HV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-11 Pareto chart of the maximum magnitude (RS Max.) of the compressive residual stress. 
 

The response surface plots, shown in Figure 4-12, are used to provide a practical 

interpretation of the effect of the LPB pressure, as well as its interactions with other main 
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effects on the response (RS Max.). Generally, it could be observed in these graphs that the 

response surfaces follow the trend of the LPB pressure, reaching a maximum compressive 

residual stress of about 1100 MPa at its high level (200 bar). The maximum increment of 

the response (RS. Max) shown in the plots lies in the range of 200 MPa to 300 MPa, which 

verifies the conclusion obtained from the Pareto chart. 

It could be noted that the pressure (Factor D) leads the major trend of the respond 

surfaces   of   maximum  magnitude  of   the   compressive  residual   stresses;   however, 

fluctuations in the response surfaces were observed due to the minor effects induced by 

other processing parameters of LPB. The spindle velocity (Factor A) showed more 

pronounced positive effect at high level of pressure at the LPB condition of low level of 

feed rate and number of passes, comparing to that of low level of pressure, high level of 

feed  rate  and  number  of  passes,  as  shown  in  Figures  4-12  (a)  and  (d).  The  same 

observation could be made on the effect of the feed rate (Factor B) on the maximum 

magnitude of the compressive residual stresses, as shown in Figures 4-12 (b) and (e). The 

feed rate showed less effect at high level of pressure and number of passes, as shown in 

Figure 4-12 (b); while under low level of pressure and number of passes, the feed rate acts 

positively on the maximum magnitude of the compressive residual stresses at low pressure 

but negatively at high pressure, as shown in Figure 4-12 (e). Figures 4-12 (c) and (f) 

showed different effects of number of passes (Factor C) on the maximum magnitude of the 

compressive residual stresses under high and low levels of spindle velocity (Factor A) and 

feed rate (Factor B). 
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Figure 4-12 Response surface plots of RS Max. Vs: a) V, P at high level of f and No. Pass; b) f, P at high level of V and No. Pass; c) P, No. Pass at high 

level of V and f; d) V, P at low level of f and No. Pass; e) f, P at low level of V and No. Pass; f) P, No. Pass at low level of V and f. 
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4.4.2 DOE analysis for the total depth of residual stress 
 

Two significant factors on the total depth of residual stress were identified in the 

Pareto chart in Figure 4-13, which are the main effects of pressure (Factor D) and feed rate 

(Factor B), in decreasing order of significance. The effect of the LPB feed rate (Factor B) 

on the total depth of the compressive residual stress layer is negative (-95.87 μm), while 

the effect of the pressure (Factor D) is positive (220.37 μm). This suggests that LPB 

treatment processed at low level of the feed rate (Factor B) with high level of the pressure 

(Factor D) is beneficial for increasing the total depth of the compressive residual stress 

layer. However, the extent of the influence of these two effects on the total depth of the 

residual stress layers varies as shown in the Pareto chart in Figure 4-13. The effect of the 

pressure (Factor D) on the total depth of the compressive residual stress is shown to be 

more than twice that of the feed rate (Factor B). This could be depicted in more details in 

the response surface plots, shown in Figure 4-14. When the feed rate (Factor B) was set at 

a fixed level, the response surface showed an increment of 300 μm in the total depth of the 

compressive residual stress layer by increasing the pressure (Factor D) from low level to 

high level, as shown in Figure 4-14 (d). While fixing the pressure (Factor D) at a certain 

level, the increment in the total depth of the compressive residual stress layer, induced by 

decreasing the feed rate (Factor B) from high level to low level is about 150 μm maximum, 

as shown in Figure 4-14 (a). It indicates that, the effect of the pressure (Factor D) is more 

dominant on the total depth of the compressive residual stress layer. 

Furthermore, the interactions between the significant factors and the remaining 

factors are examined with the help of the response surfaces. For the interaction between the 

two significant factors (Factor B and D), the response surfaces reach the maximum value 
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of 660 μm at a feed rate (Factor B) of 0.06 mm/rev (low level) and a pressure (Factor D) of 

 
200 bar (high level). Hence, it is preferable to apply larger pressure during LPB on the 

surface of Ti64 in order to obtain a deeper compressive residual stress layer. The usage of a 

low level of feed rate will achieve the same objective of gaining a deeper compressive 

residual stress layer, but the improvement will be relatively mild. According to the present 

work, a surface compression layer more than 660 μm deep could be obtained using a 

higher pressure (larger than 200 bar) and a lower feed rate (0.06 mm/rev) in the LPB 

process. However, it is worth noting that the feed rate does not decrease the depth of the 

compressive residual stress layer significantly at high level of pressure, spindle velocity 

and number of passes, as shown in Figures 4-14 (b) and (c). 
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Figure 4-13 Pareto chart of the total depth (RS Depth) of the compressive residual stress layer. 
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Figure 4-14 Response surface plots of RS Depth Vs: a) f, P at high level of V and No. Pass; b) f, P at high level of V and No. Pass; c) f, V at high level 

of P and No. Pass; d) No. Pass, P at low level of f and V; e) f, P at low level of V and No. Pass; f) P, V at low level of f and No. Pass. 
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The following conclusions can be drawn based on the DOE analyses shown above. 

The residual stress distributions of all the 16 LPB treated samples generally fall into two 

categories as shown in Figures 4-15 and 4-16. The LPB pressure (Factor D) played an 

important role in both the magnitude and the depth of the induced compressive residual 

stress. A Ti64 substrate surface treated by the LPB with a high level of pressure (200 bar) 

had a deeper compressive residual stress layer (about 660 μm) and larger magnitude (about 

1100 MPa) compressive residual stress, as shown in Figure 4-15. While the samples 

burnished at low pressure (100 bar) resulted in a 350 μm depth of compressive residual 

stress layer with a maximum compressive residual stress of about 800 MPa, as shown in 

Figure 4-16. 

The DOE analysis also took the depth, where the maximum compressive residual 

stress occurs, as a response. However, there was no significant effect shown in this 

response. Meaning that the maximum compressive residual stress always occurs at the 

subsurface (about 100 μm away from the LPB surface) of Ti64, and this is not affected by 

the LPB processing parameters. Distributions of stresses from the majority of the gauges 

show that the most intense levels of compression do not occur at the surface but at depths 

within the range of 80 μm to 160 μm. At depths beyond the compressive peak, stresses are 

seen to decay, returning to the tensile sub-surface coupon stresses at depths between 300 

μm and 660 μm. 
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Figure 4-15 Residual stress distribution of Ti64 operated under high LPB pressure. 
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Figure 4-16 Residual stress distribution of Ti64 operated under low LPB pressure. 
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Residual  stress  measurements  were  conducted  with  similar  incremental  hole- 

drilling (IHD) method at Concordia University. Comparable results were obtained from the 

Concordia system  and  the  StressCraft system  discussed  in  the  previous section  on  a 

different location of the same LPB-treated sample. The initial stress level of the virgin Ti64 

was measured using the Concordia system, as shown in Figure 4-17. It indicates that the as 

received annealed Ti64 has an almost unstressed surface condition, as the residual stress 

values lie in the range of -100 MPa to +100 MPa, which are negligible compared to the 

residual stress induced by the LPB process. 
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Figure 4-17 Residual stress distribution of non-treated Ti64. 

 

Furthermore,  the  effects  of   LPB  processing   parameters  on   residual  stress 

distribution are illustrated in Figure 4-18. The maximum magnitude of the compressive 

residual stress increases with increasing LPB pressure, while the depth where it occurs 

remains the same. To apply deeper compressive residual stress on the surface of Ti64, it is 

advisable to burnish the samples at lower feed rate with increasing pressure up to a limit 

while maintaining low plasticity condition. 

 
Figure 4-18 The effects of LPB processing parameters on residual stress distribution. 
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4.5 Liquid impingement erosion (LIE) tests 
 

The above results have indicated the best LPB conditions to produce deep and high 

magnitude compressive residual stresses and high surface microhardness values. These are 

projected to be the most likely LPB conditions that could improve LIE resistance of Ti64 

alloy. Thus, the sample types to be tested with LIE are LPB sample #6, #7 and #8 as 

discussed before. 

The LIE curve is characterized with five major stages: incubation, acceleration, 

maximum erosion, deceleration and terminal erosion stage, as described in the literature 

review section. The erosion rate in the last two stages of the LIE curve usually decreases to 

a lower value, which may either remain relatively steady or may fluctuate unpredictably 

[9]. Hence, the discussions of the current LIE test results of LPB treated Ti64 samples are 

mainly  focused  on  the  initial  three  stages  of  the  erosion  curve:  incubation  stage, 

acceleration stage and maximum erosion rate stage. 

LIE testing conditions with two different water droplet sizes (460 μm and 630 μm) 

at two impact speeds 250 m/s and 350 m/s) were used to test the LPB samples and the 

reference Ti64 sample. For each combination of LIE parameters, the tests were repeated 

twice to verify the consistency of the obtained results. The cumulative mass loss versus 

time and the number of impingements curves were plotted based on the LIE test results. 

The details are discussed in the following section. 

In  order  to  evaluate  the  effect  of  compressive  residual  stress  on  the  LIE 

performance of Ti64, three LPB treated samples (Sample #6, #7 and #8) with significantly 

higher compressive residual stress (about 1000 MPa, as shown in Figure 4-19) were used 
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in the tests. The surface of the reference Ti64 sample is considered as stress free, as shown 

in Figure 4-19. 

The LPB processing parameters of the tested samples are shown in Table 4-9, and 

their corresponding surface microhardness and surface roughness are shown in Table 4-10. 

Nevertheless, the three LPB samples are similar in terms of the residual stress distribution 

and the surface microhardness. The virgin Ti64 reference samples were polished down to 

an average surface roughness of 0.082 μm. 

 
Table 4-9 The LPB processing parameters of LPB #6, #7 and #8. 

 

LPB Sample # 
Spindle V 

(rpm) 

Feed 

(mm/rev) 

 

#Pass 
Pressure 

(Bar) 
 

6 
 

150 
 

0.06 
 

1 
 

200 

 

7 
 

150 
 

0.06 
 

3 
 

200 

 

8 
 

75 
 

0.06 
 

3 
 

200 

 

 
 

Table 4-10 The surface microhardness and surface roughness of LPB #6, #7 and #8. 
 

LPB Sample # 
 

Surface Microhardness/HV 
 

Surface Roughness/ μm 

 

6 
 

343.74 
 

0.08 

 

7 
 

381.06 
 

0.068 

 

8 
 

381.78 
 

0.05 
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Figure 4-19 Residual stress distribution of the LPB samples #6, #7, #8 and the non-treated Ti64 
 

Two different nozzle sizes were used in the LIE tests to generate two different sizes 

of water droplets. According to the ASTM standard G73-10 [85], "With drops, there will 

usually be a size distribution, and in most cases it will be necessary to determine that 

distribution by photography and analysis of the photographs". Hence, in the present study, 

droplet size distribution was studied using high-speed imaging system as mentioned in the 

experimental methodology section. 

Figures 4-20 and 4-21 show the water droplet size distribution for the 400 µm and 

 
600 µm nozzles, respectively. The diameters of 200 droplets were measured for each 

nozzle. Measurements were done in a vacuum glass box as mentioned in the experimental 

section, simulating the same test conditions for the LIE tests. 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. 
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Figure 4-20 Droplet size distribution of 460 µm droplets 
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Figure 4-21 Droplet size distribution of 640 µm droplets 
 

A high-speed camera (6000 frames per second) was used to capture images of the 
 

flow of the water droplets as shown in Figures 4-22 and 4-23, respectively. As a result, the 

number of impingements per revolution for each sample was counted. The 8 mm distance 

marked on Figures 4-22 and 4-23, respectively, this corresponds to the width of the test 

samples. Therefore, for the 460 µm droplets, the number of impingements is approximately 

6 droplets/revolution, while that of 600-µm droplets is 4 droplets/revolution. 
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Figure 4-22 High-speed (6000 fps) images for 460 µm droplets 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-23 High-speed (6000 fps) images for 630-µm droplets 
 

According to the measurements shown above, equation (2) can be used to compute 

the number of water droplet impingements (Ni) that are causing the erosion of the test 

specimens over time. 

Nimpingement  =  Nspr  x RPM x te  (2)

 
where Nspr   is  the  number  of  droplets  hitting  the  sample  each  complete  rotation  (6

 
drop/revolution for the 460 µm droplets and 4 in the case of 640 µm), RPM is the number 
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of rotations per minute and te  is the time of exposure in minutes.

 

4.5.1 LIE test results for 460µm droplets 
 

 
1) 250 m/s impact speed (10,000 rpm) 

 
The erosion curves representing the LIE test results of the LPB treated samples 

versus the reference Ti64 samples are shown in Figures 4-24 and 4-25. All four curves 

followed the typical LIE pattern. The first stage was the incubation period, followed by an 

acceleration of the erosion rate until it reached the peak and then the steady state erosion. 

The erosion rate then gradually decayed with time (or impingements). 

Characterization of the nominal incubation period and maximum erosion rate are 

considered as the preferred evaluation method for presenting the LIE curves. According to 

the ASTM standard G73-10 [85], the maximum slope is determined by drawing a straight 

line that best represents the maximum rate stage of the test, while the incubation period (t0) 

is obtained from the interception of the straight line with the x-axis (exposure time), as 

shown in Figure 4-26. 

The incubation periods and the maximum erosion rates were determined for both 

tests following this standard and the results are listed in Table 4-11. 

Table 4-11 Characterizations of the LIE curves 

LIE tests with 

460µm 

droplets at 

250m/s impact 

speed 

 
 

Samples for 

LIE tests 

 
Incubation 
period t0 

(minute) 

 
Maximum 

erosion rate 

(g/minute) 

 

Ending Time 

for the third 

stage of LIE 

(minute) 

 
Test #1 

LPB #6 34 0.0002 80 

Ti64_1 32 0.0002 80 
 

Test #2 
LPB #7 30 0.0002 94 

Ti64_2 29 0.0002 96 
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Figure 4-24 Erosion curves of LPB sample #6 in reference to virgin Ti64 at 250m/s with 400µ droplets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0..010 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-25 Erosion curves of LPB sample #7 in reference to virgin Ti64 at 250m/s with 400µ droplets 
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t0 

 

 
 

Figure 4-26 Maximum erosion rate determination method, where, A is nominal incubation period; B is 

representing the maximum erosion rate; D represents the terminal erosion rate [8]. 
 

 
The incubation period of LPB sample #6 and the reference Ti64 sample in test 1 

(Figure  4-24)  is  34  minutes  and  32  minutes  (as  shown  by  the  interceptions  of  the 

maximum-erosion-rate lines with the horizontal axis). The maximum erosion rate is 0.0002 

gram/minute for both LPB sample #6 and the non-treated Ti64 sample. The third stage 

ends after 80 minutes in both LIE curves and the erosion rates continue to decrease with a 

similar erosion rate. A relatively consistent incubation periods were observed in the LIE 

curves of LPB sample #7 and the reference Ti64 sample used in test 2 (Figure 4-25), which 

are 30 minutes for LPB sample #7 and 29 minutes for the non-treated Ti64 sample. The 

maximum erosion rates are the same (0.0002 grams/min) for the two tests. 

The slight variation in the LIE performance of the LPB samples and the virgin Ti64 

samples in these two tests could be considered within the error limits. 

The two LPB samples used in both tests have no significant difference in terms of 

the residual stress distribution, as shown in Table 10. It could be assumed that, the 

significantly different compressive residual stress levels between the LPB treated (1100 
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MPa) and the virgin Ti64 samples (considered as stress free 0 MPa) had little or no effect 

on the LIE performance. 

Furthermore, the changes in the exposed surface of the tested samples at the same 

time interval during the LIE tests are shown in Figures 4-27 (test 1) and 4-28 (test 2). In 

both cases of the LPB 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. Once the small pitting formed, the erosion rate 

started to increase (acceleration stage), leading to the enlargement of the pits into a crater 

and more material removal from other parts of the exposed surface. Moreover, the craters 

coalesced as the erosion rate continuously increased in the third stage of LIE (maximum 

erosion rate stage) 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. 

It is interesting to note that the material removal at the initial stage for the non- 

treated Ti64 surface started with small but deep pitting. While for the LPB treated surface, 

it started with forming wide but shallow pitting, suggesting that the erosion or material 

removal might be limited only to the subsurface having compressive residual stress during 

the initial stages of LIE. However, the mass loss at the same period of the LIE tests has no 

significant difference in both LPB treated and non-treated Ti64 samples, as could also be 

observed in the macrographs (Figures 4-27 and 4-28). 
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Figure 4-27  Changes in the exposed surface of LPB treated and non-treated Ti64 during the LIE test at 250m/s 

with 400µ droplets, test #1. 
 

 

 

Figure 4-28 Changes in the exposed surface of LPB treated and non-treated Ti64 during the LIE test at 250m/s 

with 400µ droplets, test # 2. 
 

 
2) 350 m/s impact speed (14,000 rpm) 

 
Higher speed LIE tests (350 m/s) were performed with 460µm droplets size on two 

LPB samples (#7 and #8) versus two reference samples of Ti64. The results are shown in 

Figures 4-29 and 4-30. By following the ASTM standard G73-10 [85], the incubation 

periods and the maximum erosion rates of the LIE curves are summarized in Table 4-12. 
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Table 4-12 Characterizations of the LIE curves 
 

LIE tests with 

460µm 

droplets at 

350m/s impact 

speed 

 

 
 

Samples for 

LIE tests 

 
 

Incubation 

period t0 

(minute) 

 
 

Maximum 

erosion rate 

(g/minute) 

 
End Time of 

the third stage 

of LIE 

(minute) 

 
Test #1 

 

LPB #7 
 

3 
 

0.0018 
 

15 

TI64_1 3 0.0018 15 

 
Test #2 

 

LPB #8 
 

3 
 

0.0018 
 

21 

TI64_2 3 0.0018 21 
 
 

It is clearly shown in the erosion curves that there is no significant difference in the 

behavior of LPB treated and the virgin Ti64 samples in both cases. Both test 1 (LPB 

sample #7 and reference Ti64) and test 2 (LPB sample #8 and reference Ti64) showed an 

incubation period of 3 minutes. Moreover, the trends in both figures did not show any 

variation in performance as erosion evolves. The acceleration stage ended for all samples 

after 6 minutes. Erosion rates of all four samples increased to its maximum value of around 

0.0018 grams/min in the third stage followed by the same gradual decrease trends in the 

erosion rate till the end of the tests. 
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Figure 4-29 Erosion curves of LPB sample #7 with virgin Ti64 with LIE tests with 400µ droplets at 350m/s impact 

speed. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-30 Erosion curves of LPB sample #8 with virgin Ti64 with 400µ droplets at 350m/s impact speed. 
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The changes of  the  exposed  surface  of  the  LPB  treated and  non-treated Ti64 

samples at the same time interval during the LIE test were observed, as shown in Figure 

4-31 (test 1) and Figure 4-32 (test 2). Compared to the macrographs of the exposed surface 

of the tests done with 400-µm droplets (Figure 4-27 and Figure 4-28), the small pitting 

initiation started earlier or after a shorter exposure time of the LIE tests as could be easily 

observed in Figure 4-31 and Figure 4-32. Moreover, the crater appeared to be much wider 

and larger at 350 m/s. It suggested that more severe erosion damage was induced by the 

higher impact speed (350 m/s) with the same droplet size (460 µm) impingements. 

 

Figure 4-31 Changes in the exposed surface of LPB treated and non-treated Ti64 during the LIE with 460µ 
droplets at 350m/s impact speed, test 1. 

 

 

Figure 4-32 Changes in the exposed surface of LPB treated and non-treated Ti64 during the LIE with 460µ 
droplets at 350m/s impact speed, test 2. 
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4.5.2 LIE test results with 630 µm droplets 
 

 
1) 250 m/s impact speed (10,000 rpm) 

 
For the LIE test using 630 µm droplets at 250 m/s impact speed, two tests were 

done using LPB samples #7 and #8 versus the Ti64 reference samples. The obtained LIE 

curves are shown in Figures 4-33 and 4-34. It is obvious that for both tests, there is no 

significant difference in their LIE behavior between LPB treated and untreated Ti64 

samples. 

The incubation periods and the maximum erosion rates of all the LIE curves are 

determined and the results are listed in Table 4-13. The incubation period of LPB sample 

#7 and the reference Ti64 sample in test 1 (Figure 4-33) is 24 minutes and 28 minutes, 

respectively. The maximum erosion rates are calculated to be 0.0002 gram/minute for both 

LPB sample #7 and the non-treated Ti64 sample. The third stages end after 120 minutes in 

both LIE curves and the erosion rates continue to decrease with a similar erosion rate. 

The maximum erosion rate was determined by the most matching lines of the 

maximum erosion rates of the LIE curves in Figure 4-33, which were 0.0002 gram/minute 

for both curves in test 1. And the incubation period of the two LIE curves in test 1 (Figure 

4-33) are 24 minutes for LPB #7 and 28 minutes for Ti64 sample, as shown in Table 4-13. 
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Figure 4-33 Erosion curves of LPB sample #7 with virgin Ti64 with 600µ droplets at 250m/s impact speed. 
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Figure 4-34 Erosion curves of LPB sample #8 with virgin Ti64 with 600µ droplets at 250m/s impact speed. 
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The incubation period of the LPB sample #8 and the reference Ti64 sample in test 2 

(Figure 4-34) are 26 minutes and 25 minutes (as listed in Table 4-13), respectively. There is 

less variation in the determined incubation periods of the LPB sample #7 and non-treated 

Ti64 sample as the readings of the mass loss were relatively stable. The maximum erosion 

rates were calculated to be 0.0002 gram/minute for both curves in test 2 (Figure 4-34). The 

LIE curves show the same decrease in erosion rates after the end of the third stages as the 

both curves parallel to each other. 

The significant difference between the surface compressive residual stress levels of 

LPB treated (1100 MPa) and virgin Ti64 (considered as stress free) samples showed no 

effect on the LIE resistance under the erosion condition of 630µ droplets at 250m/s impact 

speed. 

Table 4-13 Characterizations of the LIE curves 

LIE tests with 

600µ droplets at 

250m/s impact 

speed 

 
 

Samples for 

LIE tests 

 
Incubation 
period t0 

(minute) 

 
Maximum 

erosion rate 

(g/minute) 

 
End Time of the 

third stage of 

LIE (minute) 

 

Test #1 
LPB #7 24 0.0002 121 

TI64_1 28 0.0002 131 
 

Test #2 
LPB #8 26 0.0002 88 

TI64_2 25 0.0002 94 
 

The same observation was performed to the exposed surface during the LIE tests, 

and the macrographs are shown in Figures 4-35 (test 1) and 4-36 (test 2). Compared to 

macrographs (Figures 4-24 and 4-25) of the LIE tests at the same impact speed but with 

smaller  droplet  size  (460  µm),  the  formed  craters  in  the  initial  erosion  stages  were 

relatively larger. As expected, more severe erosion damage was induced by the larger 

droplet (630 µm) at the same impact speed of 250 m/s. 
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Figure 4-35 Changes in the exposure surface of LPB treated and non-treated Ti64 during the LIE with 630µ 

droplets at 250m/s impact speed, test 1. 
 

 

Figure 4-36 Changes in the exposure surface of LPB treated and non-treated Ti64 during the LIE with 600µ 
droplets at 250m/s impact speed, test 2. 

 
 

 
2) 350 m/s impacting speed (14,000 rpm) 

 
Testing condition with 630 µm droplets at the impact speed of 350 m/s is expected 

to be the worst LIE scenario in this study. The erosion curves plotted in Figures 4-37 and 4- 

38 indicate that there is no significant difference in the LIE behavior of LPB-treated and 

virgin Ti64 samples. 

Both of the erosion curves of the LPB sample #7 and the reference Ti64 sample in 

test 1 (Figure 4-37) showed an incubation period of about 1.5 minutes. As the LIE evolves, 

the two curves reached a maximum erosion rate of 0.0026 grams/min in the third stage 
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after passing the acceleration stage from 1.5 minutes to 2 minutes, as listed in Table 4-14. 

The two LIE curves then ended with the same gradually decreased erosion rate till the end 

of the LIE tests. 

A slight difference in the incubation periods were observed in the LIE curves of 

LPB sample #8 and the reference Ti64 sample used in test 2 (Figure 4-38), which are 1.5 

minutes  for  LPB  sample  #8  and  1.7  minutes  for  the  non-treated  Ti64  sample.  The 

maximum erosion rates are the same (0.0025 gram/min) for the two samples, as listed in 

Table 4-14. The third stages end after 7 minutes in both LIE curves in test 2 (Figure 4-38) 

and the erosion rates continue to decrease with a similar erosion rate. 

As discussed above, the incubation periods and the maximum erosion rates of all 

the four curves in both tests are relatively consistent. As a conclusion, the large magnitude 

of the compressive residual stress induced by LPB on the surface of Ti64 shows little or no 

effect on the LIE behavior as compared to the virgin Ti64 under this erosion condition. 

 
Table 4-14 Characterizations of the LIE curves 

LIE tests with 

630 µm 

droplets at 

250m/s impact 

speed. 

 
 

Samples for 

LIE tests 

 
Incubation 

period t0 

(minute) 

 
Maximum 

erosion rate 

(g/minute) 

 
End Time of the 

third stage of 

LIE (minute) 

 

Test #1 
LPB #7 1.5 0.0026 9 

Ti64_1 1.5 0.0026 9 
 

Test #2 
LPB #8 1.5 0.0025 7 

Ti64_2 1.7 0.0025 7 
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Figure 4-37 Erosion curves of LPB sample #7 with virgin Ti64 with 600µ droplets at 350m/s impact speed. 
 
 

 
Figure 4-38 Erosion curves of LPB sample #8 with virgin Ti64 with 600µ droplets at 350m/s impact speed. 
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The changes of the exposed surface was observed at the same time intervals during 

the LIE tests were as shown in Figures 4-39 (test 1) and 4-40 (test 2). The observation 

supported that the most severe erosion damage was observed in the LIE condition with 630 

µm droplets at the impact speed of 350 m/s at the same erosion period. 
 

 
 

 
Figure 4-39 Changes in the exposure surface of LPB treated and non-treated Ti64 during the LIE with 630 µm 

droplets at 350m/s impact speed, test 1. 

 

 
Figure 4-40 Changes in the exposure surface of LPB treated and non-treated Ti64 during the LIE with 630 µm 

droplets at 350m/s impact speed, test 2. 
 
 
 
 

4.5.3 Discussion for LIE test results 
 

 
1) The effect of water droplet size on the LIE behavior 

 
Comparisons were made between the LIE results obtained at the same impact speed 
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for different droplet sizes in the previous sections. As a conclusion, the incubation period 

in the tests with smaller droplet size (460 μm) at the same impact speed is relatively longer 

than that of the tests with larger water droplet size (630 μm). And the maximum erosion 

rate increases with increasing droplet size. 

Normalization of the number of the water droplet impingements was made on the 

LIE curves to investigate the effect of the different water droplet sizes at the same impact 

speed. Since there is no significant difference between the LIE performance of LPB-treated 

and non-treated Ti64, the normalization was made on the LIE curves of Ti64, as shown in 

Figures 4-41 and 4-42. It could be noted that the larger water droplets led to more severe 

erosion damage on the tested samples at the same number of impingements, this could be 

explained by the increased kinetic energy generated by the larger water droplets [86]. 

However, the extent of the effect of the droplet size on the LIE performance varies 

at the two different speeds. In the case of the tests conducted at 250 m/s impact speed with 

two different water droplet sizes, the larger droplets (630 μm) led to less severe erosion 

damage compared to that at higher impact speed (350 m/s), as shown in Figure 4-42. This 

implies that the effect of the water droplet size on LIE increases with the impact speed. 
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Figure 4-41 Comparison of the LIE tests with different droplet sizes at 350 m/s impact speed 
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Figure 4-42 Comparison of the LIE tests with different droplet sizes at 250 m/s impact speed 

 
 

2) The effect of impact speed on the LIE behavior of Ti64 
 

Based on the results discussed in sections 4.5.1 and 4.5.2, LIE induces more severe 

damage by the same size of the droplets at higher impact speed (350 m/s) than at lower 

impact speed (250 m/s). Normalization per volume of water was made to investigate the 

effect of the impact speed. The volume of water impinged on the exposed surface during 

the LIE tests was calculated based on the impingement number of each droplet size per 

revolution for each tested sample obtained in Figures 4-22 and 4-23. Accordingly, 

cumulative mass loss due to the effective volume of water was plotted in Figures 4-43 and 

4-44. Significant difference in LIE behavior between the two different impact speeds was 

observed.  It  was  reported  [30,  87]  that  the  water  droplet  erosion  rate  is  directly 

proportional to approximately the fifth power of the impact velocity if all other parameters 

remain constant. Furthermore, the shock pressure Ps generated by the impingement of a 

droplet is expressed as [87]: 

Ps = ρCν                                                                                                                     (3) 

 
where ν is the impingement velocity, ρ is the water density and C is the speed of sound in 

water. C and ρ are physical properties of water and they are constant. Hence, the shock 
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pressure increases proportionally with increasing impingement velocity, resulting in higher 

 
stresses that cause more severe erosion damage to materials. 

 
0.070 

0.060 

0.050 

0.040 

0.030 

0.020 

0.010 

0.000 

 

Ti64 at 250m/s 

Ti64 at 350m/s 
 
 
 
 
 
 
 
 

 
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 

Volume of Water Impinged on the Exposed Surface (m3) 
 

Figure 4-43 Comparison of the LIE tests with different impact speeds with 460 µm droplets 
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Figure 4-44 Comparison of the LIE tests with different impact speeds with 630 µm droplets 
 
 

It is noted that the effect of the impact speeds is more pronounced than the effect of 

the droplet sizes on the LIE behavior of Ti64. And the tests performed at 350 m/s which 

was over the speed of sound (around 340 m/s) was expected to be more damaged compared 

to that at 250 m/s. This could be attributed to the increase in the impact energy of the 

dynamism increased. 
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3) Effect of LPB on the LIE performance of Ti64 
 

No significant difference between the performance of LPB-treated samples and the 

non-treated Ti64 samples was observed during the LIE tests. This conclusion could be 

correlated to the previous studies reporting that the surface treatments such as shot peening, 

are generally not effective for improving the erosion resistance, since they practically 

duplicate the process of applying compression that occurs during the incubation period of 

LIE [23, 37]. In the present study, the "discontinuity" mechanism was used to explain the 

reason. 

Compressive stress pulses induced by LIE are exerted onto the target surface 

(incident stress wave). This stress wave propagates into the solid substrate until it 

encounters a structured discontinuity, where part of the stress wave will transmit and part 

will reflect, as shown schematically in Figure 4-45 (a). As discussed previously that LPB 

induces high levels of compressive residual stress layer on the surface of Ti64 substrate. 

Moreover, literature has reported that a nano-crystalline structure of Ti64 was produced 

after LPB treatment [65, 75]. Both these features of the LPB-treated Ti64 could result in 

discontinuity #1 for the stress wave propagation during the LIE process. Thus, part of the 

stress waves transmit through discontinuity #1 and continue propagation until they 

encounter the discontinuity #2 and reflect again, as shown in Figures 4-45 (b) and (c). 

Discontinuity #2 could be the other side of the substrate as a geometry discontinuity or 

another stress wave discontinuity such as boundary between two different phase regions of 

Ti64. As the LIE process evolves, this phenomenon of transmission and reflection occurs 

several  times,  leading  to  significant  tensile  stress  waves  at  the  location  of  the 

discontinuities shown in Figure 4-45 (d), which will lead to the initiation of subsurface 
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microcracks. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-45 Stress wave propagation during LIE (t stands for time). 

 
 

4.5.4 Material removal mechanism of LIE 
 

The material removal mechanism of LIE is studied in this section with respect to 

the evolution of the erosion damage. The observed initial and advanced erosion damages of 

LPB-treated and non-treated Ti64 samples can be related to the stages of the LIE curves 

discussed in the previous section. 

At droplet impact, a shock front is formed in the liquid and a stress wave that 

propagates in the solid. As a result, the responds of the solid substrate is governed by its 

dynamic properties. The LIE mechanism described in Figure 2-2 was used to analyze the 

SEM micrographs for the eroded samples as discussed in the following section. 

 

1) Initial erosion stages of Ti64 
 

The optical macrograph shown in Figure 4-46 illustrates the exposed surface of 

non-treated Ti64 coupon in the initial stages of LIE; the marked area was shown in details 

with SEM micrographs as follows in Figures 4-46 to 4-47. The SEM micrographs of the 

tested Ti64 samples showed similarity with the "surface roughening" erosion mechanisms 
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mentioned in the stage 1 in Figure 2-2 [12]. Figure 4-46, the untreated Ti64 showed the 

formation of surface slip bands due to applied water impacts and the slip bands are 

perpendicular to the shock wave propagation. The folded area, as shown in the enlarged 

marked area in Figure 4-47, indicates that the surface of virgin Ti64 was experiencing a 

plastic deformation under the liquid impingements before failing by ductile fracture. 

 
 

Figure 4-46 Slip bands on non-treated Ti64 surface at the initial LIE stages (marked area) 
 

 

 
 

Figure 4-47 Plastic deformation of the non-treated Ti64 surface in initial LIE stages (marked area) 
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2) Initial erosion stages of LPB treated Ti64 
 

In the case of LPB-treated Ti64, the surface behaved differently relative to the non- 

treated samples. During the initial stages of LIE, the surface of the LPB treated samples 

showed a more brittle behavior than the non-treated Ti64 samples. Figure 4-48 shows the 

slip bands formed on the exposed surface of LPB-treated sample, and their orientation 

relative to the stress wave propagation direction. Unlike the case of the non-treated Ti64, 

the eroded surface shows the reduction of ductility due to strain hardening induced by the 

LPB process. The slips bands formed on the eroded surface of the LPB-treated Ti64 show a 

more brittle feature as they turn into cracks, as shown in Figure 4-49. This can be attributed 

to the reduction of the impact damping capacity of the LPB-treated surface. 

 
Figure 4-48 Slip bands on the exposed surface of LPB sample in the initial stages of LIE 

 

 

A B 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4-49 Slip bands on the surface of LPB samples 
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In Figures 4-50 and 4-51, positions marked as A, B and C represent the damage 

feature sequence as LIE damage proceeds. The extensive crack propagation, observed in 

area A in Figure 4-50 and Figure 4-51, was not observed in the untreated Ti64 samples and 

thus shows the reduction in fracture toughness of the treated surface. Moreover, water 

droplets apply more compression on the specimen's surface as the exposure time increases. 

As the micro-crack lines merge, they form isolated islands as shown at location B, Figure 

4-50. Further erosion causes the detachment of these islands, forming larger pits as shown 

at location C, Figure 4-50. 

 

Figure 4-50 Feature of LIE damage on LPB-treated samples 

 
A B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-51 Crack formation on LPB treated samples 
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The features observed above suggest that there are two competing mechanisms at 

the early stage of the erosion for LPB-treated Ti64, which are the strain hardening and the 

compressive residual stress. The strain-hardened surface could decrease the erosion 

resistance due to the induced 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 LPB-treated Ti64, 

which results in the same LIE behavior for both LPB-treated and non-treated Ti64. 

 

3) LIE mechanism at advanced stages 
 

It can be seen from the previous SEM micrographs that the initial damage on LPB- 

treated and the non-treated Ti64 samples under water droplet impingement are distinct 

from each other. However, later stages of damage for both LPB and non-treated Ti64 

samples exhibit very similar fracture modes. The similarity in behavior can be attributed to 

the detachment of the LPB-treated surface layer during the initial erosion. 

One of the failure modes that usually occur in LIE is fatigue damage and it is 

shown as a set of concentric ridges around the location of the water droplet impact. Luiset 

et al. [88] reported similar behavior for stainless steel samples under erosion damage. 

Figure 4-52 shows an example of fatigue crack propagation inside the erosion craters of 

both non-treated Ti64 and LPB-treated samples. 
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Figure 4-52 Fatigue stress waves on Ti64 non-treated and LPB-treated samples: (A) Ti64; (B) LPB. 

 

Moreover, the propagation of the stress waves through the microstructure is faced 

with a discontinuity at the interface between α and β phases in the Ti64 microstructure, 

which causes the formation of microcracks. Similar behavior may imply that the crack 

propagation moves selectively along a weak path in the structure, which is normally the 

interface between different phases, in our case α and β phases. These microcracks can be 

seen in the erosion crater cross section in Figure 4-53, which could be correlated with 

stages 2 to 4 in Figure 2-2 [12]. Similar behavior was also reported by Huang et. al [21] 

when studying water droplet erosion of Ti64. 

 
 

Figure 4-53 Erosion crater of the cross section 
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As these microcracks merge, large pieces of the material are pulled out and bigger 

voids are formed. Kong [11] mentioned that if imperfections are present at the grain 

boundaries the material is more vulnerable to damage under water erosion. Figure 4-54 [11] 

explains the triple split at the grain boundaries which is the mechanism that explains the 

erosion damage in Figure 4-55. In part (a) of the illustration in Figure 4-54, it assumes the 

presence of 4 grains attached at a random orientation, which refers to the feature observed 

in Figure 4-55 (a). The water droplet impacts produce a hammer pressure, which causes the 

detachment of grain no. 4 from the other three grains, producing a deep void as shown in 

part (b) of Figure 4-54, which is similar to the real damage in Figure 4-55 (b). 

 
 

Figure 4-54 Illustration showing the triple split failure [11] 
 
 
 

 
Figure 4-55 Triple split deformation on non-treated Ti64 and LPB treated samples 
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In addition to the previous failure modes, as the depth of erosion increased in the 

LPB samples, more ductile regions are encountered, where dimpled surfaces can be seen. 

This is an indication of ductile fracture as shown in Figure 4-56 for both treated and non- 

treated Ti64 samples. 

 
 

Figure 4-56 Dimples formation in the erosion crater: (A) non-treated Ti64 sample; (B) LPB-treated sample. 
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Chapter 5 

 
Conclusions, Contributions and Suggestions for the Future Work 

 

 
 

5.1 Conclusions 
 

The purpose of this work is to study the effect of low plasticity burnishing on water 

erosion resistance. In order to achieve this, full factorial experiments were designed to 

study the effect of burnishing parameters on surface roughness, hardness and maximum 

value and depth of residual stress. The effect of these parameters on the water erosion 

behavior of burnished versus as-received Ti64 is discussed. Based on this research, the 

following conclusion can be drawn. 

 
1. The LPB-treated Ti64 showed little or no improvement in erosion resistance 

under LIE conditions of 460 μm and 630 μm droplets at 250m/s and 350m/s impact speeds. 

This could be attributed to the two competing mechanisms of strain hardening and 

compressive residual stress that balance each other due to the LPB process of Ti64. 

 
2. The present work characterized the first three stages of LIE, which are the 

incubation, acceleration and the maximum rate. The damage mechanisms in the initial 

stages of LIE were observed to be in the form of microvoid nucleation, growth and 

coalescence and slip bands due to stress wave propagation. While in the evolved stages, the 

microcracks grow along the interface of α and β phases. Moreover, the formation of 

dimples, fatigue like failure and large material removal were observed. 

 
3. LIE tests with larger droplet size led to more severe erosion damage at constant 

impact speed due to the increased kinetic energy induced by larger droplets. With the same 

size of the water droplets, the tested samples show worse performance at higher impact 
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speed due to higher intensity of stress waves. 
 

 
 

4. The feed rate of the LPB process is the only dominant effect on the surface 

roughness of Ti64. A better surface finish of Ti64 can be obtained using the low level of the 

burnishing feed rate (0.06 mm/revolution). 

 
5. The surface microhardness of Ti64 is significantly affected by the three-factor 

interaction effect of the feed rate, number of passes and LPB pressure. In order to obtain an 

LPB-treated Ti64 surface with improved microhardness, it is preferred to increase two of 

the factors amongst the feed rate, number of passes and pressure of LPB, and decreasing 

the third factor simultaneously. 

 
6. The hydraulic pressure of LPB process plays the most important role in both the 

maximum magnitude and the total depth of the induced compressive residual stress. A Ti64 

substrate  burnished with  high  pressure  has  a  larger  and  deeper layer  of  compressive 

residual stress. Moreover, the most intense levels of compression do not occur at the 

surface but at depths within the range of 80 μm to 160 μm. At depths beyond the 

compressive peak, stresses are seen to decay, returning to the tensile sub-surface coupon 

stresses at depths between 300 μm and 660 μm. 

 
7. The nano-crystalline structure and high levels of compressive residual stress 

induced by LPB process could result in discontinuity for the stress wave propagation in the 

Ti64 during the LIE process, which leads to the presence of tensile stress waves and 

subsurface microcracks initiation. 
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5.2 Contributions and suggestions for the future work 

 
5.2.1 Contributions 

 
LIE performance of LPB-treated Ti64 with different droplets sizes at different 

impact speeds is investigated for the first time in this work. The associated erosion 

mechanisms are well described in the present study. 

 
5.2.2 Suggestions for the future work 

 
1. Deign of experiment could be applied to study the effects of the parameters of 

the water erosion experiment on the LIE performance of the materials. 

 
2. Modeling of LPB process would be beneficial for investigating the effect of the 

LPB process parameters on the distribution of the compressive residual stress. The process 

could be optimized by obtaining more detailed information from the LPB modeling results. 

 
3. LIE tests could be performed with more droplet sizes at different impact speeds 

to acquire more data about the erosion performance of the LPB-treaded Ti64. 

 
4. More studies of the LIE performance of LPB-treated Ti64 could be done on the 

aerofoil samples since the geometry and dimension is more similar to the edge of the 

compressor  blade.  And  this  could  affect  the  distribution  of  the  compressive  residual 

stresses applied by LPB. 
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Appendix A 
 
 
 

This incremental hole drilling method was carried out to determine the distributions 

of residual stresses in sixteen LPB-treated Ti64 coupons. Results from individual gauges 

are shown in Appendix B Figures B-1 to B-16. 

 
One CEA-06-062UL-120 target gauge was installed on the surface of each coupon 

with elements 1 and 3 aligned (indicated by the arrow marking) as shown at the bottom 

part of each page in Appendix B. These directions also refer to stresses σ1 and σ3 in the 

subsequent results sheets. 

 
Each coupon in turn was cemented to an angle plate. Gauges were drilled using a 

miniature PC controlled orbital drilling machine. The orbital hole drilling procedure was 

carried at 16 drill depth increments, recording the relaxed strains at each increment. Hole 

drilling depth increments were set at 4 x 32 μm + 4 x 64 μm + 8 x 128 μm, giving a 

completed hole depth of 1408 μm.  Residual stresses were calculated from relaxed strains 

using the Integral Method developed to evaluate stresses, which vary with depth. 
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Figure B-1 Residual stress measurement of LPB sample #1 
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Figure B-2 Residual stress measurement of LPB sample #2 
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Figure B-3 Residual stress measurement of LPB sample #3 
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Figure B-4 Residual stress measurement of LPB sample #4 
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Figure B-5 Residual stress measurement of LPB sample #5 
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Figure B-6 Residual stress measurement of LPB sample #6 

117 

 

 

depth 

 
µm 

Relaxed Strains ( µε) 

measured 

ε1 ε2 ε3 

smoothed 

ε1 ε2 ε3 

32 

64 

96 

128 

192 

256 

320 

384 

512 

640 

768 

896 

1024 

1152 

1280 

1408 

27 10 13 

78 43 45 

137 89 86 

199 141 140 

328 259 266 

438 370 387 

531 466 487 

614 544 559 

720 644 642 

769 693 683 

801 724 709 

823 744 727 

834 758 739 

843 767 748 

848 773 752 

851 776 756 

33 16 18 

80 46 47 

138 91 89 

200 143 142 

323 257 265 

434 366 382 

529 462 480 

607 537 551 

706 631 632 

765 689 679 

799 721 707 

820 743 726 

834 757 738 

842 766 747 

847 772 752 

 

R
e
s
id

u
a

l S
tr

e
s
s
 
M

P
a

 

Gauge Type = 062UL Hole diameter = 1.94 mm Gauge No. #6 
 

 

depth 

 
µm 

Residual Stresses (MPa) 

principal 

εmax    εmin 

direct 

ε1 ε3 

shear 

ε13 

16 

48 

80 

112 

160 

224 

288 

352 

448 

512 

640 

768 

896 

1024 

-411 -805 

-605 -940 

-785    -1026 

-890 -1022 

-867 -948 

-674 -766 

-495 -546 

-275 -338 

-34 -111 

2 -52 

40 5 

45 24 

49 32 

53 39 

-730 -486 

-900 -645 

-1007 -805 

-995 -916 

-883 -932 

-674 -766 

-500 -541 

-322 -290 

-98 -47 

-41 -9 

16 29 

33 36 

41 39 

50 42 

-154 

-109 

-66 

-53 

-33 

-1 

15 

27 

28 

22 

16 

11 

8 

6 

 

direction 1 

[Stresscraft RS INT v5.6] PSW    MAY05 direction 3 
 

0 

400 

 
Depth 

 
200 µm 

 

400 600 800 1000 

 
200 

 
0 

 
-200 

 
-400 

 
-600 

 
-800 

 
-1000 

ε1 
-1200 ε3 

 
-1400 

 
Distributions of stresses vs. depth 

 

 
 

ε2 ε2 

 
ε1 ε1 

 
 

ε3 direction 3 ε3 



118  

 

depth 

 
µm 

Relaxed Strains ( µε) 

measured 

ε1 ε2 ε3 

smoothed 

ε1 ε2 ε3 

32 

64 

96 

128 

192 

256 

320 

384 

512 

640 

768 

896 

1024 

1152 

1280 

1408 

42  25  21 

103  65  50 

171  113  87 

245  167  133 

385  284  241 

506  396  350 

612  492  448 

701  574  527 

813  678  622 

870  730  669 

906  765  700 

927  786  720 

943  802  734 

951  812  742 

956  818  747 

960  822  751 

47  29  23 

105  67  52 

173  115  89 

244  168  135 

380  283  241 

502  392  347 

608  489  443 

693  567  519 

799  665  610 

865  726  665 

902  762  697 

926  785  719 

941  801  733 

950  811  741 

956  817  747 

 

R
e
s
id

u
a
l 

S
tr

e
s
s
  

M
P

a
 

Gauge Type = 062UL  Hole diameter = 1.92 mm Gauge No. #7 
 

 

depth 

 
µm 

Residual Stresses (MPa) 

principal 

εmax     εmin 

direct 

ε1 ε3 

shear 

ε13 

16 

48 

80 

112 

160 

224 

288 

352 

448 

512 

640 

768 

896 

1024 

-638     -1075 

-650     -1109 

-731     -1164 

-807     -1129 

-824  -941 

-714  -734 

-550  -582 

-351  -369 

-91  -120 

-38  -64 

15  -8 

38  15 

50  26 

62  38 

-1051     -663 

-1096     -663 

-1154     -741 

-1118     -818 

-934  -830 

-719  -730 

-554  -578 

-351  -369 

-104  -108 

-48  -55 

8  -2 

33  20 

45  31 

57  43 

-100 

-76 

-64 

-58 

-26 

-8 

-11 

3 

15 

12 

10 

10 

10 

9 

 

direction 1 

[Stresscraft RS INT v5.6] PSW    MAY05 direction 3 
 

0 

400 

 
Depth 

 
200  µm 

 
400  600  800  1000 

 
200 

 
0 

 
-200 

 
-400 

 
-600 

 
-800 

 
-1000 

ε1 
-1200  ε3 

 
-1400 

 
Distributions of stresses vs. depth 

 

 
 

ε2 ε2 

 
ε1 ε1 

 

 
ε3 direction 3  ε3 

 
direction 1 maximum principal 

minimum principal 

 
Stress directions at depth 512 µm  Stress directions at depth 1024 µm 

 
Young's Modulus =    115.0 GPa  Poisson's ratio =    0.320  Gauge No. #7 

 

 
 

Figure B-7 Residual stress measurement of LPB sample #7 
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Figure B-8 Residual stress measurement of LPB sample #8 
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Figure B-9 Residual stress measurement of LPB sample #9 
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Figure B-10 Residual stress measurement of LPB sample #10 
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Figure B-11 Residual stress measurement of LPB sample #11 
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Figure B-12 Residual stress measurement of LPB sample #12 
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Figure B-13 Residual stress measurement of LPB sample #13 
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Figure B-14 Residual stress measurement of LPB sample #14 
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Figure B-15 Residual stress measurement of LPB sample #15 
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Figure B-16 Residual stress measurement of LPB sample #16 
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