1. INTRODUCTION

Tribocorrosion presents significant issues to active-passive metals in highly turbulent and
chemically aggressive environments. While these materials develop a physical, chemical, and
electrically insulative boundary between the substrate and their environment which retards
general corrosion, they may fail locally due to aggressive conditions. Aluminum alloys are of
particular interest due to their widespread applications across several industries in which they
experience a wide variety of environmental conditions. While it is known that the growth
parameters of passive films on these alloys significantly affect their durability and degradation
resistance, literature indicates that no comprehensive attempt has been made to study their
behavior in carefully controlled conditions or to establish a quantitative relationship.

An experimental program is proposed to relate the hydrodynamic growth parameters quantifying
the passive film-fluid boundary interface, through wall shear and degrees of turbulence, to the
overall durability and degradation resistance of these materials. However, necessary work must
be performed first to develop the equipment to ensure that in-situ hydrodynamic and material
degradation measurements may be performed together and to the accuracy needed to study the
phenomenon.

This thesis performs the work necessary to prepare an apparatus and the equipment necessary to
conduct such a program. A corrosion chamber, known as the Virginia Tech High Turbulence
Corrosion Loop (VTHTCL) was modified to ensure greater capability and reliability with
updated environmental sensors and a designed Spearman (NEL) style flow conditioner to ensure
fully-developed turbulent pipe flow in the experimental test sections. Commercial ultrasonic
thickness transducers were specified, purchased, and used in conjunction with an author designed
mount to allow for frequent and remote measurements of the substrate and passive film
thickness. A custom wall shear stress sensor that allows for direct and local measurements of
wall shear in the fluid with a replaceable surface element was specified and designed. A
commercial constant temperature anemometer was specified and purchased to allow for two
dimensional measurements of velocity fluctuations, known as the degrees of turbulence. These
measurements would assist in determining species diffusion to the boundary interface. A traverse
system was designed to allow for these measurements to be conducted throughout the
hydrodynamic flow field. Finally, a LabVIEW routine was written to conduct remote and
frequent data acquisition of the aforementioned instruments and already installed sensors in the
VTHTCL, provide automated controls for emergency shutdown procedures, and communicate
data to the operating user.

A validation experiment was conducted to test the capability of performing the experimental
program with the designed equipment, to address potential sources of error, and provide a
baseline on expected degradation. Aluminum alloy 2024-T3 was chosen as a candidate for
investigations of tribocorrosion phenomena in fully-developed turbulent pipe flow with



simulated seawater due to its known poor corrosion resistance in the presence of CI ions and its
widespread popularity across several industries.

2. REVIEW OF BACKGROUND INFORMATION AND LITERATURE REVIEW

Selective alloying, heat treatment, and working have enabled the extensive usage of high-
strength aluminum alloys across several industries. Aluminum alloy 2024-T3 (AA2024-T3) is
used particularly in the aerospace industry for its high strength to density ratio and high fatigue
resistance achievable due to its complex, heterogeneous microstructure. It is a quaternary alloy
containing Cu, Mg, and Mn with acceptable low concentrations of Fe, Si, Zn, Ti, and Cr that is
heat treated to develop a broad spectrum of dispersed second-phase intermetallics in a bulk
aluminum primary phase. These intermetallics retard dislocation propagation, thus increasing
resistance to plastic deformation. While this heterogeneous structure is desired to increase the
mechanical strength of the material, it consequentially reduces its ability to resist electrochemical
degradation.

The passive film on aluminum is an environmental response composed of corrosion products that
physically, chemically, and electrically isolate the aluminum substrate, significantly reducing the
degradation rate of the material by 10°-10° (Jones 1996). It naturally develops in neutral
environments with significant oxidizing capability, however it may also be formed artificially
through anodization. While these films are typically effective in retarding uniform degradation,
they often fail to protect the substrate from rapid, localized forms of degradation due to the
synergistic nature of an aggressive electrochemical and hydrodynamic environment of turbulent
flowing seawater. AA2024-T3 is particularly susceptible to the degradation processes of erosion-
corrosion, pitting, and intergranular corrosion.

Any attempt to model each process is challenging due to their stochastic nature, the interrelation
between variables, and the lack of a definite conceptual basis. It is generally impossible to model
the nature of tribocorrosion without significant assumptions (Jones 1996, Szklarska-Smialowska
1998, Tavoularis 2002, Baboian 2005, Soltis 2014). This warrants experimental work to record
the nature of these concepts in depth.

Microstructure

Composition, structure, and topography directly affect the degradation behavior of materials
affecting both the desirable passive film growth and the generally non-desirable forms of
degradation. The microstructure of AA2024-T3 has been studied extensively in regards to its
corrosion behavior. Its composition is shown in Table A.1. The tempering process can generate
three main categories of precipitates that are dispersed within a primary, bulk aluminum phase:
1) micron-scale intermetallics (0.5-10 pm), 2) sub-micron scale dispersoids (0.05-0.5 pm), and
3) nano-scale precipitates in Guinier-Preston-Bagaryatsky (GPB) zones (Hatch 1984, Wang,
Yang and Frankel 2017). Boag et al. (2009) show a highly heterogeneous microstructure with a
high degree of intra- and inter-particle clustering by conducting energy disperseive x-ray
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spectroscopy on an electron microprobe conducted at 12kV as shown in Figures 2.1-2.2., where
the colors correspond to the different phases as designated in Table 2.1. They observed that the
particles cover 2.83% of the surface area of the studied surface with a recorded distriubtion of
approximately 300,000 particles/cm?.

2 mm

Figure 2.1. Energy dispersive x-ray spectrograph conducted on an electron microprobe at 12kV (Boag, et al.
2009)

A B

Figure 2.2. Energy dispersive x-ray spectrographs conducted on an electron microprobe at 12kV, magnified
on regions A and B (Boag, et al. 2009)

3



Table 2.1. AA2024-T3 Intermetallic Phases and Compositions (Boag, et al. 2009)

Phase Assignment Color Code Al Cu Com'\%sitiorllvl(st%) Fe Si

Al Matrix Grey 96 2 1 0 0 0
Aly(Cu,Fe,Mn)s Si(AlgFe,Si) Yellow 77 5 0 5 10 4
Periphery Cyan 81 12 4 0 0 0
Alp(Cu,Mg) Green 90 7 2 0 0 0
(Al,Cu)gs(Fe,Mn)s(Mg,Si), Light Green 90 3 1 2 3 1
Al,CuMg (S-phase) Mauve 61 20 15 0 0 0
AlCu (d-Phase) Orange 70 27 0 0 0 0
Al;Cu,Fe Olive 70 18 0 1 6 0
Alz(Cu,Fe,Mn) Brown 73 11 0 4 10 1

Once the alloy is formed to its desired shape, it is tempered following the T3 designation;
solution heat treated between 488-499°C, cold worked, and then naturally aged (ASM
International 1991). Because of the close proximity of the tempering temperature to the eutectic
temperature of the alloy (502°C), careful precautions must be taken to ensure proper tempering
or altering the microstructure during post manufacturing processes. Furthermore, manufacturing
procedures significantly affect microstructure with preferential grain elongation, strain gradients,
and preferential precipitation. Micro-scale intermetallics have been observed in higher
concentrations along higher strained regions (Afseth, et al. 2002, Berndt, Frint and Wagner
2018).

Environmental Response

While precipitates are desired for increasing deformation resistance, the inclusion of secondary-
phase precipitates significantly decreases the electrochemical degradation resistance of the alloy.
Galvanically coupled with the primary phase, intermetallic species present both localized anodic
and cathodic sites that drive degradation of the material due to their differences in
electrochemical potential. See Appendix B. Electrochemical Degradation Basics for a primer on
electrochemical corrosion. Buchheit (1995) provides an initial attempt at constructing a database
of tabulated aluminum alloy (AA) intermetallics with their corresponding corrosion potentials in
simulated seawater conditions. However, the database displays static values for dynamic
behavior and lacks reporting of important environmental conditions. While the development of
an archive of corrosion parameters is warranted for material comparisons and calculating
expected performances, a lack of environmental conditions, geometry, and other factors make
this an incredibly difficult challenge.




For example, Matter et al. (2015) illustrates the impact of material preparation techniques on a
materials’ degradation behavior with recorded differences in corrosion and pitting potential by
28.2% and 10.5%, respectively. Furthermore, degradation behavior is dynamic with corrosion
parameters often being time dependent.

As aluminum alloys are designated by their composition and tempering and not by their
microstructure, variations in the distribution of different intermetallics are expected to be
observed within the same designated material. Table A.2. tabulates the possible intermetallics for
AA2024-T3. While variations in the distribution of intermetallics are expected, most literature
indicates that the majority of micron-scale particles are Al,CuMg and sub-micron particles are
AlxCu;Mns designated respectively as S and T phase precipitates (Buchheit, Grant, et al. 1997,
Szklarska-Smialowska 1998). Boag, et al. (2009) later determined that S-phase intermetallics are
often clustered with d-phase, AICu intermetallics among the same particle. Many researchers
suggest that these micro-scale intermetallic galvanic couples are the initiation sites for localized
corrosion, such as pitting.

Noble precipitates act as local cathodic sites for oxygen reduction, driving both anodic
dissolution of the surrounding primary phase and selective dealloying of more active precipitates
(Buchheit 1995, Szklarska-Smialowska 1998, Barbucci, et al. 2000, Leblanc and Frankel 2002,
Birbilis and Buchheit 2005, Soltis 2014, Wang, Yang and Frankel 2017, Yin, et al. 2017). These
processes further alter the composition and microstructure of the material, often contributing to
further degradation.

Passive Breakdown and Pitting

Given that the passive film is often the only barrier to preventing degradation of the material, an
understanding of its behavior and synergy with its environment is fundamental for improving
tribocorrosion models. In an aerated environment, the aluminum substrate interacts with
hydroxyl groups to form a complex passive film structure.

30 (g)+6H O(l)+12e © 120H (1)

4 Al(s) +120H (ag) © 4AI(OH) + 12e 2

Adsorbed aluminum hydroxide may transform into tri-hydrated alumina (EI-Sayed M. Sherif
2012).

4AI(OH) P2AI O J6H O (3)

The formed alumina is heterogeneous and often amorphous with an inner adherent, compact
layer surrounded by a porous outer layer (Hart 1956, El-Sayed M. Sherif 2012). It is well
recognized that a hydroxyl layer is developed on the passive film — fluid interface (Barbucci, et
al. 2000). While these are expected reactions, environmental conditions dictate their likelihood
with several other potential film structures such as shown below (Petrovic and Thomas 2008).
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2Al+6H 0O 2AI(0OH) +3H (4)
2 Al+4H 0 © 2 AIO(OH) + 3H (5)

2Al+3H OOAI O +3H (6)

The Pourbaix diagram for aluminum, which plots the Nernst equation for various potential
reactions, shows that an alumina layer is thermodynamically most stable in neutral salt water
conditions as shown in Figure 2.3. However, Kinetics may limit its nucleation and growth (Jones
1996).
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Figure 2.3. Pourbaix diagram for pure aluminum

It is well documented that the passive film and aluminum substrate are highly susceptible to
halide attack due to their strong electronegativity, presenting a high potential in driving anodic
oxidation or dissolution of aluminum. Hoar, Mears, and Rothwell (1965) also explained that
chloride was highly aggressive due to its small diameter, and it was, therefore, more readily able
to penetrate into the oxide lattice. While the environment of seawater is highly complex due to
the number of involved species and the spatial, thermal, and seasonal dependence, chloride is the
most abundant ion with a concentration of 0.56 M (see Appendix C, Mathematical Models and
Solutions) (ASTM International 2013). Numerous studies have investigated the mechanisms of



attack by chloride, concluding that it predominantly leads to the breakdown of passive films
which further enables localized forms of corrosion such as pitting.

Most researchers generally recognize the first step is chloride adsorption on the surface followed
by chloride penetration into the passive film. However, there is no widely accepted/recognized
mechanism or theory for explanation. Béhni and Uhlig (1969) initially suggested that the
adsorption of chloride is the primary step for the pitting corrosion of aluminum and those anions
in the electrolyte exhibit competitive adsorption. Kawano, Baba, and Tajana (1972) established
an order for the degree of competitive adsorption onto an anodic aluminum film in CI" solutions
to be

F <Cl <SO <CIO <CroO )

using **Cl as a radioactive tracer. The amount of adsorbed chloride was determined by
measuring the activity of the material with a proportional counter following different exposures.
Interestingly, the results suggest a preferential adsorption of less electronegative anions which
tend to inhibit corrosion. Berzins, Lowson, and Mirams (1977) performed a similar study and
characterized chloride adsorption in an aqueous chloride solution as shown below via a least-
squares analysis

log w =064z(log [CI] +log t) 7.8 (8)

where wg, is the amount of chloride adsorbed in g/cm?, [CI] is the chloride concentration in
mol/L, and t is time in minutes. In order to continue dissolution of positive metal, these chloride
anions must be available to maintain charge equilibrium. Berzins et al. (1977) confirmed that
chloride presence was highly localized in pit locations. Barbucci et al. (2000) suggest that
adsorption of chloride anions onto the passive film promotes dissolution into a soluble aluminum
chloride salt as shown below

Al O +2nCl +6H =2AICI ’ +3H 0. ©9)

McCafferty et al. (1999) suggested that these chloride anions then diffuse through the passive
film by means of oxygen vacancies, followed by anodic dissolution of the aluminum substrate.
Evans (1927) proposed a similar mechanism; particles permeate through the film at film
imperfections. Hoar (1967) and N. Sato (1971, 1982) suggest that chloride anions reduced the
surface tension of the passive film such that cracks would arise and rupture the film due to an
increased electrostatic pressure and/or reduced compressive strength of the film. Bargeron and
Givens (1980) and Burstein and Mattin (1996) suggest that sufficient chloride migration to the
surface may allow for the evolution of hydrogen gas and salt precipitation to create a high
pressure cavity that leads to film rupture. Given the stochastic nature of corrosion and synergistic
relationship with its environment, it is not unreasonable to believe or suspect that several of these
mechanisms contribute to localized corrosion initiation. For AA2024-T3, it is believed in



particular that the high distribution of large intermetallic particles will interrupt that the
continuity of the aluminum substrate’s passive film, providing locations for chloride penetration.

Once a pit is initiated and the conditions are met to form a stable pit, the propagation and growth
of the pit may be modelled via Galvele’s localized acidification model (Soltis 2014). The pit is a
local anode driven by the surrounding cathodic material due to a differential species gradient, see
Figure 2.4.
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Figure 2.4., Pitting of Aluminum Substrate (MacLeod 1983)

Once the oxygen is consumed by cathodic reactions in the pit, aluminum chloride undergoes
hydrolysis and acidifies the local electrolyte according to

AICI +nH O © AI(OH) + nHCl. (10)

In the acidic environment, aluminum is no longer passive, and, it is thermodynamically driven to
oxidize into cations which hydrolyze into an insoluble corrosion product and aluminum
hydroxyl-chlorides ions. Corrosion products congregate near the top of the pit, developing a cap
that restricts the transport of species into the pit. Hydrolysis leads to further rapid acidification of
the pit electrolyte, increasing the thermodynamic favorability of metal dissolution (MacLeod
1983, Jones 1996, Szklarska-Smialowska 1998, Soltis 2014). The accompanying reactions are



AIO Al +3e (11)

Al +3H 0O 3H +AI(OH) . (12)

Several studies have found that the pit depth, d, is a function of solution exposure with slight
variations in relations; dat>** (Godard 1960), dat’°> (Hunkeler and Bohni 1981), and d&t®*
(Buzza and Alkire 1995). However, there is no consensus on the power law exponent. Frankel
(1990) and Sehgal, Lu and Frankel (1998) both suggest in similar studies that pit growth is
initially ohmically controlled, where the rate of growth is related to the conductivity of the bulk
electrolyte, and later transitions into a mass transport controlled regime as the pit deepens.

Hydrodynamics and Erosion-Corrosion

Hydrodynamic parameters such as fluid velocity and turbulence are known to have a strong
relationship with the degradation phenomena, rates, and severity. However, the nature of this
relationship is not well understood. In particular, turbulent fluid is highly aggressive due to
enhanced momentum, mass, and heat transfer originating from the lateral mixing amongst its
layers. Turbulence in a fluid develops due to increased shear from both fluid-fluid and fluid-
boundary interactions. Physically, this is characterized by high disorder, random nature, and the
evolution of localized phenomena such as vortices and eddies. Turbulent flow can often be
described as a conglomerate of eddies interacting with each other, decaying and converting their
kinetic energy fluctuations into heat through the action of viscous shear stresses as shown in
Figure 2.5. (Tavoularis 2002). The degree of this heating may be extreme, as demonstrated by
experiments in the Virginia Tech High Turbulence Corrosion Loop (VTHTCL) (Hendricks, et al.
2018).
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Figure 2.5., Eddy Decay Cascade (Thirumaleshwar 2006)

Enhanced chloride and oxygen diffusion is thought to increase the probability of localized
corrosion phenomenon such as pitting. Lateral mixing in turbulent flow increases the diffusion of
oxidizing species to the surface and, therefore, increases the cathodic driving force. However, as



noted, pitting behavior is highly complex. While an increased concentration of an oxidizing
species at the surface increases the cathodic driving force; Brown, Lu, and Duquette (1991)
found no increase in pitting density after transitioning an active-passive metal into a turbulent
flow regime at Reynolds numbers less than 20,000. They suggests that enhanced momentum
transport along the surface of the material, manifested as high shear due to no-slip conditions,
prevents the adsorption of chloride anions and, therefore, prevents an increase in pitting.

Furthermore, turbulence may significantly decrease a materials’ probability of reaction between
either the dissolved oxygen and substrate to develop a passive film, or chloride anions and the
passive film for breakdown. These probabilities are often referred to as a cross section, which
may vary greatly depending on the incident particle’s speed (or energy) and angle. At low energy
interactions in turbulent flow, the relationship between the cross section is expected to behave as
energy™? and slightly more complicated based upon incident angle due to vector geometry
(Duderstadt and Hamilton 1976, Lamarsh and Baratta 2001). The field of nuclear physics
thoroughly describes the necessary characterization procedures to develop these cross section
data files and explains the relationship between cross sections and incident particle based upon
the kinematics of two-body collisions and chemical potentials. This is simplified example of the
potential relationship between reaction rates and Kkinetics, however, a strong understanding of the

mechanisms for each the reactions is required to investigate the relationship.

While turbulence may reduce the possibility of reactions as stated, other degradation processes
are seen in turbulent flow, notably erosion-corrosion (EC). EC is described as the phenomena of
fluid shearing off the protective passive film, resulting in accelerated corrosion. EC behavior can
be explained through the competing rate of passivation, rp, to the rate of mechanical erosion, re,
as shown in Figure 2.6. While materials are typically chosen because of a low expected
degradation rate, it is possible that local environmental conditions may be aggressive enough to
expose and directly erode the bare substrate beneath.
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Figure 2.6., Diagram of Erosion-Corrosion Behavior. Note that the observed may be not follow the behavior
depicted above.

10



Typically, EC phenomena can be easily identified through hydrological features of grooves,
gullies, teardrop-shaped pits, and horseshoe-shaped depressions (Jones 1996). EC degradation
can be significantly increased in closed systems where removed material in the effluent or other
suspended particles may act as abrasives against the material surface, as supported by these
hydrological features (ASM International 1987).

An extreme form of erosion-corrosion exists as cavitation fatigue due to the repetitive nucleation,
growth, and collapse of gaseous or vaporous bubbles in a fluid. Cavitation occurs due to a
localized and rapid pressure drop below a critical pressure point where the flow may no longer
keep the fluid in a liquid form (vapor pressure) or gasses dissolved (total dissolved gas pressure)
(Novak 2005). These localized low pressure fields are observed due to sudden changes in flow
direction, expansion of fluid housing, or surface roughness and are often experienced near pipe
bends, valves, pumps, expanding orifices, and other irregularities that disrupt flow momentum.
Materials are damaged during the collapse phase once the bubbles have left the low pressure
field with intense disturbances generating highly localized and transient surface stresses.
Collapse is driven by the change in surface energy of the bubble, and it is seen in the
development of a reentrant jet penetrating the bubble. The microjet of liquid penetrates the
bubble, splitting it into a remnant cloud of several smaller bubbles which then collapse rapidly
(Brennen 1995). This process increases the instability of the bubble to the point of complete
collapse. Peak pressure analysis of this process indicates that cavitation damage is a combination
of both the microjet impingement on a surface and remnant cloud implosion shock. However, the
impulsion shock typically creates a stress pulse that is two to three times greater than that of the
microjet with recorded pressures of 3-10 MPa (Brennen 1995). While the cavitation of a single
bubble does not cause much damage due to its size, the repetition of the nucleation-collapse
cycle causes local surface fatigue which leads to the detachment or removal of the surface layer
of a material (Brennen 1995, Brennen 2005).

Reynolds Number, Ngg, is often utilized for the characterization of flow as a dimensionless ratio
of inertial to viscous forces (Eq. 13). Physically, Nre can be interpreted as the ratio of particles
resisting a change in momentum to particle-particle friction. Following this interpretation,
Reynolds number, Nge can be described further as the ratio of dynamic pressure, §g° and shear

stress, z = t— © — as shown below

intertial force mz AR
= — = = — (13)
viscous force  tz/L d

where € is the dynamic viscosity, dv is the derivative of velocity along the longitudinal axis, dy
is the derivative of velocity along the radial axis, g is the average velocity, L is the hydraulic
length, 3 is the density of the fluid, and 3 is the kinematic viscosity. For a cylindrical pipe
system, the flow Reynolds Number may be rewritten as
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u D (14)

where D is the internal diameter and Uayg is the mean fluid velocity. It may be used to describe
fluid behavior in pipes as either exhibiting laminar, transitional, or turbulent flow for values
under 2000, between 2000 — 4000, and above 4000, respectively. While Ngg is convenient and
only requires measurements of the mean bulk fluid, it does not adequately describe the
hydrodynamics of the entire fluid profile. Within the same system, the metric of Nrg will vary
radially, axially, and temporally. Furthermore, while two systems may have the same bulk flow
Reynolds number, the fluid responds to different physical interfaces and, therefore, may exhibit
different hydrodynamics, suggesting that Reynolds Number is only appropriate when comparing
environments that are of scaled geometry.

Given the concern for the adherence of passive films and the interactions at the fluid-material
interface, the author believes that the wall shear stress, Uy, is a more appropriate metric for the
field of tribocorrosion. Wall shear stress in pipes may be determined via a measured pressure
drop, &P along a length of pipe, L (Eqg. 15) or calculated using an approximation based on the
Darcy-Weisbach friction factor, &, the fluid density, J, and the mean fluid velocity, Uayg as

2 =0 (15)
Z =-mu . (16)
The Darcy-Weisbach friction factor is calculated through the Colebrook-White equation
1= 2log 4 22 17)
37D N 1

where U is the surface roughness of the boundary (White 1991, Munson, et al. 2009, Schetz and
Bowersox 2011). These relationships for a specific case of parameters (salt water at 30°C in a
smooth tube of D = 45.467mm and U = 0.0013) are illustrated in Figure 2.7. These chosen
parameters will be discussed in later sections and apply directly to the upcoming discussed
experiments.
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Figures 2.7., A) Colebrook-White Equation and B) Wall Shear Stress for D=45.467 mm, =0.0013, at T=30°C

Along the pipe wall, the fluid is characterized as an inner viscous layer of the fluid profile where
viscous, laminar shear dominates over turbulent shear (Munson, et al. 2009). Due to the
dominance of the shear forces in the layer, its behavior may be described as follows
z /!
= - 18
u y (18)
where y* is the dimensionless distance from the hydraulic boundary, or pipe wall, as defined
below and y is the distance from the pipe wall following Eq. 19 and Eqg. 20

(19)

c

A (20)
M

For hydraulically smooth pipes, an inner viscous sublayer extends from 0<y’<5. Moving away
from the pipe wall, the flow behavior transitions smoothly from the inner layer into the outer
turbulent layer. The behavior of this turbulent core exhibits a logarithmic velocity profile as
described

U =@zl 1+0)z — . 1)

with the von K&rman constant, 8 and the constant C being empirically determined and accepted
to be 840.41 and Ca5.0 (White 1991, Wilson, et al. 2006, Munson, et al. 2009). Continuity
between the two regions is determined to transition at
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C

exp ¢
J z ProductLog 1, —i—i . (22)
y = , %
M M

which is generally accepted to be y*810.8 (White 1991, Munson, et al. 2009). While the viscous
sublayer is widely accepted to end at y*=5, the transition between the transitionary/buffer region
into the outer region is not widely recognized. White (1991) suggests 35< y"<350 while Wilson,
et al. (2006) references a range of 25< y*<50. Figure 2.8., shows the two profile equations for the
inner layer and outer layer.
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Figure 2.8., Hydrodynamic Fluid Profile

It is necessary to understand these fluid layers as the fluid turbulence throughout the pipe
impacts the transport processes of the necessary oxygen and chloride species to the metal-fluid
interface (Munson, et al. 2009). Socolofsky and Jirka (2002) suggest that the concentration
profile may be solved utilizing the boundary conditions of wall shear and hydrodynamic profile
measurements.

While hydrodynamics is an extensively studied field, several other approximations exist on the
fluid flow profile, however all these approximations rely upon the accumulation of empirical
evidence. Furthermore, computational fluid dynamics (CFD) may also be utilized similarly to
model hydrodynamics in pipes via utilizing several separate equations that attempt to include
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turbulence modeling. However all models rely upon similar empirically-found assumptions and
exhibit more variables than equations (coercion problem) (Tavoularis 2002).

As the relevant parameters of momentum, mass, and heat transfer for passive film growth are
heavily reliant upon the fluid profile and turbulence of a system, direct measurements of these
parameters are warranted. Direct measurements have historically been conducted via several
different techniques such as constant temperature hot-wire/film anemometry (CTA), laser
Doppler velocimetry (LDV), and/or particle image velocimetry (PIV). CTA is typically a
preferred technique due to its high spatial resolution, sensitivity, signal response, and accuracy.
However, it is an invasive technique as opposed to LDV and PIV. It measures temporal and
spatial heat flux fluctuations in several axial components (one to three dimensional versions
exist) at the probe head, which may be used to determine momentum, velocity, and heat transport
quantities and Reynolds stresses and lateral transport quantities. Paired with a traverse system, a
detailed positional array of measurements, otherwise known as degrees of turbulence may be
generated to characterize the fluid profile (this technique is detailed later on in chapter 4.
Equipment Design).

Effective Passive Films and Degradation Resistance

An understanding of the fundamental tribocorrosion degradation processes that lead to the failure
of passive films is necessary in order to understand how to develop effective coatings.
Observations of erosion-corrosion degradation suggest the necessity of films that form strong
adherence to the substrate and are self-coherent. Numerous studies have shown that copper and
cupro-nickel passive films may be removed during normal operating conditions with expected
wall shear stresses of less than 50 Pa (Jones 1996, Powell 2011, Shifler 2005, Francis 2016).
However, Vagnard and Washburn (1968) illustrated that the bulk shear stress required to break
bonds within these films was more than 200 MPa. This suggests that these films fail at the
interface of the substrate and/or self-coherence between film layers. Therefore, it is paramount to
grow passive films under conditions that increase the adherence and self-coherency.

Several studies indicate that preparation techniques significantly affect a materials’ corrosion
behavior (Jones 1996). Matter et al. (2015) illustrate the significance of material preparation
techniques on degradation behavior with large differences between polished, abraded, and
chemically treated aluminum specimens. Furthermore, applied surface compressive strain, such
as through shot-peening, has been shown to increases a materials’ corrosion resistance towards
pitting (Liu and Frankel 2006, EI-Sayed M. Sherif 2012) and stress corrosion cracking (Zagar
and Grum 2015).

Highly turbulent hydrodynamic flow inflicts high shear along the fluid-material interface,
leaving both residual intrinsic and extrinsic stresses during growth. Some examples of these
expected stresses include: 1) thermal expansion mismatch, 2) stress gradient due to pipe
curvature, and 3) epitaxial stresses from lattice mismatch (Jaeger 2001, Mattox 2001, Alagoz, et
al. 2009, Chason and Guduru 2016). Furthermore, the presence of residual stresses is a complex

15



problem due to the several expected different compositional and microstructural layers in the
passive film, as shown by Hart (1956) on pure aluminum. Quantitative electron microscopy may
allow for the characterization of residual stresses in the passive film and at the interface (Noyan
and Cohen 1987). With the nature of eddy decay dissipating heat at the film-fluid interface, a
cyclic thermal strain may be experienced by the passive film, resulting in thermal fatigue (Jaeger
2001). However, failure due to turbulent fluctuations in the applied shear from fluid momentum
is much more likely to occur.

While it is well known that the structure and adherence of residual film stresses may be
controlled by altering growth parameters, no literature exists in regards to controlling
electrochemistry and hydrodynamics to improve the effectiveness of passive films. It is of great
interest to study this relationship in order to improve the adherence of these passive films in
order to increase durability and degradation resistance of aluminum, other active-passive metals,
and/or materials that rely upon an oxide or hydroxide film for degradation resistance.

An original experiment is proposed to study the relationship between hydrodynamics and the
degradation of AA2024-T3 in turbulent, high Reynolds number simulated seawater. Particularly,
this experiment was designed to study the fundamentals of tribocorrosion, such as:

1. Demonstrate how hydrodynamic turbulence impacts the growth rate and structure of an
aluminum passive film, utilizing degrees of turbulence measurements and wall shear as
hydrodynamic metrics

2. Characterize the performance of each grown passive structure via the necessary wall
shear stress for removal and measured thickness changes

3. Relate turbulence level to growth Kinetics and performance of the passive film

4. Provide suggested procedures for yielding improved corrosion resistant aluminum alloys

Due to the general sophistication and complexity of this interdisciplinary study and due to the
absence of literature of similarly conducted experiments, this thesis will report on developing the
hardware and software necessary to perform the proposed experiment. Explicit goals for this
thesis include the identification of appropriate metrics for characterization of a tribocorrosion
environment; the design, development, and characterization a corrosion chamber and both
custom and chosen commercial equipment for the identified metrics as detailed in chapter 4.
Equipment Design; and then perform a validation experiment to determine the ability to integrate
the equipment and conceptually prove their relevance, provide baseline degradation
measurements, and address unexpected observations. Hardware and software reported include;

1. Expansion of the Virginia Tech High Turbulence Corrosion Loop’s capabilities and the
design of a flow conditioner to ensure fully-developed turbulent flow

2. An ultrasonic thickness array for in-situ degradation measurements

3. A custom wall shear stress sensor that allows for direct and local measurements of wall
shear in the fluid with a replaceable surface element.
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4. A constant temperature anemometer and traverse system for in-situ degrees of turbulence
measurements

5. A LabVIEW routine to conduct remote and frequency data acquisition and provide
automated controls of the Virginia Tech High Turbulence Corrosion Loop
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3. PROPOSED DESIGN OF THE EXPERIMENT

Materials experiencing flow-related materials degradation (FRMD) do not fail immediately, but
present physical signs of degradation throughout their lifetime. For practical purposes,
degradation tests are often accelerated via exposure to more aggressive environments in order to
increase the rate of reaction and reduce experimental duration. However, criticism exists in that
accelerated tests may promote phenomena that are not typically observed, providing results that
may not be readily comparable to materials at service conditions.

Overview

The degradation behavior of AA2024-T3 is proposed to be monitored in fully-developed
turbulent flow in cylindrical pipes in simulated seawater. A variable Reynolds number, pipeline-
style environmental chamber known as the Virginia Tech High Turbulence Corrosion Loop or
VTHTCL will be utilized. Experimental specimens will be exposed to aggressive hydrodynamic
parameters, similar to those of common service conditions in a seawater environment. The
experiment is designed to:

1. Demonstrate how hydrodynamic turbulence impacts the growth rate and structure of an
aluminum passive film, utilizing degrees of turbulence measurements and wall shear as
hydrodynamic metrics and general fluid properties of conductivity, pH, temperature, and
mean fluid velocity.

2. Characterize the performance of each grown passive structure via the necessary wall
shear stress for removal and measured thickness changes.

3. Relate turbulence to growth kinetics and performance of the passive film.

4. Provide suggested procedures for yielding improved corrosion resistant aluminum alloys.

These objectives will be achieved through monitoring the growth of passive films and
characterizing their degradation behavior through in-situ measurements of material thickness
conducted with non-invasive ultrasonic thickness (UT) transducers. The passive films will be
grown and tested at several different hydrodynamic parameters, primarily distinguished apart by
their expected wall shear stress. Hydrodynamic parameters will be measured via sophisticated
sensors, such as a custom designed wall shear stress (WSS) transducer and a constant
temperature anemometer (CTA). After exposure in the VTHTCL, invasive material
characterization techniques will be conducted to characterize the mechanisms of attack and their
extent, determine corrosion product structure and composition, and effluent composition.
Analysis of both in-situ and invasive techniques are hypothesized to confirm the relationship
between growth parameters and corrosion resistance as detailed in chapter 2. Review Of
Background Information And Literature Review. Fully-developed turbulent flow in cylindrical
pipes was chosen as the hydrodynamic environment is fairly well understood and heavily utilized
in commercial industries. Together, this provides a strong claim for application of the research
for intellectual merit and having broader impacts.
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AA2024-T3 was chosen due to its poor corrosion resistance in the presence of chloride-rich
environments, allowing for experiments to be conducted relatively quickly in order to study the
fundamental concepts of tribocorrosion. This work was generously supported by Arconic Inc.,
which donated the material for research in the form of extruded tubes. Composition of the
received AA2024-T3 material was confirmed via optical emission spectroscopy (OES) (Table
3.1).

Table 3.1., AA2024-T3 Accepted and Measured Compositions, n=10 samples taken

Element . . Cr
(Wt. %) Cu Mg Mn Fe Si Zn Other Ti
Ag:rfggd 3.8-49 | 1.2-1.8 | 0.3-0.9 | Max 0.5 | Max 0.5 | Max 0.25 | Max 0.15 | Max 0.15 | Max 0.1

OES Average | 4.052 1.458 | 0.641 0.082 | 0.046 | 0.065 0.037 | 0.021 0.015

OESStandard| 539 | 0014 | 0003 | 0017 | 0002 | 0001 | NA | 0001 | 0.014
Deviation

Method

The experimental setup and methodology was designed to isolate and fix variables, maximize the
resolution and capability of in-situ measurements, and reduce the number of required
experiments for efficient experimentation.

Experimental Sections and Specimens

Experimental sections were extruded AA2024-T3 tubes with an inner diameter, @p, of
45.467+0.009 mm and a length, L, of 12202 mm, providing an initial exposure surface of
87,133+73 mm? with an assumed surface roughness of 0.0015+0.0005 mm following readily
available commercial tables (Spraying Systems Co. 2018). The experimental sections were
designed to be inserted into the experimental bays of the VTHTCL via commercially available
2” NPS CPVC pipe unions as shown in the schematic of the VTHTCL (Figure 3.1).
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Figure 3.1., Virginia Tech High Turbulence Corrosion Loop Schematic (Updated as of 3.25.19)

Two separate experimental sections were designed for testing which may be exposed
individually or simultaneously in the VTHTCL; 1) a primary section for the insertion of a
custom wall shear sensor (WSS), and 2) a secondary section for the insertion of a constant
temperature anemometer (CTA); attached downstream of the primary section.

Virginia Tech High Turbulence Corrosion Loop

In order to study tribocorrosion behavior of active-passive materials, an apparatus was developed
to reliably maintain and measure environmental conditions for long durations and perform in-situ
degradation measurements. This apparatus, known as the Virginia Tech High Turbulence
Corrosion Loop (VTHTCL) is a pipeline style environmental chamber intended to exposure
inserted materials in the form of pipe sections to corrosive liquids at variable Reynolds number,
fully-developed turbulent flow (Hendricks, et al. 2018). While alternative corrosion chambers
exist, such as rotating disk electrode (RDE) or chambers which expose materials to quiescent or
mildly turbulent, they do not reflect the highly destructive hydrodynamic conditions that these
materials typically fail in.

With a wide variety of sensors, actuators, and safety feedback systems, the VTHTCL is able to
expose materials consistently to flow rates between 0-0.040+0.001 and 0.32-7.57+0.01 L/s and
temperatures from 15-90+2 °C. Furthermore, electrolyte conductivity, pH, and dissolved oxygen
are measured in the system and may be passively/indirectly controlled. Hendricks et al. (2018)
detail the capability and characterization of the apparatus.

Primary (Wall Shear Stress Sensor) Section

The primary experimental test sections measured 1220 mm in length with the aforementioned
WSS positioned 150 mm from the downstream terminus; this provided a hydrodynamic
normalization distance from the upstream terminus of 23.5 pipe diameters (23.5*@p).
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Furthermore, the nearest significant upstream obstruction was a further 12*@,5 upstream in the
form of a 90° elbow-tee combination (assuming placement in the upstream experimental bay). A
hydrodynamic normalization distance is necessary to allow the fluid to become fully-developed
where hydrodynamics no longer exhibit spatial bias with movement along the longitudinal axis
(Munson, et al. 2009).

While there are several different normalization lengths, such as the hydrodynamic, thermal
diffusion, and concentration; the hydrodynamic normalization length is often chosen as it is
typically the most conservative (Thirumaleshwar 2006). White (1991) and Munson et al. (2009)
describe this normalization length, or entrance length, to be 4.4NRe*®@\p for turbulent flows.
However, Thirumaleshwar (2006) suggests that approximately 109, is sufficient as continued
normalization exhibit diminishing returns. Nikuradse (1933) further suggests a more
conservative minimum of approximately 40&,p for smooth pipes in highly turbulent flow fields
between 20,000<Ngreg<150,000. While the proposed experimental section’s spatial positioning
provides a satisfactory normalization distance slightly above these limits over the proposed
experimental conditions (to be discussed shortly), increasing the normalization length was not
possible due to spatial constraints in the VTHTCL.

Twelve 20 MHz piezoelectric ultrasonic thickness (UT) transducers are proposed to be mounted
in groups of three, 1@, apart from each other with an equal quantity up- and down-stream of the
WSS as shown in Figure 3.2. The transducers are to be mounted at the 90°, 180°, and 270°
positions as they cover the surfaces of greatest interest due to the possibility of incomplete air
removal in the pipeline. The functional principles of the UT transducers and a demonstration of
their accuracy and resolution are discussed in detail in chapter 4. Equipment Design. The WSS
will also be discussed in further detail in chapter 4. Equipment Design.
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Figure 3.2., Primary Experimental Section Schematic

Secondary (Constant Temperature Anemometer) Section

A secondary experimental test section, nearly identical to the primary, is proposed to be inserted
downstream of the primary section. However, a CTA and a radial traverse mechanism are
designed to be mounted instead of another WSS at a similar location of 150 mm from the
downstream terminus. In the downstream bay, the distance from the nearest significant upstream
obstruction was 68@p upstream. The traverse mechanism would allow for degrees of turbulence
measurements to be conducted at various radial positions in the flow field. With a limited
number of UT transducers, the remaining three are proposed to be mounted 1@, upstream from
the CTA in the 90°, 180°, and 270° positions. Future funding may allow for the inclusion of
more transducers to allow for a greater measured surface area. Due to the functional mechanics
of the CTA, the UT transducers are positioned upstream to avoid the disturbed downstream flow
field. The CTA will be discussed in further detail in chapter 4. Equipment Design.

Experimental Exposure and Post-Exposure

Experimental sections are proposed to be exposed to two sequential hydrodynamic phases in the
VTHTCL. A neutral chloride solution (32.71 g/L of ACS reagent grade NaCl), is proposed as an
alternative to the ASTM-D1141 simulated seawater standard as CI” anions are thought to be the
most detrimental component to passive film breakdown, and Na* and CI are also the most
abundant ions (Jones 1996, Baboian 2005). The proposed concentration matches the chlorinity of
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the ASTM standard, however, it does not match the total salinity at 36.04 g/L (excluding trace
elements) or the pH.

The hydrodynamic phases are: 1) a passivation phase where the experimental sections will grow
a passive film under mild flow conditions over 180,000 seconds (25 hours), followed by a 2)
performance characterization phase where the experimental sections will be exposed to more
aggressive hydrodynamic flow for intended degradation over 270,000 seconds (75 hours). Two
passivation conditions are proposed (A or B), each exhibiting a different expected wall shear
stress; A) U = 1 Pa at g = 0.59 m/s (Nre = 33,600) and B) U = 10 Pa at g = 2.15 m/s (Nge =
122,000). It is believed that the more aggressive fluid flow condition (B), will yield a weaker
adhered passive film due to higher incorporated residual stresses. The strength of the grown
passive films will then be tested by exposing the experimental sections to more aggressive
turbulent conditions (I, 11, or 111) and monitoring the physical degradation via UT measurements.
Table 3.2. details the proposed hydrodynamic parameters, and Table 3.3. presents a total of six
proposed experimental trials. These hydrodynamic parameters were determined by the maximum
expected wall shear stress range capability of the chosen testing apparatus. The specific values
for each phase option were chosen for equally and maximally separated intervals in order to
increase the probability to yielding statistically significant results as there are intrinsic errors
associated with measurement techniques and the expected normal deviation in the measurements
for a given hydrodynamic condition.

Table 3.2., Exposure Hydrodynamic Parameters at 30°C

Phases Condition U (Pa) g (m/s) Nge
A 1 0.59 33,600
Passivation

B 10 2.15 122,000

I 20 3.15 179,000

Performance T 30 3.94 223,500

Characterization

m 40 4.61 262,000

Table 3.3., Experimental Trials

Phases Passivation Passivation
A B
Performance Al B, I
Condition |
Performance Al B, I
Condition 11
Performance A I B, 1
Condition 111
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The hydrodynamic parameters are controlled by varying the impeller frequency of a six vane,
3.7kW centrifugal impeller pump and, therefore, the flow rate. Figure 3.3. illustrates the
relationship between the flow rate and the expected wall shear for the given geometry of
experimental sections and the capability of the VTHTCL.

Turbulence

60

Expected Wall Shear Stress
7 (Pa)
(U8}
(o)
_VTHTCL Limit N .

50k 100k 150k 200k 250k| 300k
(0.88) (1.76) (2.64) (3.52) 4.4 (5.28)
Reynolds Number (Velocity m/s)

Figure 3.3. Expected wall shear stress capabilities in the VTHTCL for the proposed experimental sections

The performance characterization conditions were selected based upon previously observed rapid
degradation of AA2024-T4 in the VTHTCL in a similar neutral pH, chloride rich environment at
30,000<Nge<100,000 (Hendricks, et al. 2018). However, these studies were conducted to study
degradation in the hydrodynamic reattachment zone downstream of a simulated valve where
turbulence is known to be significantly greater than that of a normalized fully-developed
turbulent flow (Spearman, Sattary and Reader-Harris 1996, International Organization for
Standarization 2003).

The possible exposure conditions for the experimental sections are limited by the capability of
the VTHTCL and further by the resolution range of desired sensors (see Table A.4. for the
capability range of the VTHCL and Table A.5. for details for relevant sensors and other
hardware). Several other in-situ measurements, besides the materials characterization technique
of UT, will be conducted during each exposure phase to monitor and characterize the
environment. Table A.4., details the environmental parameters to be measured and Table 3.4.,
shows the in-situ material and hydrodynamic parameters of interest. Monitoring these variables
is critical due to their impact upon the tribocorrosion processes as discussed in chapter 2. Review
of Background Information and Literature Review and for determining accuracy of their results.
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Table 3.4., Characterization Techniques

Variable | Origin | Metric | Technique/Tool
MATERIAL
In-Situ Thickness Ultrasonic Thickness Transducers
Substrate . . .
Performance _ Thickness Optical microscopy
Invasive

Surface* Composition Optical Emission Spectroscopy (OES)

In-Situ N/A N/A
Passive Film Thickness Optical microscopy
Invasive
Structure X-ray Diffraction (XRD)

HYDRODYNAMIC FLOW

Non-nulling, cantilever wall shear sensor (25 Pa range)

. Wall Shear Adhesive film anemometer wall shear sensor
In-Situ 2x2 directional
Turbulence 2D Constant Temperature, Hot-wire anemometer
Momentum array
Invasive N/A N/A

* Due to apparatus technique, this provides a reading from homogenized source that penetrates up to 40.5
mm.

After the exposure duration (passivation phase and performance characterization phase), the
system will be drained of the effluent with specimens of fluid captured (this will be discussed
further later). In order to reduce the precipitation of NaCl salt on the specimen, it is proposed for
the VTHTCL to be flushed with clean Type Il reagent/deionized water at low speed laminar
conditions. Laminar conditions were determined to prevent unintentional degradation associated
with performing cleaning outside the apparatus at unknown turbulence and boundary conditions.
This procedure is warranted twice or until the fluid conductivity measures 50€S/m, which
suggests a three orders of magnitude reduction in the concentration of dissolved salts.

Experimental Measurements and Data Analysis
In-Situ Measurements

The material performance is proposed to be characterized via an array of ultrasonic thickness
transducers. While this may effectively characterize the bulk aluminum substrate, there is no
readily available instrument that is thought to adequately measure the passive film geometry in-
situ due to its expected thickness compared to the minimum resolution of the transducers. UT
measurements are suggested to be corrected to show deviation from the initial thickness, referred
to as the differential thickness, following the suggested format of Table 3.5.

25




Table 3.5. UT Spatial Positioning Statistical Analysis

Azimuthal Position
90° 180° 270°
Axial Position Mean o Mean o Mean o
Differential u Differential u Differential u
Thickness (mm) (mm) Thickness (mm) (mm) Thickness (mm) (mm)
1 HH #HH i HHH HHtHt HHHt
2 it i it HitHt Hittt Hit
3 HH #HH i HHH HHtHt HH
4 #it# #Hi# #Hi# #i# it #it#
5 H#H #HH i HHH it HH

It is expected that the recorded material behavior will closely follow a linear equation based
upon previously conducted experiments which used linear polarization resistance and electrical
resistance probes to monitor degradation (Hendricks, et al. 2018). Following this assumption and
the expectation that no measureable degradation would occur during the passivation phase due to
the mild hydrodynamic conditions, the slope of each transducer’s performance phase may be
tabulated following the format in Table 3.6. A reference specimen outside the corrosion loop
may provide a statistical basis for measured degradation that occurred due to environmental
exposure via an analysis of variance (ANOVA) test.

Table 3.6. UT Spatial Positioning Statistical Analysis

Azimuthal Position

Axial . . 90° — . - 180° — . . 270° —
Position leferentlal Coefflc_lent_of Dlﬁ_‘erentlal Coefflc_lent_of leferentlal Coefflc_lent_of
Thickness |Determination| Thickness [Determination| Thickness |Determination

Slope R? Slope R? Slope R?

1 Hitt Hith Hitt Hith Hitt Hit

2 it Hitt it it HitHt it

3 Hitt Hith Hitt Hith Hitt Hit

While the experiment was designed to remove spatial biases along the longitudinal axis via
adequate hydrodynamic normalization distance, it is necessary to confirm this assumption. This
may be done by conducting an analysis of the velocity and turbulence profiles utilizing the
proposed CTA and traverse system and comparing it is the expected normalized flow.
Furthermore, measurement of pressure loss along specific lengths of the pipe will confirm
normalized conditions. The relationship between pressure loss and hydrodynamic conditions is
discussed in further detail in chapter 4. Equipment Design.

Assuming confirmation, it is expected that the conditions experienced by both the in-situ WSS
and CTA in their respective sections would be an accurate representation of the hydrodynamic
conditions throughout the duration of the experiment. An absence of this axial and azimuthal
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spatial bias on degradation allows for grouping of all UT measurements into temporal samples as
shown in Table 3.7. An analysis of variance (ANOVA) test conducted with respect to time is
expected to further confirm a time sensitive material degradation.

Table 3.7. UT Temporal Statistical Analysis

Performance Condition

Time - I - 5 - I - 5 - Il - 5

Mean Differential u Mean Differential u Mean Differential u
Thickness (mm) (mm) Thickness (mm) (mm) Thickness (mm) (mm)
1 0 HiHt 0 HitHt 0 Hith
2 it Hitt HiHt HiHt HitHt Hitt
" HitHt Hitt Hitt Hitt HitHt Hith
N it Hitt HiHt HiHt HitHt Hitt

Ex-Situ Measurements

While typically more detailed and capable, invasive tests may only be conducted while a
material is not in the VTHTCL, and they are often destructive in nature, therefore limiting the
frequency and total number of tests to be conducted post exposure. While numerous relevant
measurements may be considered, limitations of available equipment restricts the list to wall
topography, fluid and effluent composition, and passive film and corrosion product structure and
composition. Furthermore, analysis techniques were conducted in this order to prevent premature
destruction of specimens.

While it is desired to assume that each location would be a fair representation of the overall area
of interest as the experiment was designed to reduce spatial bias, this is not guaranteed without
the aforementioned turbulence analysis. Therefore, it is suggested that the exposed WSS surface
elements (heads) be the primary candidates for further analytical characterization techniques in
order to develop a full set of parameters that may be compared at a specific spatial area.

Wall Topography Measurements

Wall topography may be measured via optical microscopy (OM) in order to reveal the
mechanisms of attack for degradation and characterize the extent of localized degradation
following ASTM G46-94(2013) (discussed in further detail in chapter 5. Validation Experiment)
(ASTM International n.d., ASTM International 2013). WSS heads and other areas of interest will
have to be thoroughly rinsed in quiescent flow with Type Il reagent/deionized water to remove
potential contaminants.

The heads may be divided into two equal halves and mounted in a thermosetting resin; one
showing the substrate-passive film cross sectional profile (referred to as cross section profile
specimens) and the other viewing the passive film perpendicularly (referred to as surface
specimens). The cross section profile specimens must follow proper microscopy preparation
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techniques, such as being mechanically wet ground with SiC abrasives and polished with
colloidal silica in successive steps to yield appropriate surfaces for microstructural analysis
(Cerri and Evangelista 1999). These specimens are recommended to be etched utilizing Keller’s
etchant for 15 seconds and rinsed with Type Il reagent/deionized water following ASTM
recommended procedure (Table 3.8.). Passive film specimens were left untreated.

Table 3.8. Keller’s Etchant Composition and Procedure (ASTM International 2015)

Composition Procedure
2 mL HF
1. Immerse specimen for 10-20s in etchant
3 mL HCI
190 mL H,0
2. Rise etchant off with warm water
5 mL HNO3

Specimens will be viewed under an optical microscope and will be characterized on the basis of
topography. Cross section profile specimens provide measurements of passive film thickness and
depth of attack and surface specimens allowing for the characterization of attack density (density
of pits, crevices, intergranular boundary attack, etc.) and passive film coverage.

Effluent Composition

Throughout the exposure phase, it is appropriate to take fluid specimens at consistent increments
to characterize the fluid and the degradation process’s effluence. A minimum of three, 90 mL
specimens are recommended, as some analytical processes are destructive or irreversible.
Chemical analysis may be performed with an inductively coupled plasma atomic emission
spectrometer (ICP-AES) to determine trace elements dissolved in the fluid. Compositional
changes in the fluid may be analyzed via ANOVA to determine whether a statistically significant
change occurred during the degradation of the specimen. If significant differences are measured,
a study is warranted on studying the possibility of detecting object proximity (spatial and/or
temporal) based upon a chemical footprint due to material degradation.

Degradation Product Structures

The passive film, corrosion products, and suspended particles in the effluence may be analyzed
via an X-ray diffractometer. Retrieved data may be analyzed through comparison to the known
structures of grown aluminum passive films and expected corrosion products.

Suspended effluence particles first need to be filtered to remove precipitating dissolved
compounds as would happened with an evaporative process. A particle size analyzer would be
useful in determining the necessary filter size.
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Closing Remarks

While several other characterization techniques are available, the motivation of this proposed
project is to study the relationship of hydrodynamics on the mechanical degradation behavior of
the passive films and the metal substrate below. Therefore, the discussion is to be limited to the
aforementioned measurements while other interesting invasive analysis techniques may be
conducted.
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4. EQUIPMENT DESIGN

As previously stated, the logical first steps to perform the proposed program begin with the
development and software necessary to perform high precision, reproducible data involving the
described metrics and environmental parameters. In the following chapter, the hardware and
software designed and developed are reported:

1. Expansion of the Virginia Tech High Turbulence Corrosion Loop’s capabilities and the
design of a flow conditioner to ensure fully-developed turbulent flow

2. An ultrasonic thickness array for in-situ degradation measurements

3. A custom wall shear stress sensor that allows for direct and local measurements of wall
shear in the fluid with a replaceable surface element.

4. A constant temperature anemometer and traverse system for in-situ degrees of turbulence
measurements

5. A LabVIEW routine to conduct remote and frequency data acquisition and provide
automated controls of the Virginia Tech High Turbulence Corrosion Loop

Virginia Tech High Turbulence Corrosion Loop

The Virginia Tech High Turbulence Corrosion Loop (VTHTCL), initially constructed in 2016 by
the author and several other undergraduate researchers, was chosen as the environmental
chamber to perform tribocorrosion experiments in. The apparatus was initially designed for this
purpose and allows for fully-developed turbulent pipe-flow for simulated pipeline or heat
exchanger studies. The apparatus is highly modular but consists primarily of a mixing tank, a
primary pump, a heat exchanger, experimental bays, and several junctions for removable
environmental sensors as shown in Figures 4.1.-4.2. The current version of the VTHTCL slightly
amends several of the discussed components; expanding the capabilities to include a secondary
function to behave in laminar conditions, integration of ultrasonic thickness testing capabilities,
upgrading to higher accuracy sensors, reinforced emergency shutdown triggers with
environmental blast shields, and a reliable data acquisition system. Key features of the apparatus
include argon and oxygen gas system which allows either gas to be sparged into the mixing tank
to alter the electrolyte’s dissolved gas composition. The argon gas is denser than the oxygen and
components in atmospheric air; therefore, it should form a blanket atop the open mixing tank and
prevent reabsorption of oxygen or other dissolved gasses. A 3.7kW heating element in the
mixing tank allows for active heating and a heat exchanger allows for active cooling of the
electrolyte. Together, they provide an operating range from 15-90£1.5 °C with two separate PID
controllers. Incorporation of the two separate pumps allows for achievable flow rates between 0-
0.04+0.001 and 0.32-7.57+0.01 L/s. A series of large aluminum blast shields protect users from
pressurized leaks and several incorporated engineering safeties prevent overpressure, over
temperature, and complete loss of fluid. Table A.4 and A.5 detail the environmental control
specifications and all the relevant sensors for the VTHTCL. Hendricks, et al. (2018) details the
capability and characterization of apparatus.
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Figure 4.1., Virginia Tech High Turbulence Corrosion Loop Schematic (Updated as of 3.25.18)
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Figure 4.2., Virginia Tech High Turbulence Corrosion Loop Image (Updated as of 1.22.18)

Laminar Loop

A secondary 54W diaphragm pump was installed auxiliary to the main 3.7kW centrifugal
impeller pump. A series of ball and ball check valves isolate the auxiliary pump loop from the
primary pump, enforcing a single directional flow in the VTHTCL during either’s operation (see
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Figure 4.1.). A 0-12Vdc, ®£Vv=0.01 voltage regulator allows for high resolution control of the
flow and its characteristic Nre through the proposed experimental section in Figure 4.3.

0.05 54W Diaphragm Pump
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Figure 4.3., 54W Auxiliary Pump Behavior in flow rate and Reynolds nhumber in the experimental section

The flow velocity is insufficient to be measured via the installed inline turbine flow meter,
however an individual (Eq. 23) or a pair (Eqg.24) of inline digital pressure gauges allowed for the
inference of flow rate due to their dependence as described below

" 1
P )=P +¥P=P +zmu K (23)

o 1
YP = > K mu (24)

Where Py is the measured pressure, X is the linear position in the VTHTCL, Pam is the
atmospheric pressure at the location of the VTHTCL, &P is pressure loss (Pa), J is density
(kg/m®), u is average bulk velocity (m/s), and K_ is a dimensionless variable that characterizes
the friction a surface exerts onto fluid flowing across it (Munson, et al. 2009). Hendricks et al.
(2018) provides a detailed characterization of the VTHTCL with tabulated K. for the apparatus
at different flow rates and methods for determining it in newly installed components.

Flow Conditioner

A major concern for any study involving hydrodynamics is the ability to develop fully-developed
fluid flow and also the inability to neither confirm nor deny. 1SO-5167 suggests a 100, long
section of undisturbed fluid flow to ensure this condition is met, however, this is generally not
possible or inefficient in geometrically constrained equipment or conditions (International
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Organization for Standarization 2003). Several other approximations exist, including both White
(1991) and Munson et al.(2009) at 4.4NRe™* D15 (359p at the most aggressive proposed
condition) and Nikuradse (1933) at 4095 for turbulent flows. However, Spearman, Sattary and
Reader-Harris (1996) observed that normalization was not obsered within 409,p of a large flow
obstruction at similar Reynlds numbers. Given the sequential flow modifiers in the VTHTCL of
a six vane centrifugal impeller pump, a turbine flow meter, a rifled heat exchanger, and several
elbows that may constructively create a complex hydrodynamic flow field; a Spearman (NEL)
style flow conditioner was designed to normalize fluid flow prior to the aforementioned
experimental sections. Furthermore, with achievable Reynolds numbers in the apparatus up to
600,000; it was necessary to ensure fully-developed turbulent pipe flow could be achieved in all
experimental sections in the future.

The flow conditioner was designed to be positioned upstream in the nearest union. The union
transitioned between 49.02 mm @, pipe (2” nominal, schedule 80 CPVC) upstream to
45.47+0.009 mm @p pipe (aluminum test sections) so a tapered tail was incorporated to prevent
an abrupt transition. Flow conditioner dimensions were designed around the experimental
sections’ ID.

The Spearman (NEL) style flow conditioner was designed as a less complex adaptation of the
common unchamfered Law conditioner. It features a reduced porosity at 47.5% as compared to
62.85%, while maintaining the same pressure loss factor, K. of 2.7 as determined theoretically
by Elder (1958) as optimal to remove upstream flow abnormalities (Laws 1990, Spearman,
Sattary and Reader-Harris 1996). Furthermore, the conditioner achieves a graded resistance
across the conditioner through a high degree of rotational symmetry where each of the three
rings doubles in hole count halves in azimuthal position (Spearman, Sattary and Reader-Harris
1996). This conditioner was chosen due to its exceptional performance, stabilizing both fluid
velocity and turbulence profiles 11@,p downstream from the conditioner in similar
hydrodynamic conditions and simplified geometry for manufacturing. An individual schematic
of the flow conditioner is shown in Figure 4.4. and an assembled schematic is shown in Figure
4.5.
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Diameter
Hole 1 0.10*@D
Hole 2 0.16*@D
Hole 3 0.12*0D
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Ring 1 0.18*0D
Ring 2 0.48*@D
Ring 3 0.86*0D

Azimuthal Angle
Ring 1 90°
Ring 2 45°
Ring 3 22.5°

oD

Figure 4.4., Spearman (NEL) Style Flow Conditioner
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Figure 4.5., Spearman (NEL) Style Flow Conditioner In-Situ Schematic
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Pardue et al. (1992) pursued the characterization of turbulence scales upstream and downstream
of flow conditioners via hot-wire anemometry in Reynolds number ranges of 37,500 to 150,000.
Power spectrum density (PSD) plots revealed a 10* reduction in magnitude at lower frequencies
(<2000 Hz) in flow velocity components downstream of a conditioner from a baseline
equidistance upstream as shown in Figure 4.6.
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1072

1074

Power
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102 10° 10*
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Figure 4.6., Turbulence Decay downstream of Spearman (NEL) style conditioner (Pardue and Manukutla

1992)

This suggests that flow conditioners accelerate the degradation of large, higher energy turbulence
scales into lower energy scales which experience rapid cascading decay until their absolute
dissipation into heat as shown in Figure 4.7. (Pardue and Manukutla 1992).
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Figure 4.7., Eddy Decay Cascade (Thirumaleshwar 2006)

This indicates that energy that may traditionally decayed over distances between 30-1000p,
depending on the particular environment, would be concentrated into a much shorter distance.
Given the increased turbulence and energy transfer, these devices may consequentially lead to
increased degradation. Particularly, the rapid expansion of fluid exiting the individual bores in
the flow conditioner is expected to cause cavitation.

The relationship between the loss coefficient, K. and degradation rate directly downstream is
being broadly studied by M.S. candidate Ryan Taylor (Taylor 2018) for simulated valves and
studied in depth for a particular Spearman (NEL) style flow conditioner by M.E. candidate Erik
Cothron (E. Cothron 2018). These two studies observe high intellectual merit as no prior
literature exists attempting to characterize this relationship.

Wall Shear Sensor

The hydrodynamic flow field observes a highly synergistic relationship with the boundary
interactions of the system. Computational fluid dynamics (CFD) and other data correlating
techniques for turbulent flows are highly dependent upon the characterization of these boundary
interactions, further warranting their study (J. A. Schetz 1997).

These interactions may be characterized with the non-dimensional loss coefficient, K., which
describes the resistance a geometry impacts upon the ability for a fluid to continue traveling
along it. However, wall shear, U, is a more relevant parameter for a cylindrical pipe for
comparison to material properties. The relationship between these two metrics is described
below for pipes

z =Kk 2 . (25)

Wall shear may be measured directly or indirectly. Indirect measurements tend to be easier to
conduct, relying upon analogies or correlations between related properties in systems that are
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well understood. Unfortunately, these analogies cannot be translated accurately to systems that
have not yet been studied extensively, such as those for the proposed experiment.

The highly turbulent flow and evolving boundary interface due to degradation creates a complex
hydrodynamic environment which poses significant challenges and design constraints for sensor
design. Due to unsteady turbulent flow and the associated rapid dissipating eddy structures, high
temporal resolution is required. Furthermore, careful consideration must be taken for spatial
placement and the effective sensor size to provide an accurate and representative measurement.
The measurement of pressure loss, P, allows for an easy determination of the wall shear in a
pipe with an inner diameter, @p. as described below

z =—— (26)

However, this technique provides an averaged measurement across the length of the pipe section
between the instruments, L. Furthermore, the distance needs to be significant enough that the
wall shear introduces enough friction to produce an accurate measurement in pressure
differences.

While average measurements are important, localized extremes in wall shear are expected to
induce more severe degradation and are dampened in an average measurement. Given the
importance of both the average and local hydrodynamic parameters along the degrading material,
a local sensor was designed that may be used in conjunction with a pressure loss measurement
technique. The sensor was designed for the conditions of the proposed experiment, which
include: 1) effective measurements of 20-40 Pa with £1 Pa resolution, 2) minimal flow
obstruction, 3) integration into the experimental section, 4) and a replaceable, physical sensor
material that may undergo ex-situ analysis.

Following these constraints, a sensor was chosen that relies upon measured strain during a
cantilevered deflection of a surface element to measure wall shear along that element. The design
of the sensor followed preliminary research conducted by Dr. Joseph Schetz of the Aerospace
and Ocean Engineering department at Virginia Tech and Dr. Ryan Meritt, President of Ahmic
Aerospace, LLC. The wall shear stress (WSS) sensor utilizes a non-nulling cantilever with an
array of strain gauges in a Wheatstone bridge configuration to perform high resolution deflection
measurements on a removable AA2024-T3 surface element (head) (R. J. Meritt 2013, Meritt, et
al. 2017, J. A. Schetz 1997), see Figure 4.8. Cantilever principles allow for easy determination of
the wall shear along the surface element with known material and geometric properties of the
flexure. Heads were contoured to match curvature and surface roughness of the experimental test
section with minimal flow obstruction. The internal setup below the surface element was coated
with a microcrystalline wax to prevent non-intentional degradation of the sensor in the salt water
environment. While the cavity may be filled with a viscous fluid to prevent degradation, a
surface coating was thought to be stronger and have less impact upon the measurements. Given
the curvature of the experimental section and the low shear stresses expected (20-40 Pa),
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determining the effective head area was a complicated problem. While high sensitivity was
desired; the robustness of the sensor (accidental destruction during handling/operation), reducing
the possibility of altering the boundary surface during deflection, and machining limits all
limited the designed range of wall shear measurements. Given this challenge and geometric
constraints, several other similar designs were investigated for measuring wall shear.

Direction of Flow

Wall Shear (t,,)  Small Gap
— w

—_— S S S
[ o [

Floating ,/ Flexure
Element o
Gap Fill ©
ap Filler . O .
(if any) N " (?:gfglels

Housing

Figure 4.8., Sketch of generic WSS Schematic (Meritt, et al. 2017)

WSS sensors for smaller diameter tubes were also investigated. The aforementioned design
cannot be appropriately scaled geometrically as the material properties would also need to be
scaled to yield an appropriate stiffness for the flexure. Furthermore, strain measurements may
approach the limit of effective resolution for the strain gages. Radially spoked or diaphragm
suspended pipe sections have been investigated as alternative approaches for these smaller
diameter pipe sections.

The proposed measurements will be conducted via NI hardware and NI LabVIEW software and
temperature corrected using a local thermocouple. This work would not be possible without a
supporting grant from the US Department of Energy, Office of Nuclear Energy, Scientific
Infrastructure Award (Award#: DE-NE0008674; Project #: GSI-17-13340).

Constant Temperature Anemometer

A constant temperature, hot-wire anemometer (CTA) will be utilized as a secondary instrument
to characterize fluid flow in two dimensions (Dantec Dynamics StreamLine Pro, double CTA
module). The probes will be traversed radially across the experimental section via a custom
designed traverse system onto a secondary experimental section downstream of the WSS
experimental section. Several different probes may be utilized with this system, with right-angled
pronged X-probes (Dantec Dynamics, Item # 55P64) purchased initially. This work would not be
possible without a supporting grant from the US Department of Energy, Office of Nuclear
Energy, Scientific Infrastructure Award (Award#: DE-NE0008674; Project #: GSI-17-13340).
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Principles

The CTA calculates hydrodynamic properties due to the principles of convective heat transfer
from a thin, heated filament into the environment of the fluid. Temporal and spatial fluctuations
in momentum (therefore heat transfer) are compensated utilizing a variable resistor in a
Wheatstone bridge arrangement, allowing for a constant temperature filament (Figure 4.9.).
Through the measurement of bridge voltage; heat flux, fluid momentum, velocity, Reynolds
shear stress, and lateral transport quantities may be calculated (Jargensen 2002).

Time series Data
analysis

Maan Yeloaity
M veincy
ity

. Servo amplifier
Wheatstone bridge

f"c-a

i Hot-wire probe
ﬂ p

Figure 4.9., CTA Measurement Principles Schematic (Dantec Dynamics A/S 2018)

While being an invasive in-situ instrument that disturbs the flow field, a CTA provides valuable
information regarding hydrodynamics that may be used to calculate the diffusion of important
species for passive film growth models.

Traverse Mount

Ninety degree probe allow for measurements to be performed while traversing radially across a
pipe. The CTA was designed to be mounted in a repurposed pneumatic piston, outside of the
experimental section and lowered into the hydrodynamic flow field via a RS232 controlled linear
actuator (Velmex, Inc. BiSlide®). Actuation speed and position commands allowed for precise
positioning of the anemometer probe head in the fluid to an advertised 80 pm resolution and
5um repeatability.

Integration

The CTA system is highly complex and includes its own supporting module, computer, and
software for the associated Wheatstone bridge, amplifiers, and data analysis. Due to this, the
CTA measurements and associated traverse functions were kept separate from the AMS routine.
All components necessary for the CTA system were not available throughout the duration of the
work conducted in the thesis, therefore, calibration and investigation of the accuracy and
capabilities of the system were unable to be conducted.
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Ultrasonic Thickness Measurement Array

The in-situ degradation behaviors of materials are characterized with the metric differential
thickness and were measured utilizing an ultrasonic thickness transducer array with an associated
instrument. It is necessary to understand the principles of these ultrasonic transducers, their
effective footprint, the accuracy and resolution given their setup, and the experimental tube’s
geometry in order to correctly interpret their measurements for degradation studies.

Principles

The ultrasonic thickness (UT) instrument measures the time of flight between an outgoing pulse
transmission and its reflection from an acoustic interface, t, which is used to calculate the
thickness, T, of a material with a known acoustic velocity, v as shown below

T=1tv. (27)

The instrument emits an electric pulse to the transducer, where it excites a piezoelectric element
which generates an ultrasonic pulse. The pulse penetrates the material of interest in the applied
direction and is scattered at acoustic interfaces where the signal is disturbed. While part of the
signal is attenuated in the material, the interface interaction may reflect the pulse back to the
transducer. The reflected pulses return to the piezoelectric element, generating a return electrical
pulse which is transmitted back to the UT instrument.

An ultrasonic thickness instrument and transducer system was chosen for maximum accuracy
and sensitivity for the described proposed experiment; 15 single-element, 0.125” diameter, 20
MHz transducers (Olympus M208), equipped with 5es toughened Polystyrene delay lines
(Olympus DLH-3), and an associated appropriate instrument (Olympus 38DL Plus). An image
and schematic of the chosen transducers are shown below in Figures 4.10.A-B.

} CONNECTOR
Olympus ELECTRICAL
i 8 LEADS
M208-RM T
Transducer ELECTRICAL
NETWORK ™~ e ]
/INNEF{ SLEEVE
...... BACKING
exTERNAL L. o
Olympus HOUSING
A ACTIVE
DLH-3 1 v e T L~ ELEMENT
Delay Line —— | > /
u . S WEAR PLATE

Figures 4.10., A) Olympus Model M208 Tranducer and B) Single Element Transducer Schematic (Olympus
NDT 2006)
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The minimum resolution or sensitivity is directly related to the wavelength, &, of the pulse
transmission frequency, f, in the material of an acoustic velocity, v, as shown

1=- (28)

Equation 28 illustrates that higher frequency transducers provide higher resolution, however; the
frequency is inversely proportional to penetration depth due to acoustic impedance of the
material.

Furthermore; the accuracy, resolution, and penetration capability may be altered depending upon
which time interval is measured. For this application, the time interval between two successive
backwall echoes (which represents one roundtrip test in the material) was used. This is typically
referred to as a “mode 3” measurement and yields the highest resolution of 0.001 mm.

Delay lines are spaced between the transducer element and the specimen, further separating the
transmission excitation pulse recovery from backwall echoes to increase both accuracy and
precision (Olympus Corp. 2017).

Array Design

An array of 15 UT, single-element transducers (labelled alphabetically A-O) allowed for both
azimuthal and longitudinal measurements of the substrate thickness. The UT system was
designed to provide frequent and remote measurements to be conducted without a user’s
presence. The Apparatus Monitoring System routine (to be discussed) switches and connects
each of the 15 UT transducers to a common UT instrument via a RS232 serial commanded
multiplexer, allowing for sequentially conducted thickness measurements to be performed.
Details of the routine are covered in following sections and in Appendix D.

UT Mount and Configuration

Author-designed UT mounts fixed the transducers against the experimental test sections,
eliminating reapplication error and allowing for remotely conducted measurements. The mounts
were constructed from PVC, forming 0.75” wide rings that support up to four transducers and
associated hardware, spaced azimuthally at increments of 90° (Figure 4.11.). Transducers thread
into the mounts, compressing their required delay lines against the experimental wall. Petrolatum
ensured a continuous, clean, acoustic connection.
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0V ®

Figure 4.11., UT transducer adapter, shown as a) designed, b) transpartent with a single attached UT
tranducer (blue) and associated hardware (yellow), and c) completely configured around a test specimen
(orange)

With 14 constructed UT mounts, any configuration of azimuthal positions (0°, 90°, 180°, 270°)
could be measured with adapters incrementally positioned longitudinally (Figure 4.12). The UT
transducers are labeled alphabetically A-O and adapters chronologically 1-14 with the smaller
character configurations upstream.

Flow UT Transducer o
Direction Mount 4— Fixing bolt

Delay Line

90° 270°

Fluid coming
out of plane

UT Transducer

180°

Figure 4.12., UT transducers fixed to an experimental section utilizing four UT mounts in full azimuthal
configuration (besides the last transducer)
Measurement Specifications

Effective Measuring Area

It was necessary to determine the effective transducer footprint for the conducted ultrasonic
thickness measurements to better comprehend results. An ultrasonic thickness transducer was
fixed to a representative experimental section with the wall thickness measured. The attachment
position was fixed utilizing a UT mount with the remaining holes plugged with a delay line and
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constructed nylon bolts, preventing the transducer from changing its position. A square cut was
made into internal diameter, centered at the transducer following the schematic in Figure 4.13.
The cut was made progressively deeper until a change in the measured thickness occurred;
indicating a transition into acoustic beam’s spread for the proposed experimental setup.
Following this procedure, the beam spread was determined to be 1.9+0.1 mm.

Material of Interest
(Experimental Section)

UT Transducer —>

UT Mount

\ Delay Line —>

(P aE
Distance

Material
Removal

Figure 4.13., Effective Surface Area Calculation

Rudimentary calculations were performed to determine whether or not this measurement may be
supported mathematically. As previously explained, the chosen single-element transducers use
an electrical pulse to generate an acoustic wave from a piezoelectric material. While the
transducer face is flat and not contoured, the behavior of the pulse is not consistent throughout its
traverse. The region directly in front of the transducer, termed the nearfield, is characterized by
an abundance of interference and noise due to vibrations of the transducer and the initial acoustic
interfaces. As the pulse traverses from the transducer into the nearfield region, its spread
converges onto a focal diameter, Dg, at the nearfield length, N. This nearfield length is the
natural focal length of the transducer and may be determined for the material of interest and
transducer properties as shown in

_
vy
where D is the diameter of the piezoelectric material. For the configuration setup, the nearfield

length from the transducer was determined by a modification of equation 29 to account for the
delay line and substrate materials in series as shown below

(29)

N fD 1L fD
4v 4v

+ L (30)
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where the Lgelay is geometric length of the delay line. With a reported acoustic velocity of the PS
delay lines measuring 2340 m/s and a measured acoustic velocity of the AA2024-T3 specimens
at 6408.765 m/s (determined experimentally and discussed later), the nearfield length was
determined to be 15.17 mm. This natural focal length is in experimental section as desired, rather
than in the delay line. The beam diameter diverges as the pulse leaves the nearfield region and
traverses into the far field region as shown in Figures 4.14.A-B.

Farfield

Amplitude variations
in the nearfield

Nearfield

Figures 4.14., A) Acoustic Pulse Divergence (top) and B) Nearfield Region (bottom) (Olympus NDT 2006)

The beam diameter, Dg, at the nearfield length is approximated below

1.02Nv
31
D (31)
and the beam spread angle, U, is approximated to
. 4 0514v
= 32
sin3 S (32)

The beam diameter and spread angle were determined to be 0.810 mm? and 5.947°, respectively.
Basic trigonometry allowed for the calculation of the beam diameter, Dyoca at the intersection of
the inner pipe diameter and the arc length between these two points, Arc Lengthgoca as
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D =2t o 1 L o
= 2tan| 4v 4v

+D (33)

and

sin D

Arc Length =0 W (34)
These values were determined to be 2.02375 and 2.02442 mm respectively, agreeing well with
the physically measured beam diameter of 1.9+0.1 mm (6.3% difference). It is important to note
that these equations were made with several assumptions and empirically derived constants and
should not be taken as fundamental laws (Olympus NDT 2006). Furthermore, the approximated
equations did not take into account for the curvature of the AA2024-T3 tube at the interface;
however, their high agreement suggests that application of the petrolatum provides an
appropriate acoustic connection for the acoustic beam diameter at that interface.

While this may be true, the beam spread along the longitudinal axis would still be expected to
behave slightly ellipsoidal due to greater transducer contact. A conservative approximation of a
smaller, circular footprint is taken at 4.2+0.4 mm? per transducer.

Accuracy

The accuracy, calibration constants, and the deviation among the transducers were determined.
Each UT transducer was sequentially attached to the same pristine experimental section (no
degradation) at the same position with the material’s measured thickness recorded. The
attachment position was fixed utilizing a UT mount with the remaining holes plugged with a
delay line and constructed nylon bolt. Each transducer was threaded into the mount to the same
torque. The transducers agree well amongst each other, following a bimodal Gaussian
distribution with a coefficient of determination of 0.879 as shown in the Figure 4.15., instead of
an expected monomodal Gaussian distribution.

The transducers agree well amongst each other, following a bimodal Gaussian distribution with a
coefficient of determination of 0.879 as shown by the histogram and plotted probability density
function (PDF) in Figure 4.15.
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Figure 4.15., UT Transducer Calibration — Gaussian Bimodal Behavior

The PDF for the bimodal Gaussian distribution follows equation 35, where x*, €", and U, are the
nondimensionalized chosen thickness, mean thickness, and standard deviation.

7()(‘2 At ) C +exp 7()(‘ t) o (35)

F(x) =exp oK

The variables were nondimensionalized by dividing the variable by the average measured
thickness for the entire population of fifteen transducers. These values were determined by
manual variation and optimized for the largest coefficient of determination and are tabulated in
Table 4.1.
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Table 4.1., UT Transducer Gaussian Bimodal Behavior

Variable Bimodal Serial Number
A B A B
Mean, g’ 0.9998765 1.001055 0.999540 1.00055
Standard Deviation, O 0.00055 0.00032 0.0004 0.00069
Normalization Coefficient, C 3.2 1.8 2.2 2.3
Coefficient of Determination, R? 0.879 1 0.645

The bimodal nature of the PDF was further investigated. Transducers were separated into two

groups based upon serial numbers, possibly indicating different conditions at which they were
manufactured. This was performed in order to determine whether the observed bimodal Gaussian
distribution may be representative of transducers purchased in the future. Group A contained six

transducers with chronological serial numbers and Group B contained nine transducers with

chronological serial numbers. Figure 4.16., illustrates that the transducers exhibit a monomodal

distribution based upon their serial number grouping.
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Figure 4.16., UT Transducer Calibration — Serial Number Grouped Gaussian Bimodal Behavior

Group A exhibited a perfect monomodal Gaussian distribution and Group B exhibited a
negatively skewed monomodal Gaussian distribution. Two separate PDFs were created, similar
to the one displayed in equation 35 for each serial number group as shown below

F(x) = exp L ¢ (36)
Table 4.1. provides the values for the PDFs for both approaches. A single point calibration was
conducted as follows to determine the correction factor, Fc, for each transducer

F=x=c (37)

where x is the recorded thickness and € is the average measured thickness across the whole
population of 15 transducers. Table 4.2. provides a list of correction factors for the transducers.
A single point calibration is satisfactory for this application as it was conducted on a material
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with the same geometry as the experimental sections. All UT measurements were corrected with
these correction factors. Given that dynamic behavior is being recorded, a several point
calibration may be appropriate for the correction of acquired data that shows large changes in
measured thickness.

Table 4.2., UT Transducer Correction Factors

A B C D E F G H
0.999371 | 0.999035 | 1.000045 | 0.999371 | 0.999708 | 0.999708 | 1.000382 | 0.999708
I J K L M N O
1.001392 | 1.000045 | 1.001055 | 1.000382 | 1.000045 | 0.998698 | 1.001055

Resolution

While the accuracy among transducers is shown to be high, the resolution of each sensor is
shown to be ever higher. Figure 4.17. plots the average nondimensionalized standard deviation
per transducer for the preliminary validation experiment (to be discussed in chapter 5) and for
measurements of the experimental section’s geometry (to be discussed next). Differences in the
results are due to the large differences in sample size, n=900 for the validation experiment and
n=20 for the experimental section’s geometry experiment. Furthermore, the validation
experiment was conducted utilizing the AMS routine (to be discussed shortly) which averages
five UT measurements for each data point (effectively making n=4500) and therefore reduces the
standard error/deviation by 52 compared to the initial expected standard deviation of a single
measurement.
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Figure 4.17., Average Nondimensionalized Standard Deviaton

Both samples indicate exceptionally little deviation compared to the mean value of the measured
thickness.

Experimental Section Geometry and Acoustic Velocity

The acoustic velocity and geometry of the experimental section was investigated utilizing a
constructed reference specimen; composed of a thick and thin side (designed by M.S. candidate,
Ryan Taylor) (Taylor 2018). Geometry was measured via a micrometer (outer diameter) and a
bore gauge (inner diameter). Twelve measurements were conducted on the thick side, spaced
120° azimuthally at four different longitudinal locations as shown in Figure 4.18. and in Table
4.3.
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Table. 4.3., Aluminum Calibration Block Physical Measurements

Figure 4.18., Calibration Assembly

Axial Position

(0.75" Increments) ! 2 3 4
Inner Diameter (Bore Gage) (mm)
Trial 1 45.45076 45.45838 45.45838 45.45584
Trial 2 45.47108 45.47616 45.47108 45.46600
Trail 3 45.47616 45.47362 45.47616 45.47616
Accepted Mean 45.46600 45.46938 45.46854 45.46600
Standard Deviation 0.010974 0.007852 0.007478 0.008296
Outer Diameter (micrometer) (mm)
Trial 1 64.46774 64.45758 64.46774 64.45504
Trial 2 64.48044 64.44996 64.44742 64.43472
Trial 3 64.45758 64.43472 64.43472 64.41440
Accepted Mean 64.46858 64.44742 64.44996 64.43472
Standard Deviation 0.009352 0.009504 0.013599 0.016591
Determined Wall Thickness (mm)

9.50129 9.48902 \ 9.49071 9.48436
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The thick section was not altered from the original stock material. The thickness was calculated
to be 9.491+0.001 mm from an accepted inner diameter of 45.467+0.009 mm and outer diameter
of 64.450+0.017 mm. Surface roughness was assumed to be 0.00015 + 0.005 mm based upon the
manufacturing process and material (Spraying Systems Co. 2018). The thin section was
machined and exhibits both a tapered inner and outer diameter due to machining limitations and
was therefore not utilized to determine the acoustic velocity of the material.

The entire population of UT transducers was used to characterize the acoustic velocity and
geometry of the material that was representative of the experimental sections. An arbitrary
acoustic velocity, Vinsr,, Was set for the specimens in the UT instrument because the actual
acoustic velocity, v, for the material was unknown and the thickness of the material was known
at each position (following the above data).

The real acoustic velocity was determined below at room temperature
6o=Y0 =% 0 (38)
U=——-0 | (39)

where Tinsr. Was the measured thickness by the instrument. However, the thickness is calculated
from two separate measurements of inner and outer diameter (&, and @o, respectively), so the
acoustic velocity may be rewritten as

o 0
0= o . (40)
The standard error is calculated below
A= — Ky +— K +— K +— K . (41

Two separate experiments were conducted on the thick side, each with two separate longitudinal
positions due to the competing physical proximity of the transducers. Each experiment took 10
measurements at each position, which are tabulated in Table 4.4. Transducers were moved
between experiments to account for sensor disagreement.

Table. 4.4., Calibration Experiment Transducer Alignment and Geometry
EXPERIMENT 1

Position A B
Angle (°) O | 45 | 90 | 135|180 | 225|270 |315| O | 45 | 90 | 135|180 | 270 | 315
Transducer A F B G C H D E | N J 0] K L M
EXPERIMENT 2
Position A B
Angle (°) O | 45 | 90 | 135|180 | 225|270 |315| O | 90 | 135 | 180 | 225 | 270 | 315
Transducer C H D E | A F B G K L M | N J 0]
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Significant differences in the measured thickness of the material were observed azimuthally and
longitudinally. This may be explained by the manufacturing process in which the mandrel origin
is offset from the die origin, yielding a thicker and thinner section in the final material. The
average acoustic velocity for each experiment was calculated with the appropriate standard error
and was taken as the accepted azimuthal acoustic velocity for the AA2024-T3 tubing following
the specified manufacturing procedures (Table 4.5). The thickness measured at each transducer
was corrected to the new accepted acoustic velocity and displayed in Figure 4.19.

Table 4.5., Acoustic Velocity for AA2024-T3 Extruded Tubes (ambient temperature)

Experiment 1 Experiment 2 Accepted
Velocity, v (m/s) 6404.95 6412.58 6408.765
Standard Error, G (m/s) 1.71934 1.76579 1.232289

THICKNESS MEASUREMENTS OF AA2024-T3
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Figure 4.19., Thickness Measurements with Standard Error

Overview

The behavior of the UT transducers in the UT array was studied extensively in order to
determine the accuracy and understanding of the measurements. Through several different
experiments, it is demonstrated that the transducers and the author designed experimental setup
are exceptionally accurate and resolute and allow for measurements to the maximum theoretical
limits. While the results of the calibration experiments establish high confidence in the ability to
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measure absolute and differentials in wall thickness, interpretation of the measurements as a
metric for degradation behavior in tribocorrosion experiments presents new challenges. The
application and interpretation of this metric will be investigated in chapter 5, Preliminary Work —
Validation Experiment.

Apparatus Monitoring System

An apparatus monitoring system (AMS) routine was developed for remote and frequent data
acquisition (DAQ) of environmental conditions, ultrasonic thickness measurements, and
eventually wall shear measurements from the aforementioned sensor; to conduct emergency
shutdown procedures (ESP); and to periodically communicate status and recorded data updates
with the operating user. The AMS routine was primarily designed around National Instrument’s
(NI) CompactDAQ chassis platform which allowed for several simultaneous analog 1/0, digital
1/0, and counter/timing measurements utilizing the associated LabVIEW virtual environment
and visual programming language (National Instruments 2017). The routine was written in NI
LabVIEW, version 17.0f2 (64-bit) operating on Windows 7 Enterprise.

Routine Structure

The AMS utilizes an even stacked, hierarchal, routine structure to improve user navigation and
ease of use through executing several nested and concurrent subroutines. The AMS routine
structure executes three sequential sections; A, B, C as shown in Figure 4.20. Section A
initializes user defined parameters from a virtual user interface (Figure 4.21.) and stores them to
local variables. Section B performs all necessary procedures for 1) DAQ, 2) ESP, and 3)
communication updates in a timed loop structure. Section C sends a SMTP (simple mail transfer
protocol) email to notify the operating user that the AMS routine has ended with the final
attached DAQ spreadsheet. LabVIEW protocol dictates that all procedures run from left to right,
requiring all signals to be present before conducting a procedure. A simplified flow-chart of the
routine is displayed in Figure 4.22.
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Figure 4.20., AMS routine (Full)

Figure 4.21., AMS routine user interface (NI LabVIEW)
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