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Abstr act

In power generation industy, inlet fog cooling is usedfor the turbine iret cooling
(TIC). However, this appraach aso leads to liquid impingenent eroson (LIE) of the
rotating blades in the compressa, resulting in performarce degradation and reduction of
servicelife of gasturbines.

Previous studes have introduced Laser shockpeening (LSP and shotpeening (SP)
as potential soluions for LIE of Ti64. However, no study has been done on the LIE
performance of thelow plasticity burnishedTi64.

Full factoria designof experiments was conducted to investigate the effeds of LPB
process parameters (Feed Rate, Spinde Velocity, Number of Passes,Pressue) on the
residual stress distribution, microhardness and surface roughness of Ti64. The suiface
microhardness and the surface roughness of the Ti64 were improved after the LPB
treament. Moreover, a large magnitudeof compressve residual stress layer was induced
by LPB treament onthe suiface of the Ti64. However, the results of the LIE testsshowed

thatLPB treament has Ittle or no effed onthe LIE performance of Ti64.
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Chapter 1
Introduction

Gas turbines sufer from both deaeasing output power and efficiency as the
ambient temperature increases becausethe air becomesless dense (which results in less
massflow rate). Gas turbineinlet air fog cooling is considered as a cog-effective soldion
[1]. Fog cooling is doneby spraying micro-scde water droplets into the gas turbine ifet
[2]. Some of the droplets, through evaporation, absorb hea from the air, while the
remainingdropletsenter the compressoras overspray, which leadsto further cooling of the
compressor [1]. However, this particular approach causesLiquid Impingement Eosion
(LIE) of the compresor blades, as shown in Figure 1-1 [3], resulting in performance

degradationand areductionin service life of the compressorblades.

GAS TURBINE ENGINE

Compressor Combustor Turbine
TR ¢ : '

Erosive”™
media

compressor
blade outline

Figure 1-1 Gas Turbine Engine [3].



This study will look at current methals usedto improve LIE resistance and the
patential of low plasticity burnishingto reduce the compressorbladeeroson. The objective
will beto study the parameter of LPB and design a processwhich can later be tesed for its

use inimproving LI E performarce.



Chapter 2

Lit erature Review
2.1Turbineinlet cooling and droplet-induced erosion
2.1.1Turbineinlet cooling

In the power generation industy, ambient air temperature plays a very imporiant
role in the performarce of gas turbines. Meher-Homji et al. [1] foundthat, 1°F increasein
the ambient temperature leads to 0.3-0.5% decreasein the gas turbine output power. This
particular correlation between the output power of a gas turbine and the ambient
temperature was aso confirmed by the U.S. Department of Energy [4]. They reported a
loss of 9% in the output cgpadty of gas turbines in the sunmer time, when there is a
relatively higher ambient temperature, compaed to that of the winter time. This was
attributed to the decreasein the air density commensuiate with an increase in the ambient
temperaure [2]. Thus, the adual massof intake air decreases, since each gas turbineis
designed tointake a fixed volume of air [2]. As a result, the gas turbine efficiency and the
outputpower capadty decrease[2].

Therefore, there is a need for turbine inlet coding (TIC); to cool the intake ar
before it enters into the turbine compressa. Inlet fog cooling is the most popular method
being usedsinceit has been proven to be the most effective methodgcogs-wise [5]. During
the fog cooling process,as shownin Figure 2-1 [5], micro-scde water dropletsare grayed
into the turbineinlet and they absorbthe hea 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 approadc also leads to liquid impingernent
erosion (LIE) of the rotating blades in the compressa, resuting in performance

degradationand reductionin servicelife of the compressorblades[6, 7].
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Figure 2-1 Image of typical gasturbineinlet coding (TIC) [5].

2.1.2 Liquid impingement erosion(LI E) mechanism

Thus far, LIE has been treded as a purely mechanical phenomenon[8]. Severa
theaies[8i 11] have been put forward to understand LIE damage. Most of thesetheories
are based on the concept of water-hammer pressure and shockwave propagation. Water-
hammer pressurerefers to the high pressuregenerated as a result of the collision of high
velocity water dropletswith the target solid suface coupledwith the compressbility 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 transnitted
beneah thetarget suface[9, 11].

Generally, the evolution of LIE damagefollows its initiation by a ductile fradure
mechanism (microvoid nucleation, growth and coalescence). A general description of the

erosiondamage is illustratedin Figure 2-2 [12]. It is mainy divided into 4 stages: suface



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

larger pits,and materialremoval.

Watea dropletimpact

Liquicl collison

Damageinitiati on 3long
l | groinboundaries
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Surfaces are usualy roughened due to the collision with water droplets, forming
what are cdled slip bands. Adler [13] linked this behavior to the formation of surface
depressons upon impad of the water droplets, extruding part of the surface around the
impad zone; herce increasingthe surface rougmess.

Jolliffe [14] aso explained the formation of the slip bands with the aid of a
schematic diagram shawvn in Figure 2-3. Water droplets impading a previoudy formed
depresson induce a water hammer pressureinside the crater. As the compressedliquid
moves,it pushes the edges of the depresson causing their plasic deformation in the form

of extruded (emerging) edges.

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

As the dip bandsare formed, lateral jet pressue ads to initiate microcracks onthe
roughsuiface, as shownin stagel of Figure 2-2. As a result of stresswave propagation in
the speimen, 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 formationof more surface microcracks uponsuccessve water droplets impingenents.
Cracks start to propegate along grain boundaies as desribed in stage2 of Figure2-2.

As the suiface cradks merge, unsuppored matrial particulatesthat detach from the
specimen forming larger pits are created as illustrated in stage3 in Figure 2-2. Further
impingementsading on the fradure suface initiate more microcracks known as secondary
microcracks. Due to the increased surface roughness, more stress concentration locations

are present as sletched in stage4 in Figure2-2.



Experimental eviderces [10, 14, 15] indicae that, under a wide rarge of LIE
conditions, the weight loss of a matrial subpded to repeaed impingenents of liquid
dropletsvaries with time (erosionrate) as shownin Figure 2-4 [8]. The evolution of LIE
could be divided into 5 stags. In sequential order they are: "incubation period,
aaceleration period, maximum rate period, decderation period and termina period” [8].
Thedescription of thestagesis as follows:

Incubation period: In this stagg, there is negligible matria loss. However, this period
may notappea if theimpad condiionsare too severe.

Accderation period: It is characterized by rapid increase in erosionrate to a maximum
vaue.

Maximumrate period: Theerosionrate, in this period, remainsrelatively consant.

Decderation period: During this stage, the erosionrate dedinesto (normaly) 1/4 to1/2
of themaximumrate.

Terminal period: This is the last stageof the evolution of LIE. The erosion rate is
expeded toremain constnt, once again, indefinitely. However, in somecases, the erosion

rate fluctuatesin this stage.

@ Incubation period ®|
@ Acceleration period @

&)

® Maximum rate period
@ Deceleration period
® Terminal (final steady-state) period

Erosion Penetration

O —

Time
Figure 2-4 LIE damage stages|[8].



2.1.3 Fatorsaffeding Liquid impingement erosion (LI E)

LIE of the compressor blades of gas turbines is a very compex medanical
phenomenonand is signficantly affeded by marny parameters such as: impad velocity,
impad angle, droplet size, droplet shage, frequency of impacts, and impingenent

resistance of target material [161 23].

1) Impad velocity

Theimpaa velocity is defined as the relative velocity between dropletsand rotating
blades, which is the vedor sum of the absdute droplet velocity and the periphera
rotational velocity of theblades[13, 17.

Impact velocity is one of the mostimportant parameters that sigrificantly affed the
erosionrate; their relation could be demonstetedby a Power Law equation of theform:
El V' 1)
where E is erosionrate, V is impad velocity, and n is a matria dependent constént. For

Ti64 alloy, n was reported about7 [16, 21.

2) Impad ande

Impact angle is anotherimportant parameier affecting LIE. Ahmad [27] reported
that maximumerosion occurs at an impad angle of 90°. When the impact angle deviates
from the normal diredion, the erosion rate will be affected due to the deaease of the
normal impad velocity. However, the impad angle, to someextent, has been regarded as
an unskble parameter in the literature, due to the continuous change of the surface

roughnessduringtheimpingenent process|6, §.



3) Dropletsize

Droplet ske isanotherimportant parameter that significantly affeds theLIE. Wang
et al. [28] found thatthe cooling effedivenesstends to deaease wlen the dropletdiameter
is larger than50 um. Also, large dropletswith high kinetic energy impact the leading edge
of the compressor bade [20], causingincreased erosion rate and more severe crater and
pitting damageon the blades, especially on the blades tips [29]. The useof smaler primary
dropletswith a typical size of 5 to 10 um is a common pradice notonly to improve the

cooling effedivenessbut also to reduce the water dropleterosion[28§].

4) Dropletshape

Theinjedion force, the gravity, and the reaction force, upon collision, could affect
the adua shape of the water droplets, makinghem not to be perfect spheres. This might
affed the LIE. A flattened droplet, witha larger equivalent diameter, has been proven to be
more damaging,becauseit behaves effectively as a larger droplet[30]. This indicaesthe
importance of studying the effed of the shapeof the impading droplets.However, in this

work careis taken to assure as uniform droplets as possibhe.

2.1.4 Paential mechanical surface treatment solutions for LIE

Studies have not yet successfuly correlated LIE resistance with any independent
measurable matrial property [30]. Rather, it depends on a comhination of properties
whoserelative importance may differ dependingon the variables,such as the nature of the
subgratesand erosionconditions[28i 30].

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

soluion to LIE. SP is one of the mostwidely-used surface treaments, which introduces a



high magnitude oflocal residualstresswith high percentage of cold work by bombading
the surface of the materia with solid particles. It enhances the fatiguelife 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, 33.

Laser shock peening (LSP is another widely-used technique to enhance the
properties of the material, suchas fatiguelife [36]. Since the processinvolves the usageof
laser technolagy, the costis relatively high and the processng time islong. Robinsoret al.
[37] applied LSP to Ti64 to study its LIE performance For the tests,they [37] usedan
impulsve water jet that produced 100-micron dropletssize at an impad speed of 500nTs,
and the total testperiod was 25 hours. The results showed an improvement of 20-25% in
massloss, compaed to the untreaded @amples under the same erosion condtion. The
improvement was attributed to the combined effects of the existence of 40Cem depth
homogerous martensitic ( U 6 igrostmcture on the surface of Ti64, and an up to 10%
increase in micro-hardness.

Low Plasticty Burnishing (LPB) is another important surface enhancement
technique.lmprovementof both high cycle and low cycle fatigue Ife is the mostpopular
applicaion of LPB [33, 35/ 37]. However, its effediveness inLIE is yet to be establshed.

Thedetails of LPB will bediscussd inthefollowing sedion.

2.2 Low plasticity burnishing (LPB)

The LPB parameters are reviewed here in order to design the best processfor LIE
tests. The LPB process develops a deeg layer of high magnitudecompressve residual
stress, with improved surface finish but minimal cold work, which provides the thermal

stablity of the compressive residual stressesproduced [38, 39]. LPB can be performed
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with either CNC or conventional machines.The processinvolves a pass or multipassof a
smooth fee rolling spheica ball tool on the surface of a workpiece, urder a nomrmal force
suficient to plastcdly deform the suface of the workpiece as shown schematicaly in
Figure 2-5 [43]. The hard ceramic burnishingball is suppored in a fluid beaing and is
lifted off the suiface of the retaining spheica soclet. The ball is in mechanical contad

only with the surface to be bumished;hence, it isfree to roll in any direction[44].

Marmal Force

<.:

-..._‘_‘_H_-H""—--.., .
o] Spherical
?;'IFSDHIHQ :‘:-..,__‘""" Fluid Bearing
B W Taol
%
--‘___H“"'--u-.._._‘_‘_‘_'
-‘_"'1'“""-_‘:""'-.._,
""-.._‘_-_-1.‘-.‘
{;-? Lal&_l'al
= i;_? —~ Motion
Workpiece 7

Residual Sress _r_>
Compression  Tension
Figure 2-5 Schematic of LPB process[43].

LPB develops subsuiace Hertzian contect stresses (residual stresse$, which ad
paralel to the burnisked plare. With sufficient normal pressue, the subsuface stress
exceeds the yield strength of the workpiece, reaching a maximum leneath the surface,

thereby producing deep subsuface compresson[45].

2.2.1 Rocessparametersof LPB
The signficant processng parameters of LPB are: feed rate, nommal force provided
by the hydraulic pump,LPB bal marial, LPB ball diameter and numberof passeg43i

46]. With a poor choice of processng parameters, the workpiece suface could be left
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nealy stress-free oreven in tension[50, 51]. Hence, processoptimization has to be usedto

select parametersthat leave thetreded suiface in compresson.

2.2.2 Charaterization of LPB process

LPB produces a good surface finish and induces a relatively a high compressve
residual stress at the substrate suiface The change in suiface characteristics, dueto LPB,
can causeimprovement insurface hardness, wear resistarnce, fatigueresistarce, yield and
tensle strength [38, 48, 49]. Thus, studying the influence of different LPB conditions on
different propertiesis essential.

As a cod-effedive surface enhancement technolagy with processng speed
compaable to thoseof conventional machining operations, LPB is widely usedfor many
applicaions. Deep compresson produced by LPB could improve the fatigue strength of
engineparts made of IN718, Ti64, andAl 7075-T6 aloys [46, 50 53]. Theseadvantages of
LPB have attracted attention of US Air Force and US Navy, and the process has been
invesigated for potental use in arcraft industry [58]. Application of LPB to the

manuacturing of compressorbladeis shown inFigure2-6 [59].
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1) The compressveresidual stress nduced by LPB

An LPB treaed workpieee has a maximum magnitude of compressve residual
stressjust below the surface with a small equilibrating tensle stressinside the workpiece,
as shownin Figure 2-7 [36]. When considering the compressve residual stress, the depth
of the compresson and its magnitudeare very imporiant. The reviews of different LPB

processng parameters on theresidualstressdistribution are as follows:

— e

Tensile
N
Depth

Stress

Compressive

Figure 2-7 Residual stressdistribution of a LPB treaed workpiece [36].

a) Theeffea of LPB load on residual stressdistribution

Finite element analysis and experimental study (Figure 2-8) have been usedto
invesigate theeffect of LPB load on residual stress distribution [50]. The results showed
that both the magnitude and the depth of compressve 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 compressve residual

stressoccurs stays amostthesame[59].
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Figure2-8 FEM and experimental reaults of the effect of different pressureon resdual stress
distribution [50]

b) The effed of LPB ball material on residual stressdistribution

Severa studes [33, 38, 57, 58] were condcted to verify the effect of LPB ball
maieria on residual stressdistribution. There was no noticeale difference in the residual
stress distribution obtaned with the use of chromium stedl, beta-silicon niride, and

tungstencarbide burnishing lalls. Hence the effect of burnishing lall material on residual

stressis negigible.
¢) Theeffea of LPB ball diameter on residual stressdistribution

Sartkulvanich et al. [60] studed the effects of LPB ball diameter on residualstress.
Using a larger burnishing ball led to a dight increase in maximumcompressve residual
stressand much deeper compresson layer, this is dueto the fact that a larger ball presses
down the nea-surface matrial more repededly and uniformly when compaed to LPB

with asmaller ball as shownin Figure2-9 [50]. Althoughusng different sizes of LPB balls
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did not affect the depth where the maximum compressve residual stressresides.

-250 -

q, , [MPa]

b ——FEM, d, = 4mm
—— FEM, d, = 6mm
- @ -Exp,d =4mm
- ® -Exp, d,=6mm

04 0E LR 1.0

Depth [mm]
Figure2-9 FEM and experimental results of the effect of ball diameter on residual stressdistribution [50].

d) The effed of overlappingratio on residual stressdistribution

MultipassLPB has been usedto 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 shownin Figure 2-10 [64], the magnitudeand the depth of the
compressve residual stress induced by the 2-pass LPB are greder thanthoseof a singe
pass LPB. However, the experimental work of Salahshoorand Guo [42] showed that

overlappingratio has no signficant influence on the residual stress distribution, as shown

in Figure2-11 [42].
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Figure 2-11 Experimental result of the effect of different overlapping ratios on residual stressdistribution [42].

2) Theeffed of LPB on microhardness

The near-surface microhardness depth profiles of an LPB treaded Ti64 samples
showed a 10% increasein hardnesscompaed to virgin Ti64, as shownin Figure 2-12 [65].
This could be dueto the existence of a work-hardened layer after surface treament [65].
However, the trend line was not convincing since it was not well mathed with the

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

between Uan d
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Figure 2-12 In-depth microhardnessprofile of LPB (Deep Rolling) and L SP treated Ti64 alloy [65].

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

suiface microhardness. The parameters that had an influence on hardness, in deaeasing

order of importance, were burnishingfeed, pressue, ball diameter and numberof passes

[66]. Figure 2-13 [67] showsthe relationship between the burnishingfeed f,

and the

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

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

process.
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Figure 2-13 Correlation of the burnishing feed with surface microhardness: (a) Spedmen material: H62LY 12,
n=4000r/min, bur nishing depth d=3.5um; (b) Spedmen material: LY 12, n=3000r/min, bur nishing depth d=2um

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

microhardness, results in Table 2-1 [68] showthat for both hed-treaed steel and Inconel

718, thesuface microhardnessimprowed by increasingthe bumishing pressure.

Table 2-1 Vickers hard ness of heaed-treated sted and Inconel 718 near to the LPB treaed surface [68]

Burnishingpressure | Surface hardnessof | Burnishingpressure| Surface hardnessof
(normalforce) hed-treatedstes! (normalforce) 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) Theeffed of LPB on surfaceroughness

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

in Figure 214 [69] show the initia turned surface of Ti64 and the suface after LPB

treament. The LPB treded suiface became much smootherand uniform, compaed to the

untreded suirface The diredion of LPB operation is depicted by the arrow marks on the

images. Mark 'G' in Figure 2-14 showsthat shap machining marks deformed dueto the

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

compressve load during LPB operation, the shap asperities deform, resulting in a

smootherand moreuniform suiface SEM image ofthe LPB treaed Ti64 also shavs some

of theundeformed asperities ('F' in Figure 2-14).
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Ti64 surface after LPB

ZB kU

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

Studies [51, 67] show that, no singe LPB process parameter has the dominant
effed on the suface roughress. All the parameters are interacting. In the case of LPB
treaed AISI 1045 [71], a stronginteraction between burnishingspesd and ball diameter
was noticed. In order to minimize the surface roughnessvalue, it was recommended to set
the burnishingspeed, pressue, number of passes at high level and ball diameter at low
level. For the LPB process of Ti64 [67], burnishing pressureand number of burnishing
passesshowed stronginteraction. Higher numberof passes was remmmended to improve
the surface roughness of Ti64. Hence it is importantto study the effects of the operating

parametersof LPB on suface roughressin order to better characterizethe LPB process.
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4) Theeffea of LPB on microdructure

There is relatively less information about the nea-surface work-hardened
microstiucture induced by LPB and its influence on fatigue behavior. Figure 2-15 [73]
showsTEM imagesof Ti64 nea-surface nanocrystalline gain structure after LPB surface
treament at different tempeaatures. Nalla et al. [65] studied the correlation between the
thermal stablity of this nanos@e microstucture and fatigueresistance of Ti64. The nea-
surface nanocrystaline structure stayed perfectly stable up to 500-550°C as shown in
Figure 2-15, where complete release of the applied compressve residual stresseshas
occurred, as shown in Figure 2-16 [65]. In conclusion, the improvement of fatigue
resistance after LPB treatment at elevatedtemperatures could be attributed to the existence

of thethermally stable hea-surface, nanocrystallinegrain structure [65, 73, 74.

surface

200 nm

Figure 2-15 Near-surface microstructure of LPB treaed Tii 6AlT 4V after ther mal exposure at temper atures
between ambient and 850°C [65].
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Figure 2-16 Releaseof residual stresses of LPB treaed (Deep Rolled) Ti64 at elevated temperatures[65].

2.3 Evalation and comparison of LPB with LSPand SP

All these suface enhancement tchniquesare aimed at developing a layer of
compressve residual stress using mechanical deformation. However, the techniques difer
in terms of how the surface is deformed, the form and magnitudeof the residual stessand
plasic deformationdistributionsdeveloped inthe surface layers [55]. General evaluations

and comparisonswere made among thesehree surface enhancementtechniques,as shown

in Table 2-2.
Table 2-2 Evaluation and Comparison of LPB with L SP and SP
Depth of
Surface Coldwork | Compessve Surface Processng
Enhancement . . ; Cost
: Percentage Residual finish time
Tedhniques
Stress
LPB Low Deep Mirrorlike | Moderate | Modeate
>1lmm
- Shallow
SP High 0.2-0.5mm Poor Fast Low
LSP Low Deep Worsen Slow High
>1mm
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2.3.1 Residual stressprofiles

Figures 2-17 [68] and 2-18 [ 75] showcompaisonsof residual stressprofiles among
various surface trestments. In general, SP generates relatively shallow depths of high
magnitudecompressve residual stresses.With LSP, the depth of induaed compressve
residualstresses is signficantly greater thanthat produced by SP. On the otherhand, LPB

generates high magnitudeof compressve residual stressesthrougha deeper thickness of

the substete.
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Figure 2-17 Comparison of residual stressprofilesinduced by SP, LSP and LPB for IN718 [68].
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Figure 2-18 Residual stresg depth distribution in Tii 2.5Cu (SHT) after various surface treaments (SP=shot
peening, BB=ball-bur nishing, L SP=laser shock peening, USP=ultr asonic shot peening, SHT=solid solution heat
treament) [75].
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2.3.2 Coldwork percentage

Compaison in terms of the degree of cold work among three suface treament
techniqueswas madeas shownin Figure2-19[68]. A high amountof cold work (up to 30-
40%) is achieved by repeaed applicaion of SP. For the LSP process, the degree of cold
work (9%) is beneficially lessfor the same pes&k compressve residual stress produced by
SP. LPB generates the least amount of cold work (4%) for the same pe&k compressve
residual stress at the suface [36, 68]. The minimized plasicity could be attributed to the
configuration of the LPB tool constituted by afree rotating ball, which reduces the friction

with theworkpiece surface [38, 64.
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Figure 2-19 Degree of cadd work of SP. For L SP process[68].

2.3.3 Residual stressrelaxation

Although the mechanism of residual stressrelaxation 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 compaison
study of thermal relaxation for a variety of surface treament technologies has been
condwcted, he results indicaed that compressve residual stressesat heavily cold worked
SP surfaces relaxed very rapidly, compared with that of a low cold worked surface

produced by LSPand LPB [65, 68, 74, §].

2.3.4Surfacefinish

SP produces a poor suface finish by bombading the workpiece with hard shots,
resuking in localized plastc deformation (Figure 2-20 b). However, LPB improves the
surface closeto a mirror-like finish after the process (Figure 2-20 a). While in the case of

L SP, thesuface finishcould beworsened after thetreament (Figure2-20c¢) [75)].
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2.3.5 Costand processing time

LSP isthe mostexpensive and the slowest, compared to SP and LPB, and it is the
mostdifficult to incorporate into an existing machine shopenvironment, while LPB can be
caried out on existing CNC or conventional machines, at spesds compaable to

conventional machining processessuch as suiface milling [38, 58, 75.

2.4 Geneal properties of Ti6AI4V

Titanium alloys are used as base materia for the compressorof the gas turbine
blades. They are also used as erosionshieldmatrial for the last stagerotor blades in large
steam turbines, because of their high strength toweight ratio and better erosion/corrosion
resistarce [18]. Ti64 is the mostwidely usedtitanium alloy. Ti64 contains6% aluminum

(Al) and 4% vanadium (V), making it an apha-beta alloy. Table 2-3 showsa typical
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chemicd compostion of Ti64. It has a dendty of roughly 4.4 g/cn?, compressve yield
strength of 970 MPa, and tensle yield strength of 880 MPa. Although Ti64 has good
mechanical properties,LIE remainsaproblem.

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

Al \% C N @) H Fe Y Others Ti

Min. | 55 | 35 - - - - - - - -

Max. | 6.75| 45 | 0.08 | 05 | 0.2 | 0.0125| 0.3 | 0.005| 0.1 | Balance

2.5 Objectivesof the present work

Previous studes have introduced LSP and SP as potentialsoluionsfor 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 teds to measue the water erosion
performance of Ti64 that has been treaed 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, spindlevelocity, numker of passesand pressue) on Ti64 were undertaken.

The optimized process will then be used for the liquid impingement coupon.
Residual stress distribution, microhardness and surfface roughness measurements vere
conductedto characterizethe LPB process.

Since LIE resistance depends on a comhbnation of different properties of the
materia, the present work is expeded to establsh the correlation between the LIE
performance and the propertiesof Ti64 improved by LPB.

Thepresent study aims at:

A Optimizing the LPB process parameters in order to obtainmuchdeeper and larger

compressveresidualstress.

26


http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Tensile_strength

Investigatingthe effed of hardnesson the LIE performarce of Ti64.
Investigating the effect of compressve residual stresson the LIE performarce of
Ti64.

Studying the LIE mechanisms of LPB-trededand nontreaedTi64.
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Chapter 3
Experimental Methodology

This chapterintroduces the material processng, as well as the parameters usedfor
the LPB treatment. Furthemore, the methods used for evaluating suface roughness,
microhardness, residual stress, microstucture and water droplet impingenent test are
described. Figure 3-1 shows a brief description of the research methoddogy used during
thiswork. TheTi64 alloy was received from Performance Titanium Group (SanDiego, US)
in the form of a square plate. The as-received Ti64 plates were thencut and LPB treated.
The burnished alloys were then subpded to severa charaderization processessuch as:

microhardness,microstructural, surface roughness,residualstressand LIE measuremens.

(Spindle velocity, feed rate, number of passes, pressure)

A 4

i |

Hard Residual stress
ardness distribution

[ Investigation of LPB process parameters ]

Surface
roughness

' S
—

LPB process

LIE tests

i

I 1
Two different Two different
droplets sizes impact speeds

Figure 3-1 Resear ch methodology used in the present work.

Thedetaileddescription of theexperimental methodola@y is asfollows:
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3.1Ti6Al4V sample preparation

The Ti64 (AMS 4911) was received as an anneadled plate with dimensionsof 12
inch x12inch x0.6250inch. It was cut into 16 small squaes, with sidesof 3 inches. The
small squaes were machined irto small disks with 3 inch diametr. These disks were
processedusingdifferent LPB parametrs on a conventional latheat Concordia University.
Two T-shge LPB samples, as shownin Figure 3-2, were cut from each disk using a
waterjet cutting machine. This particular design was madefor the L1E-tested m@rts of both
T-shapecouponsto have the same strain rate after LPB treament. The T-shape samplesand

cutting stepsare shownin Figure 3-3.

All dimensions In inch

Figure 3-2 Schematic of the two T-shape samples cut from small disks.
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Figure 3-3 Cutting stepsfor the T-shapesamples.
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3.2L ow plasticity burnishing

The LPB equipment is from ECOROLL Company (Ohio, US). The equipment,
shownin Figure 3-4, consists of a 6.6 mm hard ceramic bell able to process matria up to
65 HRC hardness equippedwith a hydraulic pump thatis able to provide pressues up to
200 bars. Graphical representation ofthe LPB processis shownin Figure 3-5. It is carried
out by mourting the burnishingtool on a manwal lathe and then pressng the tool against

therotatingTi64 disk surface with thenormal force provided by the hydraulic pump.

Hydraulic pump with the oil reservoir

LPB tool

Figure3-4 LPBtod and hydraulic pump.
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Figure 3-5 LPB processon a conventional lathe.

3.3 Surfaceroughness

The suiface roughness of the various burnisted samples was determined by means
of an eledronic contact profilometr instrument (Mitutoyo Surftest SJ3-210). The arithmetic
mean roughness (Ra) was usedto represent the suiface roughness. The average of five

roughnessmeasurementswas talen for each LPB sample.

3.4Microhardness
3.4.1Surface microhardness

The suface microhardness was determined usng a squae-base pyramid-shaped
indentr (Mitutoyo Surftest SJ-210) for testing in a Vickers teser. A nomnal force of 100
gram-force (gf) and a loadingtime of 15 s were usedfor the tests.The average of five
measurements was taken at the suface of ead sample to evaluate the suiface
microhardnessimprovement after LPB treatment.
3.4.2 In-depth hardnessprofile

Nano indengtion measurements vere performed to constrict the hardness-depth
profiles, as shownin Figure 3-6. The measurements were repeded twice for each sample

and the average of two measurementswas taken at ead depth. The crosssedioned LPB
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samples were polisheddown to 1-micron. The measurements were taken aaossthe depth
at an interva of 0.025 mm stating from the edge of the burnished surface and going

toward the center. Thetota depth of measuremertswas aound0.8 nm.

LPB-treated surface

Figure 3-6 Schematic for in-depth har dnessmeasurement.

3.5Microgructural analysis

Hitachi S-3400N Scanning Electron Microscope (SEM) was usedto observe the
microstriwcture of the Ti64 sample before and after the LPB surface treament. Thesuiface
preparation of the samples was donethe same way as that of the cross-sectioned samples
usedin in-depth hardness measurements.SEM was also usedto study the LIE mecdhanism

of thetestedsamples.

3.6 Residual stress:incremental holedrilling method (IHD)

TheIncrementl Hole Drilling Method(IHD) was usedin the present wark to study
the compressve residual stress distribution induced by various LPB conditions. The hole
drilling methodis a well-establshedand widely acceptedtechniquefor measuringresidual

stress. A strain gauge rosetteis first borded to the suface of the componentunder
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investigation A holeis thendrilled usingcarbide tipped drill with 1.5 mm diameter driven
by an air-turbine with a rotational spesd of 200,000 rpm into the component throughthe
center of the gauge to a depth appraximately equal to half its diametr, as shown
schematicaly in Figure 3-7. The origina stress statein the components then caculated
from the relieved strain values acording to ASTM E 837i 01. Both the magnitudeand
diredionsof principal stressesare cdculated [78, 79]. During the IHD measurement, the
cabide tipped cutter is milling and drilling the workpiece at the same time as can be seen
in Figure 3-7. As aresult of that, a flat-botom hole was made, as shownin Figure 3-8; this

was ained at avoidingstresscorcentrationsfor eeach incrementof stressmeasuremert.

i

]

LtV

Figure 3-7 Processof carbidetipped cutter milling the hole [80].

D/2

Figure 3-8 A flat-bottom hole was drilled after each increment of IHD measurement [78].
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Target site sufaces were prepared for gaugeinstallation by two very light passesof
400 grade abrasive paper followed by thoroughdegreasing. Onerosette (CEA-06-062UL -
120), as shownin Figure 3-9 was installed on the surface of each sample with elements 1
and 3 aligned as shownin Figure 3-10. Thesediredionsalso refer to stresses (1 land & 3n
the subseqant results sheds. For all the 16 samples, gauges were installed and drilled at

thesamepostionin relationto the curved suiface as shown inFigure 3-10.

Matrix length |
I

Ny
1

. Gauge Length

_ — Hole Diameter
Matrix

Width

Grid Centreline
Diameter

Figure 3-10 The positions of the stain gauge asinstalled.
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Eadh sample in turn was cementd to an angle plate. Gauges were drilled usinga
miniature PC-controlled orbital driller; depthincrementswere setat 4 x 32em +4 x 64 m
+ 8 x 64 em, giving a completed hole depth of 1,408 em. Figures 3-11 and 3-12 showthe

arrangementfor incrementaldrilling.

Figure 3-12 The arr angement for sample of incremental drilling.
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3.7Water droplet eroson test
3.7.1Water droplet erosion rig

The water droplet erosion testwas done using the rig as shown schematicdly in
Figure 3-13. It simulates the working condition of the compressorblades and could reach
the maximumtesting speed of 20,000rpm with the rotating disk. Three different designsof
couponsare used for different testng speeds, as shownin Figure 3-14. The flat couponas
shownin Figure 3-14 (a), coupledwith the L-shaped sample holde, was usedin the LIE
testswith impact speed lower than 350n1s; the T-shapecouponshownin Figure 3-14 (b)
could betestedin the LIE testswith impad spesd up to500m/s; the L-shape couponFigure
3-14 (c) is designed for the LIE testswith theimpad speed up to 350m’s. Therig has two

cameraports, topandside, to observe waterimpingementusinga high-speed camera.

——r

' UL no—lﬂl---

e T ———————]

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

vaauum pump and injeded throughorifice nozzles with diameters of about 400 em and
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600 em. The experimental parameters of this rig were set up empiricdly using the DOE
method.The initial water pressue was fixed at 30 psi. The standoff distance between the
nozzle and the specimen was set a 50 mm. The flow rates of the 460 em and 630 € m
dropletswere set at 0.06L/min and 0.1L/min, respedively. Two water droplet impingenent

speeds; 250m/s (10000 rpm) and 350 m/s (14000 rpm)were usedfor bothsizes of droplets.

Figure 3-14 Coupons for LIE t estsat different impact speeds: a) flat coupon coupled with the sample holder; b) T-
shape coupon; c) L-shape coupon.

3.7.2Water droplet size deter mination system

Since water dropletshave a broad size distribution, normally, the mean diametr is
usedin the prediction of erosionfor convenierce In this stuly, a high-speed camera was
setup and aimed at a transpaent glasswater box which simulates the same conditions of
the water droplet erosiontesting rig as shownin Figure 3-15. Full resoluion pictues (500
framesper seand) were taken to measurethe droplet size. 200 readings of the droplets

size were recorded and the dropletssize distributionswere plotted.
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Figure 3-15 High-speed camer a setup for water droplet size measur ement.
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Chapter 4

Results and Discussons

A systematic study of the parametric effects contributing to the surface roughress,
suiface microhardnessand residualstressof LPB treated Ti64 was conducted. Furthermore,
the LIE performance of LPB treaedTi64 was evaluated.

A design of experiments (DOE) approach was used for evaluating the parametiic
effeds of LPB treatment. It was carried out using 2-level full fadorial (2¥) design
consicering randomization and replicaion of experiments since onefactor-at-a-time
appraach cannot give a clear picture of the effect of parametr interaction. A 2-level full
factoria design of experiment is an experiment whose design consistsof two or more
factors, each with disaete two possble values ("+" and "-") or levels ("high" and "low"
level). It consistsof every comhnation of the levels of factors in the experiment [82].

When analysing the full factorial design, severa statigical terminologes were used
in this study, which are explained as follows.

Main effects refer to the effed of a singe factor on a speific experimental
responseln contrast, factor interactions occur when the effed of a fador dependson the
level seting of anotherfactor.

A Pareto chart could be usedto examine the signific ance of theseestmated effects.
The outputof Pareto chart could be affeded by the chosenconfidence interval (U), which is
usedto indicae the reliability of an estimateof the effects [82, 83]. In the present work, a
5% of confidence interval ( Unas used,which impliesthat95% (1 - U) of the confidence

intervals would containthetruerespong.
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4.1 Low plasticity burnishing (LPB)

The parametrs invdved in the DOE for the present study are: spindle velocity
(Factor A), burnishingfeal (Factor B), numberof passes(Factor C), burnishing pressue
(Factor D) and the other parameters were held constnt, suchas burnishng ball matrial
and diameter.

Each of the four selected parameters was utilized at two different levels with their
respective coded valuesas indicaedin: alow level (-1) and a high level (+1). The values
of ead level, as listedin Table 4-1, were determined from the available literature [39, 67]

and recommendationsgainedfrom the manudadurer of the LPB equipment (ECOROLL).

Table 4-1 ProcessParametersof LPB.

Spindle Velocity (rpm) 150 75
Feed(mm/r) 0.20 0.06

Number of Passes 3 1
Hydraulic Pressure (bar) 200 100

Thedesigntableof LPB processing conditions was constrictedwith the parameiers
and correspondingcoded valuesin Table 4-1. Sixteen Ti64 disks were treated using 16
different LPB conditions as shownin Table 4-2. Each LPB-treated disk was engraved with
the corresponding nurber in the last column (Order of Runs)of the table, and this is

recognized as the LPB sample numberin thefollowing text.
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Table 4-2 Combinations of parametersfor LPB process.
Oszervation Spi n/gle Vv FeBej 5 Pr£sure Order of
umber (rpm) (mmirev) #Pass (Bar) Runs
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 (12)
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 DOEanalysisof surfaceroughness

Tables4-3 and 4-4 present the average suiface roughress(Ra) vaues(average out
of five readings)of the 16 different LPB-treated, and the untreated Ti64 substiate. Overall,
therangein treament parameters resulted in an Ra from 0.05to over 0.212em for LPB-

trededsamples, while the initial Raof theTi64is0.35em.
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Table 4-3 Surface Roughnessof LPB treaed Ti64.

LPB Surface Roughmess( 1)

Sample# 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 0.14 011 0.14

Table 4-4 Initial surface Roughnessof Ti64.
Surface Roughmess( @)
Ti64 R1 R2 R3 R4 RS Ave.
0.22 0.30 0.41 0.50 0.31 0.35

Figure 4-1 showsthe genera effect of the 16 different LPB conditions on suiface

roughness of the treaed disks as compared to the initial suface roughness of the Ti64
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subgrate. It is evidentthatall the LPB conditions left the Ti64 surface with an improved

suiface finish,anexampleis shown inFigure4-2.

1 SurafceRoughness of LPB Samples — Surface Roughness of Ti64 Substrate

“0l0nags

1 2 3 10 11 12 13 14

Numbers of LPB samples

15

16

Figure 4-1 Surface roughnessimprovement on Ti64 after LPB treatment.

Before LPB treatment

Figure4-2 Surfacefinish of Ti64 disks before and after LPB treament.

The Pareto chart, shownin Figure 4-3, indicaes that the burnishing feed has the

mostdominant effed on the surface roughnessof Ti64. An improvementof 0.07em in the

suiface finish of Ti64 could be induced by decreasing theburnishingfeed (Fador B) from

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

showsa posiive vaue acording to DOE analysis, suggsting thatthefeed rate ofthe LPB
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process works directly proportionalto the suiface roughness value. Hence in order to

minimize the surface roughressvalue, it is advisable to set the burnishng feed at a low

level.
0.03085
B+ 0.072]
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AB- |
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Figure 4-3 Pareto chart of Ra.

One of the full factorial mehodology advantages over the onefador-at-atime
experimental procedure is its ability to speify the interaction effect between any two
factors. In general, treamentscondicted with low level of feed rate resulted in lower Ra,
which means smoother sudace finish. The response suiface plots shavn in Figure 4-4
highlight the interactions between the signficant effea of the feed (Factor B) and the
spindle velocity (Factor A), numberof passeqFactor C) and the pressure(Fador D) on the
Ra

It is worth noting that spindle velocity has little effed on Ra when LPB was
operatedunder high level of pressure (20ar) for 3 passes.The responsesurface shown in
Figure 4-4 (a) was dominated by the changeof the feed rate. While undr the LPB process

parameters with low level of pressure(100 bar) for singe pass, increasing the feed rate
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showed no effect ontheRa at high level of spinde velocity (Factor A), as shownin Figure
4-4 (d). The responsesurface in Figure 4-4 (d) showed an increasing trend of Ra by
increasingthe spindlevel ocity at thelow level of thefeed rate, buta decreasingtrend at the
high level of the feed rate. Another interesting observation could bemadein Figure 4-4 (c)
and (f); the pressue showed a lesspronaunced effect on the Ra at the LPB condition of
high levels of the feed rate (0.20mm/rev), spindlevelocity (150rpm) and number ofpasses
(3 passes), as shownin Figure 44 (c). However, the resporse suface of Ra showed a
deaeasing trend by increasing the pressureat low levels of the feed rate (0.06mm/rev),

spindlevelocity (75rpm) and the numler of passeq1 pass),as shown inFigure 4-4 (f).

46



d)

0.15

0.10 |

0.05

0.20

045 |

0.10

014 |

012 |

010 |

008

0.20 .

015

0.10

0.05

0.10

Spindle V

0.15

Feed 00

Figure4-4 Responsesurface plots of RaVs: a) V, f at high level of No. Passand P; b) f, No. Passat high level of V and P; ) P, f at high level of V and

No. Pass, d) V, f at low level of No. Passand P; €) f, No. Passat low level of V and P; f) P, f at low level of V and No. Pass.
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4.3 Results of hardnessmeasurements
4.3.1 DOEanalysisfor surface microhardness

As a suiface enhancement technique, LPB is expeded to improve the surface
properties of the material. Results of suface microhardness mesurements of the testd
samples arelistedin Tables 4-5 and 4-6, with theaverageof five readingsfor ead sample.

Table 4-5 Results of surface microhar dnessof LPB samples.

LPB Surface Microhardness(HV)

Sample# ™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 microhar dness of Ti64 substrate
Surface Microhardness(HV)
Tib4 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 suiface microhardness of the LPB-treated and non-
treaed Ti64 is presentedin Figure 4-5, indicating an increase of 10 - 30% in the suface

microhardnessof Ti64 after LPB treament, the value varying with the different process

conditions.
— Suface Microhardnessof LPB Samples
— Suface Microhardnessof Ti64 Sibstrate
—~ 410
>
L 390 - . - - N
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Figure 4-5 Comparison of the surface microhard nessbetween the LPB treaed and non-treated Ti64.

The Pareto chart shownin Figure 4-6 indicaesthat, the interaction effect (BCD) of
the feed rate (Factor B), numberof passes(Factor C) and presaure (Factor D) have the
most significant effect on the suiface microhardness of Ti64 at the 95% confidence level.
In addition, the feed rate (Factor B) has a sigrnificant effed on the surface microhardnessof
Ti64. However, the level of its sigrificance is less thanthat of the third order interaction
effed, BCD. More details are povided by DOE analysis. The effed of the three-factor
interaction (BCD) is inversely propationa (negative effect) to the magnitude of the
suiface microhardness of Ti64, while the feed rate has a diredly proportional effect

(posiive effect) on thesurface microhardness.
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Figure 4-6 Pareto chart of the surface microhard ness(HV).

Due to the presence of the signficant three-factor interaction effed (BCD) on

suface microhardness after LPB treament, it is important to study the nature of

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

suface microhardness enhancement. Asdiscussd abowve, in order to increase the suifae

microhardness ofTi64, the factorsB, C and D should be comhined in a way to build up a

negative BCD effect, as presentedin Table 4-7.

Table 4-7 Combinations of the parameter s showing anegative BCD €ffed.

Third Order Interaction LPB Fadors
Effecf[s_BCD thatare SuffaceHardness Sample B C D
berr?]filgglhgéri;iace (HV) Number Feed N%n;sb;;()f 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 - + +

Practicd interpretationswere examined with the help of the responsesuface plots

to verify the obtaned parametric effeds of the LPB conditions istedin Table 4-7 on the

suiface microhardness of Ti64. The corresponding esponsesurface plots are shown in

Figure4-7. A maximummicrohardnessvalue of about390HV on theresponsesuiface was
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identifiedfor al four LPB conditionslisted in Table 4-7.

The results of the response suifaces indicae the domnance of the third order
interaction effed (BCD) over the main effect (B), as shownin Figure 4-7 (b), (c) and (e).
The surface plot in Figure4-7 (b) reached the maximum valuesof suface microhardnessat
LPB conditions (2) and (4) listedin Table 4-7. The same obsevation could be madein
Figure 4-7 (c) and (e); the suiface plot reached the maximum \alues at the LPB condition
(2) in Figure (c), and LPB condition (4) in Figure 4-7 (€). This is in ac®rdance with the
literature that,the main effeds do not have much meaning when they are involved in
significantinteradions[82].

However, it is interesting to note that the presaure (Factor D) at low level of feed
rate (Factor B) decreases the suiface microhardness but increases it at high level of feed
rate (Factor B) when the rest two factors (Factor A and Fador C) are set at their low level
of values, as shownin Figure 4-7 (c). This explains the reason that a relatively smaller
incrementof suface microhardnessvalue was obseved in the LPB condition (3) listedin

Table 4-7.
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Figure 4-7 Responsesurface plots of surface microhardnessVs: a) V, No. Passat high level of f and P; b) f, No. Passat high level of V and P; c) P, f at
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4.3.2 In-depth hardnessProfile

Two LPB treded samples (LPB #10 and LPB #15, shown in Table 4-8) were
chosenfor the in-depth hardness profile measurement witha nano-indertation tesér. The
only difference in the process parameters between thesetwo LPB samples is the pressue.
LPB #10 was treated with a high level of burnishingpressure(200 bar), while LPB #15
was treaged with low burnishingpressure(100 bar). Two repeated testswere donefor each
sample to show theconsistery of theresults.

Based on the in-depth hardness profiles (Figures 4-8 to 4-10), compaisons were
madebetween the LPB-treated smples and the virgin Ti64 samples. It showed that there
was no certain trend for the changes in hardnessfor the LPB-treaed Ti64 compaed to that
of the nonttreaed Ti64. Similar scatered readings of in-depth hardness were obtaired in
the measurementsof bath the present work and the literature [65]. The hardnessvalues lie
in therangeof 4 GPato 6 GPain all measurements. The average valueswere givenby the
most matching trend line drawn in the profiles. It indicatesthat 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 dueto the dual-phase ( @nd b )microstucture of Ti64, as the
more bittle  Usse isharder than the more dctile pbase. Moreover, the compaison of
the in-depth hardness profiles between the LPB sample#10 and LPB sample #15 (Figures

4-8 and 4-9) indicatesthat the LPB pressue has little or no effed onthein-depth hardness.

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

A B C D
LPB iample SpindleV Fed #Pass Presaure
(rpm) (mm/rev) (Bar)
10 75 0.20 1 200
15 75 0.20 1 100
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Figure 4-10 In-depth hardnessprofiles of non-treated Ti64, replica#1 and #2.
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4.4 Residual stressdistribution

Theresidualstressdistributionsof the 16 different LPB conditionswere determined
using the incremen#l hole-drilling method.Results from the individual target gauges are
shownin FiguresB-1 to B-3 (Appendix B). Each figure liststherelaxed strains recorded at
16 drilling depths. Within the data reduction program, the strain data was subgded toa
moving average smootng process and then reduced to normal stresses( U ahd G 3 gnd
sher stress (13). Thedistribuions of both diedions ofresidual $resseqd land G W
little or no difference, thus, the discussiorwill be on & 1and it shouldbe applied to 0 3as
well. Thevauesof shear stress (13) arenegligible,compaedtod Jan d 3. {

The NPL Good Practice Guide [84] lists a number of contributors to stress
uncertainty including factors arising from the componentthe drilling process, the strain
gauge and strain indicator. The strain gauge and indicator togetler are the greaestsources
of uncertainty in the form of noisein the strain outpu. A randomstrain uncertainty in the
range of + 3 eU applied to the strain data of gauges in this asssament prodices
uncetaintiesof + 34 MPain 0 land U 3stressesover a depth range of 16 em to 112 em.

This deaeases to a minimum of £ 6 MPa at a depth of 512 em and thenincreases
again to = 14 MPa at the final incremert, because of reducing sensttivity. Uncertainties at
other depths vary lineally between these values. Many of the other fadors have been
evaluated; the additional experimental error is estimated at + 6%. Total uncertainty ranges
over thedepth rangecovered here may be calculated as:

A N Pa@E + 34 MPa+ 6% ofi 600 MPa) at depth 16em,
A N P& + 3 MPa+ 6% ofi 900 MPa) at depth 112 em,

A N Pag=+M MPaz* 6% 0f30 MPa) at depth512&em,
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A N Pa@+ M MPat 6% of30 MPa) at degh 1024sm.
The DOE analysiswas performedon the basis of theresporsesof maximummagnitudeof

residualstress(RS Max.) and thetotal depth of theresidualstress(RS Depth).

4.4.1 DOEanalysisfor the maximum magnitu de of the compressveresidual stress
The Pareto chart in Figure 4-11 showsthat the only LPB parametr significantly
affeding the maximum magnitudeof the compressve residual stress at 95% confidence
level is the pressure(Fador D). The effect of the pressure(Factor D) is positive (227.63),
indicaing that the maximum magnitudeof the compressve residual stress (RS Max.)
works in direct proporion to the presaure. The Pareto chart (Figure 4-11) indicaes that
there would be an increment of about 230 MPa on the maximum magnitude of the
compressve residualstress (RS Max.) by increasingthe pressurefrom low level (100bar)

to highlevel (200 bar).

130.1
D- 227.63HV |
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AE: Fador Name
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ABD- C No. Pass
D D Pressure
0 50 100 150 200 250
Hfect

Figure 4-11 Pareto chart of the maximum magnitude (RS M ax.) of the compressiveresidual stress.

The responsesuiface plots, shownin Figure 4-12, are usedto provide a pradicd

interpretation of the effect of the LPB presaure, as well as its interactions with othermain
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effeds on the responsg RS Max.). Generaly, it could be obseved in these graphsthatthe
responsesurfaces follow the trend of the LPB pressue, reaching amaximumcompressve
residual stress of about 1100 MPa at its high level (200 bar). The maxinum incrementof
theresponsgRS. Max) shownin theplots lies intherange of 200 MPa to 300 MPa, which
verifiesthe conclusion obtaired from the Pareto chart.

It could be noted thatthe pressure(Factor D) leads the major tend of the respond
sufaces of maximum magnitude of the compressve residual stesses; however,
fluctuations inthe response suifaces were observed due to the minor effects induced by
other processng parametrs of LPB. The spindle velocity (Factor A) showed more
pronourced postive effect at high level of pressureat the LPB condition of low level of
feed rate and number of passes,comparing to that of low level of presaure, high level of
feed rate and number of passes,as shown in Figures 4-12 (a) and (d). The same
obsevation could be madeon the effect of the feed rate (Fector B) on the maximum
magnitude ofthe compressve residualstresses, as shownin Figures 4-12 (b) and (€). The
feed rate showed lesseffect at high level of pressureand numberof passes, as shownin
Figure 4-12 (b); while under low level of pressue and number of passesthe feed rate acts
posiively on the maximum magnitudeof the compressve residualstressesat low presaure
but negatively at high pressue, as shownin Figure 4-12 (e). Figures 4-12 (c) and (f)
showed different effeds of numberof passes(Fador C) on the maximummagnitudeof the
compressve residual stressesunder high and low levels of spindlevelocity (Factor A) and

feed rate (Factor B).
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Figure 4-12 Responsesurface plots of RSMax. Vs: a) V, Pat high level of f and No. Pass; b) f, P at high level of V and No. Pass; ¢) P, No. Passat high
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4.4.2 DOEanalysisfor thetotal depth of residual stress

Two significant factors on the total depth of residual stress were identified in the
Pareto chart in Figure 413, which are themain effects of pressure(Factor D) and feed rate
(Factor B), in deaeasing order of signficance The effect of the LPB feed rate (Factor B)
on the total depth of the compressve residua stress layer is negative (-95.87 em), while
the effect of the pressure(Factor D) is posiive (22037 em). This suggests that LPB
treament processedat low level of the feed rate (Fador B) with high level of the presaure
(Factor D) is beneficial for increasing the total depth of the compressve residual stress
layer. However, the extent of the influence of thesetwo effects on the total depth of the
residual stesslayers varies as shownin the Pareto chart in Figure 4-13. The effed of the
pressure(Factor D) on the total depth of the compressve residual stress is shownto be
morethantwice that of the feed rate (Factor B). This could be depicted in more details in
the responsesuface plots, shownin Figure 4-14. When the feed rate (Factor B) was set at
a fixed level, theresporse suface showed an incrementof 300em in the total depth of the
compressve residual stress layer by increasing the pressure(Factor D) from low level to
high level, as shownin Figure 4-14 (d). While fixing the pressure(Factor D) at a certain
level, the increment inthe total depth of the compressve residual stress layer, induced by
deaeasingthe feed rate (Fador B) from high level to low level is about 150 €em maximum,
as shownin Figure 4-14 (a). It indicates hat, the effect of the pressure(Factor D) is more
domnant onthetotal depthof thecompressveresidual stresslayer.

Furthermore, the interactions between the sigrificant factors and the remaining
factors are examined with the help of the resporse suifaces. For the interaction between the

two significant factors (Fador B and D), the responsesuifaces read the maximumvalue
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of 660em at afeed rate (Fador 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 pressue during LPB on the
suiface of Ti64 in order to obtaina degper compressve residualstresslayer. The usage of a
low level of feed rate will achieve the same objective of gaining a deeper compressve
residualstresslayer, but the improvementwill be relatively mild. According to the present
work, a suiface compresson layer more than 660 em deg could be obtained using a
higher pessure(larger than 200 bar) and a lower feal rate (0.06 mm/rev) in the LPB
process. However, it is worth noting that thefeed rate does not deaease the depth of the
compressve residual stress layer sigrificantly at high level of pressue, spindlevelocity

and nunber of passesas shown inFigures 4-14 (b) and (c).

90.1
D- | 220.% £|m
B -95.8% m
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ABD-
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E  ap
2 aBcH
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CDA
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BCDA B Feed
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BC | | | D_ Pressure
0 50 100 150 200 250

Figure 4-13 Pareto chart of the total depth (RS Depth) of the compressiveresidual stresslayer.
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The following conclusionscan be drawn based on the DOE analyses shownabove.
The residual stress distributions of al the 16 LPB treaed samples generally fal into two
caegaies as shownin Figures 4-15 and 4-16. The LPB presaure (Factor D) played an
important role in both the magnitudeand the depth of the induced compressve residual
stress. A Ti64 subgrate surface treaed by the LPB with a high level of pressure(200 bar)
had a degoer compressve residualstresslayer (about 660 em) and largermagnitudgabout
1100 MPa) compressve residual stess, as shown in Figure 4-15. While the samples
burnisted at low pressue (100 bar) resulted in a 350 em depth of compressve residual
stress layer with a maximum compressve residual stress of about 800 MPa, as shownin
Figure4-16.

The DOE analysis also took the depth, where the maximumcompressve residual
stress ocaurs, as a response.However, there was no significant effect shown in this
respong. Meaning that the maximum compressve residual stress always occurs at the
subsuface (about 100em away from the LPB surface) of Ti64, and this is not affeded by
the LPB processng parameters. Distributions of stressesfrom the majaity of the gauges
showthat the mostintenselevels of compresson donot occur at the suface but at depths
within the range of80 em to 160 em. At depthsbeyond the compressve pe, stressesare
seen to deay, returning to the tensle sub-surface couponstressesat depths between 300

em and 66&m.
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Figure 4-15 Residual stressdistribution of Ti64 operated under high LPB pressure.
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Figure 4-16 Residual stressdistribution of Ti64 operated under low LPB pressure.

Residual stress measurements were conducted with similar incremental hole

drilling (IHD) methodat Corcordia University. Compaable results were obtained from the

Corcordia system and the Stres<Craft system discused in the previous sedion on a

different location of thesame LPB-treaedsample. Theinitia stresslevel of the virgin Ti64

was measured using theCorcordia system,as shownin Figure4-17. It indicaesthatthe as

recaved anneded Ti64 has an amost unstessed suiface condition, as the residual stress

vaueslie in the range of -100 MPa to +100 MPa, which are negligible compaed to the

residualstressinduced by the LPB process.
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Figure 4-17 Residual stressdistribution of non-treaed Ti64.

Furthermore, the effects of LPB processng parameters on residual stress
distribution are illustrated in Figure 4-18. The maximum magnitudeof the compressve
residual stess increases with increasing LPB pressue, while the depth where it occurs
remainsthe same. To apply deeper compressve residualstresson the suface of Ti64, it is
advisable toburnishthe samples at lower feed rate with increasing pesaure up to a limit

while maintaininglow plastcity condition.
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Figure 4-18 The effeds of LPB processing parameters on residual stressdistribution.
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4.5 Liquid impingement erosion (LIE) tests

The above esults have indicaedthe best LPB conditionsto produce deep and high
magnitudecompressve residual stessesand high surface microhardnessvalues. These are
projected to be the mostlikely LPB conditions thatcould improve LIE resistance of Ti64
alloy. Thus, the sample types to be tesed with LIE are LPB sample #, #7 and #8 as
discussd before.

The LIE curve is characterized with five major stages: incubetion, acceleration,
maximum erosion, deceleration and terminal erosion stage, as described in the literature
review sedion. Theeroson rate in the lasttwo stages of the LIE curve usually decreases to
a lower value, which may either remain relatively steady or may fluctuate unpredictably
[9]. Hence the discussbns of the current LIE test results of LPB treded Ti64 samples are
mainly focused on the initia three stages of the erosion curve: incubation stag,
aaceleration stage and maximum erosionrate stage.

LIE testing condiionswith two different water droplet sizes (460 em and 630 em)
at two impad speeds 250 m/s and 350 m/s) were usedto testthe LPB samples and the
reference Ti64 sample. For each combination of LIE parameters, the tests were repedaed
twice to verify the congstercy of the obtaned results. The cumuative massloss versus
time and the numberof impingenents curves were plotted based on the LIE testresults.
Thedetails are discussd in thefollowing sedion.

In order to evauate the effect of compressve residual stress on the LIE
performance of Ti64, three LPB treaed samples (Sample #6,#7 and #8) with significantly

highercompressve residua stress (about 1000 MPa, as shownin Figure 4-19) were used
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in thetests.The suiface of thereference Ti64 sampleis consideed as stressfreg as shown
in Figure4-19.

The LPB processng parameiers of the tested samples are shown in Table 4-9, and
their correspondingsuface mcrohardnessand surface roughnessare shovn in Table 4-10.
Nevertheless, thethree LPB samples are similar in terms of the residual $ressdistribution
and the suiface microhardness. The virgin Ti64 reference samples were polisheddown to

an averagesuface roughnessof 0.082em.

Tabe 4-9 The LPB processing parametersof LPB #6, #7 and #8.
LPB Sample # SImEEty
(rpm)
6 150 0.06 200
7 150 0.06 200
8 75 0.06 200

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

LPB Sanple # Surface Microhardness’/HV Surface Roughness/e m
6 343.74 0.08
7 381.06 0.068
8 381.78 0.05
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Figure 4-19 Residual stressdistribution of the LPB samples#6, #7, #8 and the non-treated Ti64

Two different nozzle sizes were used in the LIE teststo generate twodifferent sizes

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

usualy be a size distribution, and in most cases it will be necessay to determine that

distribution by photogephy and analysis of the photogephs'. Hence, in the present study,

droplet size distribution was studed using high-speed imaging systemas mentionedn the

experimental methodobgy section.

Figures 4-20 and 4-21 showthe water dropletsizedistribution for the 400 um and

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

nozzle. Measuements vere donein a vaauum glass box as mentioned inthe experimental

sedion, smulatingthe sametestconditionsfor the LI E tests.The 400 um nozzle generated

droplet sizes with an average of 460 um, while, for the 600 um nozze, the water droplet

size has anaverageof 630 um.
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Figure 4-20 Droplet sizedistribution of 460 um droplets
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Figure 4-21 Droplet sizedistribution of 640 pm droplets

A high-speed camera (6000 framesper second) was usedto cgptureimages of the
flow of thewater droples as shownin Figures 4-22 and 4-23, respectively. As a result, the
numberof impingemnents per revolution for each sample was counted.The 8 mm distance
maked on Figures 4-22 and 4-23, respectively, this correspondsto the width of the test
samples. Therefore, for the460 um droplets the numberof impingenentsis approximately

6 droplets/ievolution, while thatof 600-um dropletsis 4 dropkts/revolution.
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Figure 4-22 High-speed (6000 fps) images for 460 um droplets
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Figure 4-23 High-speed (6000 fps) images for 630-um droplets

Acoording to the measurementsshownabowve, equation (2) can be usedto comptte
the numberof water droplet impingenents (N;) that are causing the erosion of the test

speimensover time.
Nimpingement = Nspr X RPMXxte (2)
where Ng,, is the number of droplets hitting the sample ead compete rotation (6

drop/revolution for the 460 um dropletsand 4 in the case of 640 um), RPM is the number
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of rotationsper minute andt,, is thetime of exposue in minutes.

4.5.1 LIE test results for 460um droplets

1) 250 m/simpact spesd (10,000r pm)

The erosion curves representing the LIE test results of the LPB treaed samples
versus the reference Ti64 samples are shownin Figures 4-24 and 4-25. All four curves
followed thetypica LIE pattern. The first stagewas the incubation period, followed by an
aaceleration of the eroson rate untl it reached the pe& and thenthe steady stateerosion.
Theerosionrate then gradually decayed with time (or impingenents).

Characterization of the nominal incubetion period and maximumerosion rate are
consicered as the preferred evaluation methodor presenting the LIE curves. According to
the ASTM standrd G73-10 [85], the maximumslope is determined by drawing a straight
line that best represents the maximumrate stageof thetest,while the incubation period (to)
is obtaired from the interception of the straight line with the x-axis (exposuretime), as
shownin Figure4-26.

The incubetion periods and the maximumeroson rates were determined for both

testsfollowing this standard and theresults are listedin Table 4-11.

Table 4-11 Char acterizationsof the LIE curves

LIE testswith EndingTime
460um Samplesfor Incu_batlon Ma>_<|mum for thethird
dropletsat period to erosionrate
i LIE tests . ) stageof LIE
250m'simpad (minute) (g/minute) (minute)
sped
Test#1 LPB #6 34 0.0002 80
Tie4 1 32 0.0002 80
Test#2 LPB #7 30 0.0002 94
Tied 2 29 0.0002 96

70



Impingement Number x 10°
0 600 1200 1800 2400 2000 3600 4200 4800 5400 6000 6600 7200
0-018 1 1 1 1 1 1 1 1 1 1 1

0.016

0.014 ~

0.012

0.01

0.008 -

0.006

CumulativeMass L oss (g)

0.004 +

0.002 - HI1PB#6

o LA Ticd
(AR ARAYA S T T T T T T T T T
] 10 20 30 A0 50 60 70 80 S0 100 110 120

Exposure Time (minute)

Figure 4-24 Erosion curves of LPB sample#6 in referenceto virgin Ti64 at 250m/swith 400u droplets
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Figure 4-25 Erosion curves of LPB sample#7 in referenceto virgin Ti64 at 250m/swith 400u droplets
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Figure 4-26 M aximum erosion r ate deter mination method, where, A is nominal incubation period; B is
representing the maximum erosion rate; D represents the ter minal erosion rate[8].

The incubetion period of LPB sample #6 and the reference Ti64 sample in test1
(Figure 4-24) is 34 minutes and 32 minutes (as shown by the interceptions of the
maximun-erosionrate lineswith the horizontalaxis). The maximumeroson rate is 0.0002
gram/minute for both LPB sample #6 and the non-treaed Ti64 sample. The third stage
endsafter 80 minutes inboth LIE curves and the erosionratescontnueto deaeasewith a
similar erosion rate. A relatively consistentincubation periods were observed in the LIE
curves of LPB sample #7 and the reference Ti64 sample usedin test2 (Figure 4-25), which
are 30 minutes forLPB sample #7 and 29 minutes for the non-treated Ti64 sample. The
maximumerosionratesare thesame (0.0002 g-ams/min) for thetwo tests.

Theslightvariationin the LIE performance of the LPB samples and the virgin Ti64
samplesin thesetwo testscouldbe considered within the error limits.

Thetwo LPB samples used in both testshave no significant difference in terms of
the residual stress distributon, as shown in Table 10. It could be assumed that, the

significantly different compresgve residual stress levels between the LPB treaed (1100
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MPa) and the virgin Ti64 samples (consicered as stressfree 0 MPa) had little or no effect
on theLIE performance

Furthermore, the changes in the expaosed suface of the tesed samples at the same
time interval during theLIE testsare shownin Figures 4-27 (test 1) and 4-28 (test 2). In
both cases of the LPB treaed and nontreaed Ti64, the exposed suiface showed no
measurable matria removal, but relatively shiny tradks due to the water droplet
impingenentsduring theincubation period. Once the small piting formed,the erosionrate
stated to increase (acceleration stag), lealing to the enlargement ofthe pits into a crater
and more matria removal from other parts of the exposed surface Moreover, the craters
coalesced as the erosion rate continuousy increased in the third stageof LIE (maximum
erosionrate stag) and eventualy resulted in the formation of the erosionline acdossthe
width of the exposed surface. Both the depth and the width of the crater were enlarged
duringtherepeatedimpingements.

It is interesting to note that the material removal at the initial stagefor the non-
treded Ti64 surface stated with small but deep pitting. While for the LPB treaed surface,
it stated with forming wide but shallow pitting, suggsting that the erosion or matria
removal might be limited only to the subsuface having compressve residual stress during
theinitial stages of LIE. However, the masslossat the same period of the LIE testshas no
significant difference in both LPB treated and non-treaed Ti64 samples, as could also be

obseved in themacrographs(Figures 4-27 and 4-28).
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Figure4-27 Changesin the exposed surface of LPB treaed and non-treated Ti64 during the L IE testat 250m/s
with 400u droplets, test#1.

Figure 4-28 Changesin the exposed surface of LPB treaed and non-treated Ti64 during the L IE test at 250m/s
with 400u droplets, test# 2.

2) 350m/simpact speed (14,000r pm)

Higher speed LIE tests(350 m/s) were performed with460um droplets s&ze ontwo
LPB samples (#7 and #8) versustwo reference smples of Ti64. The resuts are shownin
Figures 4-29 and 4-30. By following the ASTM standrd G73-10 [85], the incubetion

periodsand the maximum erosionratesof the LIE curves are summaized in Table 4-12.

74



