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Aluminum 5456-H116 has high as-welded strength, is formable, and highly
corrosion resistant, however, it can become sensitized when exposdevated
temperatures for a prolonged time. Sensitization results infaimeation of a
continuousp phase at the grain boundaries that is anodic to the matrix. Maus t
grain boundaries become susceptible to stress corrosion crack®@) (&nd
intergranular corrosion cracking (IGC). Cracking issues on alumguparstructures
have prompted the use of a severe plastic deformation processesssultrasonic
impact treatment (UIT), to improve SCC resistance. Thisystodelated the effects
of UIT on the properties of 5456-H116 alloy to the microstructevalution of the
alloy and helped develop a fundamental understanding of the mechdhénoause
the microstructural evolution.

Ultrasonic impact treatment produces a deformed layer auiti@ce ~ 10 to

18 um thick that is characterized by micro-cracks, tears, and voitlessafic impact



treatment results in grain refinement within the deformatiorrlaand extending
below the deformed layer. The microstructure exhibits weakatdiygtaphic texture
with larger fraction of high angle grain boundaries.

Nanocrystalline grains within the deformation layer vary in fias 2 to 200
nm in diameter and exhibit curved or wavy grain boundaries. The nateltng
grains are thermally stable up to 300°C. Above 300°C, grain growtlroweath an
activation energy of ~ 32 kJ/mol. Below the deformation layer niicrostructure is
characterized by submicron grains, complex structure of dislocasobsoundaries,
and Moiré fringes depicting overlapping grains. The defoomaliyer does not
exhibit the presence of a continuguphase, however below the deformation layer; a
continuous} phase along the grain boundaries is present.

In general the highest hardness and yield strength is &tithsurface which
is attributed to the formation of nanocrystalline grains. Although the highekstessr
and yield strength was observed at the UIT surface, thegegeite mixed with some
lower values. The lower hardness and yield strength values atithsutface are
attributed to the voids and micro cracking/micro voids observed indftgndation
layer. The fracture mode was transgranular ductile fractute wicro void
coalescence and dimples. Both UIT and untreated material exhilddardevels of
intergranular corrosion susceptibility. Corrosive attack wasrgrdaular with
slightly deeper attack in the untreated material.

Numerical simulation modeling showed that the calculated resstueds
under the tool, ~80 MPa, is of the same order of magnitude as the sswmpre

residual stresses measured by XRD measurements near #eesurModeling also



showed that high effective strains were induced almost immadiat€éhe UIT
process also resulted in rapid localized heating to a maxirempetrature of ~32°C
during the first eleven pin tool cycles. The model also showeddinatg UIT
processing, the material undulates as the pin tool impacts amdtsefrom the
surface of the material. The undulations represent thecetaspponse of the surface

to the compressive stresses built up during a pin tool cycle.
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Chapter 1: Introduction

1.1 Background

The most commonly used aluminum alloys in Navy ship constructiothare
5xxx series marine-grade aluminum-magnesium (Al-Mg) alloys. Thiscause they
have high as-welded strength and are weldable, formable, and higintsicor
resistant. Aluminum magnesium alloys are non-heat treaatibles that derive their
strength from solid solution strengthening and strain hardeninghe®é talloys, the
Navy has extensive experience with 5456-H116 for deckhouse struciureksier
classes of surface ships and in the construction of small high;dpgk performance
ships. In service experience, these structures have been charactedescking due

to low fatigue, corrosion fatigue and stress corrosion cracking (SCC).

On-going cracking issues on aluminum superstructures of Navyceurfa
combatants prompted the investigation of ultrasonic impact treatthdh) as a
technique to improve SCC resistance. Ultrasonic impact treatime mechanical
surface treatment similar to methods such as shot peeningsiesdr peening, and
deep rolling that is used to generate severe plastic deform(@&@#D) in the sub-
surface layers of metals. Severe plastic deformation wgaebsi such as UIT, have
been shown to produce fine grain microstructures and alter theiahg®perties
without changing the chemical composition [1,2,3,4]. Ultrasonic intpa&tment in
particular, has been shown to lead to the formation of highly developed

dislocation/grain microstructures. This causes compressive restteases and



provides significant hardening in the material’s surface lapereby increasing the
material’s resistance to fatigue, wear, and corrosion [5,6].

Currently, the Navy is using UIT experimentally to reducedriedi stress on
the surface of the material in order to mitigate crackingceptibility in 5456-H116
aluminum alloy superstructures. Ultrasonic impact treatnsebeing used as part of
crack repair welding and to treat affected areas priontbdarring structural rip-out
and re-installations. Ultrasonic impact treatment is usé@&b the surrounding base
metal prior to excavation of cracks for weld repair and gattthe root pass of each
weld.

Although the results of the UIT experimental work on Navy shgsetbeen
successful to date, the effect of UIT on the material propeatidsmicrostructure of
5456-H116 material is not thoroughly understood. The literature showdJthat
leads to the formation of highly developed dislocation/grain microtstres and
causes compressive residual stresses in 7075-T6511 aluminum, and 2024-T351
aluminum [3,6]. However, research on the effects of UIT on 5456-H116dhdeen
accomplished. This study aims to correlate the effects of @i the material
properties to the microstructural changes imparted by UIT andletelop a

fundamental understanding of the mechanisms that cause material propertygchange

1.2 Pure Aluminum

Aluminum crystallizes with a face centered cubic (FCC)datstructure that
is stable from -269 (4°K) to the melting point of 660°€ (933.4K) and does not

undergo an allotropic transformation [7,8]. The lattice constantuofinlm (g) is



4.0414 A at 253C [9]. The effect of most alloying additions is small witke
exception of magnesium at the limit of equilibrium solubility whigkpands the
lattice to 4.117A [9]. The elements with the greatest solid solubility in aluminum

are zinc, silver, magnesium and lithium, all greater than 10 atomic percent[{@t.%

1.2.1 Binary Al-Mg System

Aluminum-magnesium alloys are non-heat treatable binary atlatsderive
their strength from solid solution strengthening and strain hardeMagnesium has
considerable solubility in solid aluminum, however binary alloys do staw
significant precipitation hardening characteristics with magnesconcentrations
below 7.0 weight percent (wt. %) [8]. The magnesium concentraiailable
commercially for wrought Al-Mg alloys range from 0.5 to 6.0 wt[2@]. Increasing
magnesium concentration increases the strength of aluminum without
disproportionately decreasing the ductility. Strength increasds approximately
12 to 14 wt. % magnesium, higher magnesium content results in boedthat are
too brittle for use [9]. Figure 1 shows the effects of magnesamtent on the tensile
strength, yield strength, and elongation of wrought Al-Mg alloys [11].

Of the commercially available wrought Al-Mg alloys, 5456 has $econd
highest concentration of magnesium, 4.7 to 5.5 wt.%. Aluminum 5456-H116 is a
strain hardened, corrosion resistant temper where the H116 tempgnaties
indicates that the product was strain hardened [12]. The digiwioly the H1

indicates the degree of strain hardening and the third digit indichedsthe



mechanical properties are different but close to those withoadigit H temper

designation [12].
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Figure 1. Effect of magnesium content on tensilergngth, yield strength, and elongation [11]

The maximum solid solubility of Mg in aluminum, Figure 2, is 18.%zor
17.4 wt.% at 45%C [7]. The Al-Mg supersaturated solid solution decomposes into an
equilibrium phase AMg; or B phase. The precipitation ffphase in Al-Mg occurs

by the following sequence [13]:

ss$1— GP zonesy" B’ —p



where ssg is supersaturated solid solution, GP is the Guinier Preston [Zbisean

L1, ordered phase with an Mg compositionf’ is a semi-coherent hexagonal
intermediate phase with an approximateMd, composition and then finally [13].

Thep phase has a complex FCC structure with 1173 atoms per unit cell and a lattice
parameter, &= 28.13A [7]. B phase forms a eutectic with aluminum at 37.4 at.%

(35 wt. %) and has a homogeneity range extending from 37.5 at.% (35.1 wt.%) to 40
at.% between 0 to 40Q, Figure 1 [7]. Th@ phase can only be redissolved by

reheating Al-Mg to about 428 [7].
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Figure 2. Al-Mg phase diagram. Figures in bracketare wt.%; others are at. % [8]

Aluminum-magnesium alloys also contain small additions of otlaasition

elements. Iron and zirconium are added to increase the relzgsitah temperature,



and manganese or chromium to correct for the corroding effexdn [9].  Copper

is added to reduce pitting corrosion and zinc to enhance castabilistrandth [9].
Elements such as boron are added as grain refiners, berylliulithéunt to reduce

the oxidation of magnesium at high temperature. Silicon whiehnmster alloying
element is added to Al-Mg to improve fluidity [9]. The chemicaiposition limits

for aluminum 5456 in accordance with ASTM B93tndard Specification for High
Magnesium Aluminum Alloy Sheet and Plate for Marine Service and Similar
Environmentsre shown in Table 1 [10].

The elemental additions of zinc and manganese are importantydsatheean
influence on the corrosion resistance of Al-Mg alloys [14]. Zias been shown to
promote magnesium precipitation inside the grains thus reducirfgrthation of3
phase along the grain boundaries. Manganese can also reduce ihieapoecof 3
phase along the grain boundaries because the formation of mangaspssaitis
provides alternative precipitation sites. This disrupts magneditfrsion to the

grain boundaries thus reducing the formatiofi phase at the grain boundaries.

Table 1. Chemical Composition Limits for 5456 [10]

Element Chemical Composition Limits (wt. %)
Silicon 0.25
Iron 0.40
Copper 0.10
Manganese 0.50t0 1.0
Magnesium 4.7105.5
Chromium 0.051t0 0.20
Zinc 0.25
Titanium 0.20
Other Elements 0.05 each, 0.15 total
Aluminum Remainder




1.3 Sensitization

Al-Mg alloys containing more than 3 wt.% magnesium can develop a
susceptible microstructure or become sensitized when exposed tote@leva
temperatures (> 53C) for a prolonged period of time [15,16,17]. |. Oguocha et al.
showed that aluminum 5083 could be sensitized after 168 hours at 175°C [15].
Sensitization results from the formation of a continuous netwoikpifase at the
grain boundaries [15]. Th&phase has been observed to occur initially at the grain
boundary triple points and then along the grain boundaries [18]. Precipitats
also been observed at the interface between the matrix ghth Aispersoids and
eutectic constituent particles [18]. Tpghase is anodic to the adjacent metal matrix
thus the grain boundaries become highly susceptible to SCC and antdegr
corrosion cracking (IGC) which is a localized type of attactha grain boundaries,
resulting in the loss of strength and ductility. Thphase has also been observed to
nucleate and grow intragranularly in Al-Mg alloys, however, graaularp-phase
does not contribute to IGC because it is not part of a continuous lgvaimdary
network [19]. Because of concerns with SCC and IGC, comnlgreiaailable
wrought Al-Mg alloys usually do not exceed 5.5 wt.% Mg. [12]iguFes 3 and 4
show the microstructures of sensitized Al-Mg with a continuous orktef f-phase
along the grain boundaries and non-sensitized Al-Mg, respectively [21].

A continuous network off phase can also form at room temperature in
heavily cold worked materials over a number of years [7]. Wixiposure to slightly
elevated temperatures over a prolong period of time resudiscontinuous network

of B phase precipitates, exposure to temperatures greater tha@ &€ults in a



coarsening of the precipitates [7]. Coarse precipitatest iesaldiscontinuous grain
boundary structure which reduces or eliminates SCC susceptibility.

The degree of susceptibly to corrosive attack at a grain boundaryebas
found to depend on the grain’s crystallographic orientation with low dwgladaries
being more resistant to attack than high angle grain boundarid¥]19.ow angle
grain boundaries have been defined as having°<at8 high angle grain boundaries
as having >15[20]. Stress corrosion cracking and IGC susceptibility haskesa
found to depend on sensitization time and temperature with a ctiticgderature
range between 150°C and 200°C where Al-Mg alloys are mosgilsde to IGC

[15].

Continuous network di phase

Figure 3. Sensitized Al-Mg; the dark lines are aantinuous network of  phase along the grain
boundaries [21]



Figure 4. Non-sensitized Al-Mg [21]
With increasing sensitization time and temperature, a loseirtensile and

hardness properties can occur which is attributed to softeningccauastly by a

decrease in magnesium solute in solid solution concentration [15].

1.4 Stress Corrosion Cracking

Stress corrosion cracking occurs when a material is under therwrdaition
of a continuous tensile stress and in a corrosive environment sueavestar. Stress
corrosion cracking attack is usually intergranular therefo@C Ssusceptibility
depends on the microstructure, particularly along the grain boundaries.allF
wrought alloys, SCC susceptibility is the greatest in thexglavhere the most
continuous grain boundary path is available. Thus in Al-Mg alloysjtemasalloys

are the most susceptible to SCC due to the presence of the conteivwosk of 3



phase. Stress corrosion cracking does not occur in alloys conti@ssnignan 3 wt. %
magnesium because these alloys do not sensitize.

Stress corrosion cracking can occur either when tensikssge@pproach the
yield strength of the material or at low stresses dependinghenorientation.
Namely, in the longitudinal or transverse directions, SCC mawroaden the
stresses are on the order of the yield strength. In thetstiasiverse direction, SCC
can occur at low stresses.

The fabrication processing of Al-Mg can also alter the typearfosion
observed after sensitization. If the material is fabricateith velongated,
unrecrystallized grain structure, it will be more susceptible&S&C in the short
transverse direction; however, it would be resistant to SCC inlathgitudinal
direction. If the fabrication results in equiaxed, recrystalligeains, Al-Mg will be

susceptible to IGC and SCC in all orientations. [22].

1.5Plastic Deformation

Aluminum has a high stacking fault energy (SFE — 250 mJtherefore
plastic deformation occurs primarily by dislocation slip [23].ip Sdccurs most
readily in a specific direction on certain crystallographanpk. In general, the slip
plane is the plane of greatest atomic density and the sliptidimeis the closest
packed direction within the slip plane. Aluminum which has a FEi@¢ structure
has twelve potential slip systems. For aluminum alloysoratbelow room
temperature, slip is in the {111} planes and in the <110> directi@hs [Slip may

also occur in the {100} planes along the <110> directions or {113} planethe
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<131> directions. Simultaneous slip or multiple slip in two dicgtimay also occur
which results in odd plane slip. For example, simultaneous slip in the [101] and [110]
directions would result in odd plane slip in the [211] direction. Thenrate and
direction of slip is defined by the Burgers veckor For aluminum and other FCC

metals, the Burgers vector is given by Equation 1 [24].

b=~ [110] )

Slip is the displacement of planes oriented in the directidngbiest resolved
shear stress or critical resolved shear stress (CRSS)vallee of the CRSS depends
on composition and temperature. The critical resolved shear stfesssuminum
are roughly 7.9 x TON/m? and increases with decreasing temperature [23]. Slip is
not a continuous process but rather takes place when the stressegphunikil they
reach the CRSS. Displacement along each slip plane mayfranga few atoms to
thousands of atoms and slip usually occurs as a band composed of a gstipp of
planes. The amount of deformation has an effect on the number of slgs;pthe
higher the deformation, the larger number of slip planes. Figushows the

microstructure of aluminum that has been severely deformed.

11



Figure 5. Heavily deformed aluminum microstructure[9]

1.6 Severe Plastic Deformation Technigues

Severe plastic deformation techniques have been shown to be effective
methods for producing fine grain structure in metals [3,25,26,27]. The prost@n
SPD techniques available are equal channel angular pressingPJ{E&A high
pressure torsion (HPT). Severe plastic deformation techniques nyskigle plastic
strains to produce fine grain structure that exhibit high yielength, low strain
hardening, and improved corrosion properties [3,28]. Severe plastiendéifam is

also used to impart deep compressive residual stresses into the surfaceialsmate
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1.6.1 Ultrasonic Impact Treatment

The UIT process was originally developed in Russia in the d&T¥’s for
the shipbuilding industry [29]. Currently, the technology is also enepldgr other
industries such as transportation and pipe oil and has been used &xX¥X&a and
7XXX aluminum alloys and steels.

The UIT process involves the use of a pin tool that behaves likéirasonic
transducer that outputs continuous ultrasonic impulse or vibrations attridsonic
transducer output end to the treated surface. The technologyes trasonverting
the ultrasonic oscillations of the transducer into impulses asdtric impacts at the
output end [3,5,29]. The output end employs needle indenters, strengthened with
hard materials such as carbide containing alloys or artifaimnonds that are
directed at the surface and are in continuous contact with theewfiahe material
[3,5,29]. Figure 6 shows a schematic diagram of the ultrasonic ingqmuathere; 1)
is the magnetostrictive transducer 2) the waveguide 3) the imddnjethe treated
surface, ) ultrasonic oscillations, 1) impact pulses [29]. @tetinuous ultrasonic
impact creates high rate straining and heating near the ataeriace which results
in severe plastic deformation. The high rate straining genezatggetically stable
dislocation cells in aluminum alloys resulting in stable compresgsidual stresses

3,5].
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Figure 6. Schematic diagram of UIT tool [29]

1.7 Objectives

Ultrasonic impact treatment is a technique that results in i&RDthe surface of
materials resulting in the formation of highly developed dislocatam grain
microstructures that alter the material’s properties. Therasiructural changes
imparted by UIT and the mechanisms that result in materiakpgophanges are not
thoroughly understood.

The main objectives of this thesis are twofold:

1. To correlate the effects of UIT on the properties of 5456-H116 alloys to the

microstructural evolution of the alloy

2. To develop a fundamental understanding of the mechanisms that cause the

microstructural evolution.

The effects of UIT on the microstructure of aluminum 5456-H116ewer
investigated through material properties testing and micasial characterization
techniques. The work included investigation of the plastic deformatiparied by
UIT on sensitized 5456-H116 plate. Work also included investigation of wedreat

sensitized 5456-H116 plate to provide a basis for comparison.
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Chapter 2: General Procedures

2.1Base Metal Properties

The 5456 material was procured from a US naval combatant. Tieeials
evaluated for this work included treated UIT samples and nonettrsaimples. The
UIT treatment was provided by Applied Ultrasonics, Inc. EBenixUIT equipment
consisted of an indenter with four pins. Each pin had a pin tip rafli@isnm. The
UIT equipment was operated at a frequency of 27 kHz and power consumip8on
volts and 11.2 amps. The treatment amplitude wagn2zand travel speed was 10
cm/minute. Figure 7 shows a large sensitized 5456 plate Withprocessing and
untreated areas and the plate orientations; samples for microaoopynaterials
testing were obtained from both areas.  Figure 8 shows a sabtpieed from a
larger piece of material treated by UIT. The figure shearse gaps in the treatment
of the surface due to the fact that it is a manual processuapetsto operator error.
There is also some overlap in indentations. Figure 8 shows scbtemifathe planar

and transverse orientations that were used for specimen sectioning.
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Figure 7. Large sensitized 5456 plate showing Uldnd untreated areas; samples for microscopy
were obtained from both UIT and untreated areas; xdirection is along the length of the plate, y-
direction is transverse to the plate, z-directions through thickness

Gaps on the

Planar treated surface

orientation
(UIT surface)

Transverse
orientation to
UIT surface

Figure 8. Sample from a large piece of sensitizé&#l56 treated with the UIT process
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The chemical composition of the base metal was analyzed kot dirgrent
plasma emission spectroscopy at Luvak, Inc. The results of émeicdl analysis are
provided in Table 2 along with the requirements for 5456 in accordeittteASTM
B928 Standard Specification for High Magnesium Aluminum-Alloy Sheet and Plate
for Marine Service and Similar Environmer{ts0]. The results of the chemical
analysis show conformance to the specification requirements witbxteption of

magnesium which is slightly less than the range specified by ASTM B928 [10

Table 2. Chemical analysis for 5456 base metal (igat percent)

Sam }t 5456 Sensitized ASTM B928 Requirements (maximum
ple/Elemen )
Material unless shown as a range)
Silicon .16 .25
Iron .19 .40
Copper .061 .10
Manganese .67 .501t01.0
Magnesium 4.6 4.7105.5
Chromium .073 .05t0.20
Zinc .063 .25
Titanium .014 .20
Total Others <.15 15
Aluminum Remainder Remainder

2.2 Intergranular Corrosion Testing Procedure

Testing of the base metal for intergranular corrosion susceptibilés
performed in accordance with ASTM G67andard Test Method for Determining the
Susceptibility to Intergranular Corrosion for 5XXX Aluminum Alloys by Masss

After Exposure to Nitric Acid (NAMLT Tes[B0]. Tests were performed in
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accordance with the standard procedure and a modified procedure aseskpl
below.

Specimens measuring 50 mm x 6 mm were sectioned from agmtgeand
tested for volumetric mass loss for the standard test. Specimggasimmersed in
concentrated nitric (HN¢) acid solution at a test temperature of 30 £@1for 24
hours.

Specimens measuring 25 mm x 25 mm were sectioned from tlez [gege
with a SiC abrasive cut-off saw blade for the modified t@3te test procedure was
modified from a volumetric test to a test in which only one surfeag exposed to
nitric acid using a special Teflon test cell. Both UIT teelaand untreated surface
areas measuring approximately 175 fwere exposed to HNGacid solution with a
test temperature of 30 £0°C for 24 hours in order to determine the mass loss on the
UIT and untreated surfaces. The mass loss was determined apirmaptthe

difference between the mass pre and post exposure tg BidiD

2.3 Confocal Microscopy

Surface roughness measurements were obtained using a Zeissli0Sdédnfocal
microscope. Samples measuring approximately 15 mm x 15 mm were sectwned fr
a larger plate using a SiC abrasive cut-off saw blade. Cdnfisicaoscopy was
accomplished in a collaborative effort with Dr. Robert Kellyttze University of

Virginia.
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2.4 Scanning Electron Microscopy (SEM)

2.4.1 Specimen Preparation

Specimens measuring approximately 15 mm x 15 mm were sedtfoom a
larger plate with a SiC abrasive cut-off saw blade. CresBemal specimens were
mounted in either a castable epoxy resin or thermosetting epoxyococh The
specimens were polished on a Stuers Abropol 2 automated polisher usmgaan
grinding plane with 120 grit SiC grinding paper at 100 N force fostbnds. The
specimens were subsequently polished with 180 grit, 240 grit, 320 @pigrd, 600
grit, and then a fine grit plane with 1200 grit SiC grinding pap&he specimens
were polished with 100 N force for 30 seconds at each grit sizéowhial grinding
with SiC grinding paper, the specimens were polished within®bl diamond
suspension at 100 N force with an alcohol based lubricant for 5 minuibks.
specimens were then given a polish withn8ol diamond suspension with an alcohol
based lubricant. Final polishing was with 0.04 pum neutral colloidighsior 5

minutes.

2.4.2 SEM Operating Parameters
Scanning electron microscopy analysis was performed usingtachHi660
scanning electron microscope with an operating voltage of 15 kV a&busar

magnifications up to 2000X.
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2.50ptical Microscopy (OM)

2.5.1 Specimen Preparation

Specimens measuring approximately 15 mm x 15 mm weresedtifrom a
large plate with a SiC abrasive cut-off saw blade. Planar cuods-sectional
specimens were mounted in either a castable epoxy resin or te&ingppepoxy
compound. The specimens were polished on a Stuers Abropol 2 automated polisher
using an initial grinding plane with 120 grit SiC grinding papetCt N force for 30
seconds. The specimens were then subsequently polished with 240 grit, 320 grit, 400
grit, 600 grit, and then a fine grit plane with 2400 grit SiC grindiagep. The
specimens were polished with 100 N force for 30 seconds at each grit siloavirkg
grinding with SiC grinding paper, the specimens were polished3nithol diamond
suspension at 100 N force with a lube of 5 and suspension of 7 for 5 mirttes
specimens were then given a final polish with oxide polishing suspe(@P-U) on
Chem polishing cloth at 100 N force for 2 minutes. The specimenswirat
examined optically under polarized light were etched in a Barkeagent (1.8%
HBF, in water) for 3 minutes. The specimens that were examinedalbptior

phase were etched with a 40% phosphoric acid for 3 minutes at 35°C (95°F).

2.5.2 OM Operating Parameters
Optical metallography and images were taken with a LECOn@lsg optical
microscope and Nikon digital camera at various magnificationess(yolarized light

was used to enhance the grain structure and grain boundaries.
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2.6 Electron Backscatter Diffraction (EBSD)

2.6.1 Specimen Preparation

Specimens measuring approximately 15 mm x 15 mm were settimm a
large plate with a SiC abrasive cut-off saw blade. Planar ram3$vierse (cross-
sectional) slices of ~0.5 mm in thickness were obtained fronmpi@reens. Figure 8
shows schematics of the planar and transverse orientationsar Bamples were
polished on the UIT surface while transverse samples were pblisresverse to the
UIT surface. The specimens were prepared by mechapatahing. The
specimens were mounted in either a castable epoxy resin or tedingppEpoxy
compound. The specimens were polished on a Struers Abropol 2 automated polishe
with the sequence shown in Table 3. The final polish was a vibratdigh in

colloidal silica for 12 hours on a Buehler Vibromet.

Table 3. Mechanical polishing sequence for EBSD egpgments

. . Load Time
Surface Abrasive Size (N) (minutes)
SiC grinding paper 320 grit ~20 12
SiC grinding paper 600 grit ~20 12
SiC grinding paper 1200 grit ~20 12
NAP Polishing cloth 3 umol diamond suspension 120 5
NAP polishing cloth 1 umol diamond suspension 120 3
Chem Polishing Cloth ©*'9€ po"Sh'g%Srﬁipens'O“ (OP-U). 100 3
NAP Polishing Cloth| Oxide polishing suspension, 50 mL 100 3
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2.6.2 Operating Parameters

Electron backscatter diffraction (EBSD) analysis was peddrmsing a
Hitachi 660 scanning electron microscope with an EDAX detectdr witypical
working distance of 19 mm and accelerating voltage of 15 kV andntwf&8 pA.
Samples were inclined at 65elative to the normal incidence of the electron beam.
Data was obtained with the beam scanning over the sample areari@us
magnifications.  Automated acquisition and pattern indexing wdsrperd with
TSL OIM Acquisition v.5 software. EBSD analysis was performsithg TSL OIM

Analysis v.5.3.1 software.

2.7 Transmission Electron Microscopy (TEM)

2.7.1 Sample Preparation

Electron backscatter diffraction samples were used for TEMysigea
Following EBSD analysis, the unpolished sides of the samples meckanically
polished with 600 grit SiC paper, 2400 grit SiC paper, and 4000 grit i€ far 5
minutes at each grit size. 3 mm TEM discs were removed thiempolished samples
using a South Bay slurry disc cutter with a diamond tool. The 3disos were
polished from the back side to ~ 10 thickness with a tripod polisher initially with
30 um diamond paper and then & diamond paper.

Additional TEM samples obtained from the UIT surface were alsd ter
TEM analysis. The UIT surface was left unpolished to prestreeUIT treated

surface. The backside of the samples were mechanically polistied the
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parameters described in the previous paragraph. 3 mm TEM disesreveoved
from the polished samples and polished to ~ 100 pum thicknesses wiho@

polisher with 30 pum diamond paper and then 15 pm diamond paper.

2.7.2 Specimen Thinning

The 3 mm TEM discs were electropolished using an Electron Mmpgsc
Science Model 550D vertical jet polisher. The specimens werehedlign an
electrolyte of 25% nitric acid (HN§)and 75% methanol (G&@H) at 10 V and -4TC
achieved using a bath of dry ice in methanol. Specimens welteopldished on
both sides for approximately 3 to 4 minutes per side or until a hadedetacted by
the polisher. The samples obtained near the UIT surface were only electreqolms
the mechanically polished side to preserve the UIT treated surfaéfter
electropolishing, the specimens were ion milled in a Fischione Mdi) ion mill
using the parameters shown in Table 4. Lastly, the specimens were plesnea ¢n
South Bay plasma cleaner for 10 minutes on each side.

Additional specimens were polished in an electrolyte of 10% perclderd
(HCIO4) and 90% methanol at 5 V and -40°C using a bath of dry ice in methanol.
Specimens were polished on both side for approximately 5 minutsgdpesr until a
hole was detected by the polisher. After electropolishing, theirspas were ion
milled using the parameters shown in Table 4. The specimeesalger cleaned for

10 minutes per side in the plasma cleaner.
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Table 4. lon milling parameters for TEM sample premaration of 5456 aluminum

kv mA Rotation (°) Degree Time (min)
Specimens electropolished in 25% HN® 75% methanol

5 5 360 15 5

5 5 360 10 5

3 4 360 8 5

1 3 360 5 5
Specimens electropolished in 10% HZI® 90% methanol

6 5 360 45 30

5 5 360 15 30

3 4 360 8 15

1 0.3 360 6 15

2.7.3 TEM Operating Parameters

All TEM analysis was performed on a JEOL 2100 taBd JEOL 2100 field
emission gun (FEG) TEM. Analysis was carried out witraecelerating voltage of
200 kV and beam current of 100A for the LaB. Energy dispersive x-ray
spectroscopy (EDS) was performed using an Oxford INCA 100 EDSnsyis the
JEOL LaB and Oxford INCA 250 EDS system in the JEOL FEG-TEM. In-situ

temperature TEM analysis using a heating stage was perfomtted Gatan heating

holder and Smart Heater controller in the LJEM.

2.8 X-ray Diffraction

Specimens measuring approximately 10 mm x 10 mm were setfimm a
large UIT plate with a SiC abrasive cut-off saw blade. SasripleX-ray diffraction
(XRD) were prepared using the EBSD polishing procedure descrilsasdtion 2.6.1.

The samples were polished along the transverse orientation and eneasisr were
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obtained as a function of depth and at the UIT surface. The Ufdcsuwas not
polished in order to preserve the treatment. X-ray diffractionsuremnents were
obtained using a 18 kW Riguka diffractometer with a bent graphite mamator
and a resolution of\q = 0.012g (A™) operating at 50 kV and 100 mA. In a
diffractometer, the intensity of the diffracted beam is meambudirectly by an
electronic counter that converts incoming x-rays into current pul3é= current
pulses are counted as current pulses per unit and this number iy ghregortional
to the intensity of the x-ray beam.

Residual stress measurements were also obtained using XRD.XRDe
measurements were outsourced to TEC Materials Testing Diasiorperformed in
accordance with ASTM E915 [31]. Measurements were obtainedfascton of

depth from the UIT surface.

2.9DEFORM 3D Modeling

The surface roughness measurements for untreated materialuseseto
develop the DEFORM 3D™ model and the results of the model compared to
analytical data obtained through X-ray diffraction measuremeiitse DEFORM
3D™ model was developed by Dr. David R. Forrest at the Nawda& Warfare

Center, Carderock Division.
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2.10 Micro specimen tensile testing and Microhardness Measurements

Micro specimen tensile testing was performed using specimeais were
sectioned from UIT and untreated material as shown in FigureTfie specimens
were prepared by electrode discharge machining and measuneuin~L3x 1 mm W
x 207 um T with a gage section of 250 JunMicro indentations measuring 70 um
between indents were also made on the specimens for non-contaat stra
measurements. Testing was accomplished in a Micro Mateesling System
(UMTS) utilizing a 44.43 kN load cell, a piezo stack with a strwk&80 um, a non-
contact interferometer system, and control software. Sanfpleshardness
measurements were also obtained from the larger plate showguire F. Micro
hardness measurements were obtained as a function of depth frosurthee.
Tensile testing and microhardness measurements were accomplishe
collaborative effort with Dr. Marc Zupan at the UniversityMéryland Baltimore

County.
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Chapter 3: Metallurgy and Crystallographic Textafe
Aluminum 5456 Plastically Deformed by UIT

3.1 Introduction

This chapter presents the study of the microstructure of tddted and
untreated sensitized 5456 aluminum at the macroscopic and microsaagiciding
SEM, OM, and EBSD. This study contributes to the understanding efffénets of
SPD on the grain structure including grain size measuremeais, ayientation, and
crystallographic texture of Al-Mg alloys.

Severe plastic deformation techniques have been shown to produgeaiime
structuring in materials without changing the chemical compositidResearch
indicates that grain refinement to an ultrafine crystalliagestvith grain size ranging
from 100 nm to lum and nanocrystalline state with grain size less than 100anm c
have an effect on the material's properties [3]. The UIT procasseen shown to
produce average grain sizes of approximately 4rh3at a depth of 2.6m in 2024-
T351 aluminum as compared to the base metal which has an averageizgaof
16.52 um at the same depth [3]. The grain structure was detedniineonsist of
equiaxed nanograins of 8 to 10 nm at the top surface; equiaxed ulgefine mixed
with micro bands at a depth of ~ 3 to 5 um below the surface;efinéd grains at a
depth of 10 um below the surface [3]. At a depth of 34n5 the grain sizes for UIT
material and base metal are similar and range from 36 ton893] The work
reported by X. An et al. used UIT processing parameters widgaency of 36 kHz,

5.0 mm diameter pin, and amplitudes of 1® and 15um, and feed rates of 40
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cm/min and 100 cm/min which differ from the UIT parameters usedhiis study
that are presented in section 2.1 [3]. Further study by TEM shtiveepresence of a
nanocrystalline layer with average grains on the order of 8 to 10 XmAn also
reported that a larger amplitude and slower feed rate resoltgaall average grain
size at the subsurface.

Work by X. Wu et al. demonstrated that a similar technique soltia shot
peening (USSP), can induce ultrafine grain structures in aluminum [ZB]5
Ultrasonic shot peening involves the use of a shot transferred twoihgonent by
means of a high frequency ultrasonic wave inside of a chamlmerthis particular
work, 7.5 mm stainless steel shots were transferred with aehigtyy ultrasonic
generator with a frequency of 20 kHz [25]. The average gram-~si8um from the
top surface was reported to be reduced to ~ 47 nm. The researcthaled the
presence of parallel, extended micro bands with interior elongatedasubgt a
depth of ~ 6Qum from the treated surface and equiaxed, submicron-grain st wattur

~ 50 um from the treated surface [25]. The micro bands were ~ 0.®tom wide

and 3 to 12um long. The submicron grain structured varied from less than 2@6 nm
500 nm [25].

Preferred orientation or crystallographic texture in aluminumysalis more
pronounced the larger the amount of deformation. Texture is hardly ¢ aelen
deformation is below 10 to 15 percent [9]. Between 40 to 50 percent défomm
texture is still diffuse and does not become more pronounced until fttrendéon is
above 70 to 80 percent [9]. The texture near the surface will wity the

deformation method, however at the center of the material; teteénos to be the
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same regardless of the deformation method. Crystallograpticeer Al-Mg alloys
that have been heavily deformed by SPD processes such as &@Addld rolling
has been extensively studied, however not by processes such as UIT [32,33,34].
Crystallographic texture can be described through the usepofeafigure
which is a stereographic projection of a three dimensional ori@mtat a unit sphere
in a two dimensional plane [20,35]. The basis of the stereographictwnjés the
intersection of crystallographic poles with the plane normal on unlace of the
sphere. The two dimensional projections directly map the anguktronships
between projected normals and give a graphic representation of idmaton
relationships. Figure 9 shows the stereographic projection of the glizki® and the
associated pole figure [35]. If crystallographic texturestexthe poles will tend to
cluster together into certain areas of the stereographic pomez$ shown in the

(100) pole figure in Figure 10 [36].

<111> Pole Figure

Figure 9. Stereographic projection of the (111)lpne and associated pole figure [36]
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Figure 10. (100) pole figure of showing crystallogiphic texture [36]

3.2Results

3.2.1 Scanning Electron Microscopy of UIT Sensitized 5456

The topography of the UIT material was examined in the SEbbserve for
any damage on the material surface. The samples were ethsr25X, 50X and
250X magnifications. In general, the results indicated that the UIT treatioesinot
cause gross damage to the surface of the material; howeverwgreresome flaws
that appeared to be micro cracking or micro tearing.  Fglteand 12 show the
presence of flaws that appear to be micro cracks or neens on the surface of a
UIT indentation. The SEM images reveal the randomness of thendéntations
which is due to the manual nature of the UIT process. The indergatary slightly
in size with some measuring 3 mm x 3 mm and others measurimgn3.% 5 mm.

As noted in section 2.1, the pin tip of the UIT tool is 3 mm; therdferesariation in
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some of the indentations may be due to overlapping indentations. Mjunegkere

also obtained in the transverse orientation at 2000X and 4000X to examine the
physically deformed UIT layer. Figures 13 and 14 show thaUtheprocess results

in tearing and void formation below the deformation layer. There @s@nct
separation or delamination between the deformation layer anddjheeat metal

matrix.

UIT indentations

200um

SU66

Figure 11. Scanning electron microscopy image shavg the surface topography of UIT treated
sensitized 5456 with a micro crack or micro flaw ab0X
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Micro crack or
micro void

Figure 12. Scanning electron microscopy image shavg the topography of UIT treated
sensitized 5456 with a micro crack or micro flaw aP5Xx

g

“"I',’I |7‘»_|I',, I 'd e

5.0kV 14.7mm x2.00k SE 2/1/2012 07:229 " '20.0um

Figure 13. Scanning electron microscopy image shavg the cross section of UIT deformation
layer with tearing and void formation at 2000X
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Figure 14. Scanning electron microscopy image shavg the cross section of UIT deformation
layer with tearing, void formation, and separationbetween the deformation layer and the metal
matrix at 4000X

3.2.2 Optical Microscopy of UIT and Untreated Sensitized 5456 to Examirfe for

phase

Figure 15 shows an optical micrograph obtained at 100X of a satgbled
with 40% phosphoric acid in the transverse orientation. The microgragalsehe
presence of a continuous network fofphase below the physically deformed UIT
layer. ASTM G67 testing of the material revealed a n@ssof 52 mg/cAwhich is
considered to be severely sensitized. In accordance with ASGM a mass loss of

greater than 25 mg/ciis considered sensitized [30]. The micrographs reveal that the
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UIT treatment can vary the depth of the deformation layer fropnoximately 10 to

18 um.

Continuous
network off3
phase at the grain
boundaries

Figure 15. Transverse cross section of UIT treatesensitized 5456 showing continuous network
of B phase

3.2.3 Optical Microscopy of UIT and Untreated Sensitized 5456 Under Polarized
Light
Optical microscopy of UIT and untreated 5456 shows a differenttesigrain
size of the material. Under polarized light at a 50X opticagmiation in the
planar orientation, the UIT material shows some grain refinemélowever grain
size measurements were not obtained from the optical microgra@hain size

measurements were obtained from EBSD images and TEM image®sented in
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section 3.2.4 and 4.2.1.1, respectively. Optical micrographs of UlTuamdated
material in the planar orientation are shown in Figures 16 anedpeatively. In the
transverse orientation, as shown in Figures 18 and 19, the grainsaraues sizes
with an elongated grain structure which is representative of@draluminum plate

product.

Figure 16. Planar orientation of UIT treated sensized 5456 aluminum at 50X magnification
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Figure 17. Planar orientation of non-treated sensited 5456 aluminum at 50X magnification

Figure 18. Transverse orientation of UIT treated ensitized 5456 aluminum at 50X
magnification
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Figure 19. Transverse orientation of non-treated sesitized 5456 aluminum at 50X magnification

3.2.4 Electron Backscatter Diffraction of UIT and Untreated Sensitized 5456

Electron backscatter diffraction analysis was performed for hidih and
untreated material in the planar and transverse orientations bieéoWIT treated
surface. The samples were examined approximately 100 um (plavataton) and
250 to 300 pm (transverse orientation) below the UIT surface.tréebackscatter
diffraction surface preparation requires a mirror polish finish. r8foee the
deformation layer was removed from the UIT sample in the planantation.
Figures 20 and 21 are the inverse pole figures (IPF) which shogrdhreorientation
of the UIT and untreated material, respectively, in the plarantation at a

magnification of 500X. The grain orientations for both UIT and aitice material
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appear to be random which indicate that the material has a ratbak
crystallographic texture. The grain boundary angle map shown ineFagufor the
UIT treated material indicates that a 0.33 fraction of the draimdaries are consider
low angle grain boundaries (green and red boundaries) with boundary lesgldsan
15° and 0.63 fraction of the grains have high angle grain boundaries (blue
boundaries) with boundary angles greater thah 1For the untreated material, the
grain boundary angle map, Figure 23, shows that only 0.2 fraction gfdires can
be considered low angle grain boundaries while 0.75 fraction of thesgaee high
angle grain boundaries. The distributions of grain boundary angéesalso
represented in the histograms of the grain boundary misorientaitioMcKenzie
plots in Figures 24 and 25 for UIT and untreated material, regelgct Both
distributions of grain boundary orientations show that the mean boundary
misorientation angle is ~ 40which is characteristic for randomly oriented grains
[37]. Strongly textured materials also have a large fractibhow angle grain
boundaries. Based on the grain boundary angle maps, grain boundarigntation
and grain orientations observed in the IPF, both the UIT and untreatedaiaave
weak crystallographic texture. The grain boundary angle maps sleoprésence of
marks that appear to be scratches on the surface; howevedithegpt affect the
EBSD analysis.

The grain sizes measured by EBSD show slight grain size readlunt the
UIT material. The grain size maps do not reveal the presehadtrafine or
nanocrystalline grains, however, the maps show that there is gjight size

reduction between UIT treated and untreated material. The digirilaftgrain sizes
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shown in Figure 26 for the UIT material shows that a 0.3 fractidheofyrains have
an average grain size diameter of t44. The remaining grains are less tharnuf8
with ~ 0.06 fraction that are less than ffh. For the untreated material, the
distribution of grain sizes shown in Figure 27 indicates that 0.4draof the grains
have average grain size diameters that range from 45 fan53 The remaining
grains have an average grain size diameter @in34r less with a ~0.05 fraction with
grain size diameters of less thanpif.

Although EBSD only showed slight grain reduction, TEM analysisveko
significant grain reduction for the UIT material. The TEMages, section 4.2.1.1,
showed the presence of nanocrystalline grains ranging ifrgiee2 to 200 nm in the
UIT material. This discrepancy was due to the fact the8[EBras obtained from a
subsurface region of the sample while TEM images were obtaimetiire surface of

the treated sample.
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Figure 20. Inverse pole figure of UIT treated seriized 5456 aluminum 500X in the planar
orientation

Aluminum

Beta

oo

Magnesium

Figure 21. Inverse pole figure of untreated sensited 5456 aluminum at 500X in the planar
orientation
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Boundaries: Rotation Angle
M Mﬂ Fraction Mumher Length

— " 5" 0.328 16368 1.89 mm

g% 15" 0043 2116 245.49 microns

— 15" 180" (0.629 31339 362 mm

Figure 22. Grain boundary angle map of UIT treatedsensitized 5456 aluminum at 500X in the
planar orientation

Boundaries: Rotation Angle
Min  Max  Fraction Mumber Length
_r 5 021 4604 531.62 micrans
— 5" 15" 0044 470 112.01 micrans

— 15" 180" 0745 16294 1.88 mm

Figure 23. Grain boundary angle map of untreated ensitized 5456 aluminum at 500X in the
planar orientation
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Figure 24. Distribution of grain boundary misorientation for UIT treated sensitized 5456
aluminum
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Figure 25. Distribution of grain boundary misorientation for untreated sensitized 5456

42



Area Fraction

04

03

0z

Area Fraction

01

oo

0.251

020+

0151

Grain Size {diameter)

10 20 30

Grain Size (Dismeter) [microns]

40
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Edge grains included in analysis
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Figure 26. Distribution of grain size for UIT treated sensitized 5456 aluminum
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Figure 27. Distribution of grain size diameter foruntreated sensitized 5456 aluminum
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Figures 28 and 29 show the IPFs for UIT and untreated matesakctively,
in the transverse orientation at a magnification of 500X. FoWthieand untreated
material, both IPFs show elongated grains that are charéctefisolled aluminum
plate product with random grain orientations. The IPFs also shawthtagrain
orientations for both the treated and untreated materials are ravitiomindicates a
weak crystallographic texture. The grain boundary angle ntapsrnsin Figures 30
and 31 show that both the UIT and untreated material exhibit & tangber of high
angle grain boundaries, >15 As previously noted, high angle grain boundaries are
more susceptible to SCC. Although the grains are not equiaxed, dlmes gre
elongated recrystallized grains which makes the materiale nsoisceptible to
intergranular corrosion. The fraction of high angle grain boundamdsoth the UIT
and untreated material are approximately a 0.90 fraction witdlthéreated material
exhibiting a slightly higher fraction of high angle grain boundari€ee McKenzie
plots shown in Figures 32 and 33 show a mean boundary misorientatiorofrgle
40° for both UIT and untreated material which is characteristienaterials with
weak crystallographic texture. The IPFs, grain boundary maps) goandary
misorientations for the UIT and untreated material in the texssvorientation are
consistent with the results for the UIT treated and untreatedriadain the planar
orientation.

The grain size maps for the UIT treated and untreated alatefrigures 34
and 35 reveal similar average grain sizes. For the UIT rmaktenore than 0.5

fraction of the grains have an average grain size diameter lbeRbae® 38um. The

smallest average grain size is 1.2, with only a 0.03 fraction. Similarly, the
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untreated material also shows a 0.45 fraction of grains with avegegjin size
diameters between 25 to 8. A small fraction of the grains, 0.03, have an average
grain size diameter of 1.14m. The grain size maps do not reveal the presence of
ultrafine or nanocrystalline grains. In the transverse orientathe grain size
reduction between the UIT and untreated material is not as ob\satisvas in the

planar orientation due to the three dimensional sizes of the grains and gp&n sha

Aluminum

oo 1041

Beta

oo 101

Magnesium

60 pm

-

Figure 28. Inverse pole figure of UIT treated senized 5456 in the transverse orientation at
500X
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Boundaries: Rotation Angle
Min  Max  Fraction MNumber Length

— 5" 0.048 6051 G98.71 microns

— 5" 15" [.022 2782 318.93 micrans

— 158" 180" 0.930 116201 1.34cm

Figure 30. Grain boundary angle map for UIT treatal sensitized material in the transverse
orientation at 500X
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Boundaries: Rotation Angle
M Mﬂ Fraction MNumber Lendgth

N — 2" a° 0116 G723 TYE.30 microns

— 5" 15"  0.020 1187 137.06 microns

— 15° 180° 0.364 50180 5.80 mm

Figure 31. Grain boundary angle map for untreatedb456 in the transverse orientation at 500X
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Figure 32. Distribution of grain boundary misorientation for UIT treated sensitized 5456 in the
transverse direction
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Figure 33. Distribution of grain boundary misorientation for untreated sensitized 5456 in the
transverse direction

Chart: Grain Size (diameter)
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300645 0
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37,7464 00699576
Average
0.00 10 a0 30 Number 0.56221
Standard Deviation 211841
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Figure 34. Distribution of grain size diameter forUIT treated sensitized 5456 aluminum in the
transverse orientation
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Figure 35. Distribution of grain size diameter foruntreated sensitized 5456 aluminum in the
transverse orientation

3.2.5 Crystallographic Texture of UIT and Untreated Sensitized 5456
Crystallographic texture was examined on the (111) plane bedaiss¢hée

dominant slip plane for aluminum alloys and on the (200) plane whitte isecond
dominant orientation. Figures 36 and 37 show the (111) and (200) pole figures
the UIT and untreated material, respectively obtained from pkpecimens along
the rolling direction of the material. The pole figures show wagktallographic
texture for both the UIT and untreated material. The untreatéeriaiaFigure 37,
shows a very random texture, however the pole figures for therlak€rial, Figure

36, suggest a weak cube orientation on the (111) plane. The texnsiyde
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distributions are similar for both UIT treated and untreated niaége The texture
maxima are comparable for both the UIT treated material (6.10¥.@8d) and the
untreated material (7.192 and 8.176). It is noted that the textargtris higher on

the (200) plane for both UIT and untreated material.

max=6.101
4513
3.339
2470
1.827
1.352
1.000
0.740

max=7.737
5502
3812
2782
1.878
1.408
1.000
ori

Figure 36. Pole figures showing texture analysi JIT treated sensitized 5456 along (111) and
(200) planes in planar orientations
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max=8176
5.760
4.058
2.859
204
1.419
1.000
0.705

RD

Figure 37. Pole figures showing texture analysid antreated sensitized 5456 along (111) and
(200) planes in planar orientations

Texture analysis for the transverse orientations was alsoimséman the (111) and
(200) plane. The results are consistent with the analysis dgpléimar orientations.
Both the UIT treated and untreated material exhibited weakatlographic texture

as shown in Figures 38 and 39. The texture density distributions alar $on both
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UIT treated and untreated materials with texture maxinggtsi higher for the UIT

treated material (4.604 and 4.567) than untreated material (3.606 and 3.838).

max = 4.604
3.568
2787
2146
1.664
1.290
1.000
0775

Figure 38. Pole figures showing texture analysid &JIT treated sensitized 5456 along (111) and
(200) planes in the transverse orientation
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max=3.838
3.067
2.451
1.959
1.566
1.291
1.000
0.7ag9

Figure 39. Pole figures showing texture analysis afntreated sensitized 5456 along (111) and
(200) planes in the transverse orientation

X-ray diffraction measurements were also obtained to examieerprd
orientations. X-ray diffraction allows one to ascertain the nubdecstructure of a
crystalline material by diffracting x-rays through themgée. An XRD analyzer
obtains interference patterns reflecting lattice structusesrdrying the angle of

incidence of the x-ray beam with respect to the surface of the sample.
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Measurements were obtained in the transverse orientation atod® hairs
(closest to UIT surface along the transverse orientation)pgletv the UIT surface
(~0.1 mm) and at depths of 1.5-, 3.0-, 5- mm below the UIT surfal@asurements
were also obtained in the planar orientation on the UIT surface suveraents were
obtained from untreated material at the cross hairs, just belogutfeee, and at the
same depths (as for UIT sample) below the surface to providesafdxasomparison.
X-ray intensities were measured at the (111) and (200) reflections.

For FCC structures, the peak intensity ratio for the (111) ctedl®/(200)
reflection is |111yl200)= 2:1 for random orientation of the grains [38]. Figures 40 and
41 show the (111) and (200) peak profiles of the UIT material (oltdroen two
samples) at various depths below the treated surface. As shdwgure 40, at a
depth of 5 mm below the UIT surface, the treated sample showsacainig peak
intensities at the (111) reflection and (200) reflection. Withedestng depth towards
the surface, the peak intensities at the (200) reflection bestoreger and starts to
dominate at depths of 3 mm and 1.5 mm below the UIT surface as shdwgure
40. The peak intensity ratigdofl111)is >2:1. The larger peak intensity at the (200)
reflections indicates a preferred orientation along the [200¢tthre Just below the
cross hairs (0.1 mm from the surface), the peak intensity tabigyl111)is ~ 2:1. At
the cross hairs, the peak intensity at the (111) reflection arpasable to (200)
reflection, however the (200) reflection is dominant. Figure 41 shiostsat a depth
of 5 mm, the peak intensity at the (111) reflection is grehtar the (200) reflection.
However, with decreasing depth towards the surface, the peak ieterisit the

(111) and (200) reflections are comparable at 3 mm, 1.5 mm, just dedosutface,
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and at the surface. Although the intensities at the (200) refeetppear to be
equivalent to the (111) reflection, since the ratio of 2:1 is naifatj the intensity at
the (200) reflection is considered dominant. The peak profile frutitreated
material at a depth of 5 mm is shown in Figure 42. At all deptlsintensities for
the untreated material is dominant for the (111) reflection wiHtia of k111y1(200) Of
4:3. Therefore, only one spectrum is shown. The results showhéhBHT process
induces a preferred orientation along the [200] direction when mezhby XRD at a
transverse orientation to the UIT surface.

At the cross hairs closest to the UIT surface, Figure 43, thepeéles for
the UIT material show a weak peak at 42.4° corresponding to an im@rglspacing
of ~2.05 which differs from the spacing of 2.02 for the (200) reflection. The
presence of the weak peak indicates the presence of arsgelmg in a shift in the
d spacing of the reflected plane. The stress cannot be measonedhie peak
profiles; however, the strain can be calculated by measthmglifference in the
interplanard spacing between the weak peak (under stress) and the peaK20iGhe

reflection (absence of stress) using the following equation [38]:

dn, —d
g = Zn_%200 )

d200

whered, is the interplanar spacing for the weak peak @pglis the spacing for the
(200) reflection. Equation 2 results in a strain of -0.015 which indicagggart of

the material has been slightly compressed.
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Figure 40. X-ray diffraction spectra of UIT material (sample 1) obtained at the surface and
various depths below the treated surface in the tmrasverse orientation for the (111) and (200)
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X-ray diffraction spectra UIT material (sample 2) obtained at various depths below
the treated surface for the (111) and (200) refleigns
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Figure 42. X-ray diffraction spectrum of untreated material at the (111) and (200) reflections at

5 mm below the surface
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Figure 43. X-ray diffraction spectrum of UIT material showing the presence of a weak peak at

42.4° indicating that strain is present in the samie
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3.3 Discussion

The SEM micrographs of the UIT samples show some damage surtaee
induced by the UIT process. The damage is more notable in theetrseross
section as shown in Figures 13 and 14. The micrographs show tearing, void
formation, and a distinct separation between the deformation layethanthetal
matrix. These observations should be of concern and may have art onptwe
mechanical and corrosion properties at the UIT surface.

The UIT process is accompanied by the ultrasonic impacts whahice
plastic deformation near the surface. The distribution of ultraseaies which
penetrate the subsurface material results in quick heating andgcablthe areas of
deformation. Researchers have shown that the UIT processsresulgrain
refinement [3,25,29] and the production of ultrafine and nanocrystalline grains.
Although the results of optical microscopy and EBSD did not showotineation of
ultrafine or nanocrystalline grains, the UIT process can redgcaverage grain size
diameter by more than 10n as compared to untreated material. Furthermore, TEM
analysis of the UIT surface region did show smaller grathénnano-meter range as
discussed in section 4.2.1.1. The UIT material exhibited a number o$ ghait were
less than 1@m. The grain shape varied which indicates that the grain sizetimduc
is not uniform. The non-uniformity of the grain size reduction nisy be attributed
to the manual nature of the UIT process.

X. An et al. found that the grain size can change within the ingftesit zone
from the top surface down to the matrix due to strain variationsTBg variations in

strain are attributed to UIT processing parameters; impagtiéncy, amplitude under

58



load, and feed rate control; all of which can control the averag®e gize and
microstructure of 2024-T351 aluminum alloy. As previously noted inaseitl, the
processing parameters used for this study were a camguency of 27 kHz, pin
dimension of 3 mm, amplitude of 2&n, and feed rate of 10 cm/min. In comparison,
as noted in section 3.1, X. An et al. used a carrier frequency of gkiHdimension

of 5 mm, amplitude of 3@m, and feed rates of 400 mm/min (40 cm/min) and 1000
mm/min (100 cm/min) [3]. These parameters result in a micrdsire that exhibits
equiaxed ultrafine, nanocrystalline grains at the top surfaceeqmidxed ultrafine,
grain structure with extended micro bands at a depth of approxin3atelum and
refined grains of less than 10n (Section 3.1). Transmission electron microscopy
micrographs show the formation of nanocrystalline grains in thenu@erial which

is discussed in section 4.2.1. The nanocrystalline grains rangexifrom 2 to 200
nm in diameter as measured from the TEM micrographs. Diffegeincthe resulting
microstructure observed by X. An et al. and this research magubeto the
processing parameters. X. An et al. used two different sgtarafneters for their
study and found that a slower feed rate and larger amplitude underekdtkd in
larger average grain size at the top surface [3]. X. An.ais&ld a higher carrier
frequency, pin dimension, amplitude, and feed rate than the pararsést for this
study. The higher processing parameters likely resulted ire nmoluced plastic
deformation and larger ultrasonic stresses induced into the surface of thalmate

Severe plastic deformation processes that result in random and

multidirectional deformation could result in high angle boundary mistti@ns

from low angle boundary misorientations [25,39,40]. The formation of aigjle

59



boundary misorientations is thought to consist of two steps; the formati
subgrains through grain subdivision and evolution of the boundary misorientations
due to subgrain rotation [25]. Grain subdivision does not continue inegfittt
rather levels off when a critical size is achieved giverceatain amount of
deformation [25,41]. With continued straining, the dislocation movement l@scom
restricted because the subgrains cannot continue to subdivide. efsl&a the slip
systems of adjacent grains rotate to more energeticaltydhle orientations due to
the continuous straining [25]. The subgrains cannot accommodate dedorimgati
dislocation glide along the same slip system, therefore thgy be rotate. With
increasing rotation angle, the formation of highly misorientedngré produced.
Severe plastic deformation techniques such as shot peening and ultrsisohic
peening are effective in promoting subgrain rotation because of thiedmettional
strain paths and high strain rates induced by the techniques [25,42].

The UIT process is a manual technique therefore the deformatianad by
the technique is random and multidirectional which would result in yighl
misoriented grains. Although the grain boundary misorientatioreangps show a
large fraction of high angle grain boundaries (2)1lthe fractions are similar for both
UIT treated and untreated material. The results are not camsigith the literature
which suggest that SPD techniques such as UIT and ECAP resldt formation of
high angle grain boundaries and an increasing fraction of high grajieboundaries
with increased deformation [43].

Texture evolution in Al-Mg is strongly influenced by the gllcomposition,

initial microstructure, and processing prior to severe defoomaf#4,45]. The
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magnesium content in aluminum alloys affects the development Iigradnd
recrystallization textures. Magnesium can affect the texasra solute atom or As
phase particles and has been shown to induce shear banding duringlicd49].
The cube texture was first observed in FCC metals more thanar ago and was
found in different FCC metal sheets after recrystallizat#j.[ In aluminum alloys,
a very strong cube texture was obtained after crystallizafi®®% rolled aluminum
sheet.

Aluminum-magnesium alloys have been shown to exhibit strong
crystallographic texture when subjected to severe plastic ddfomsuch as heavy
rolling reductions. However, when subjected to severe plasticrdafion such as
ECAP, the crystallographic texture is weak. For Al-Mg alagntaining more than
3 wt. % Mg, shear bands are formed when rolling reductionsrasgeg than 50%
[34,45]. However, with increasing Mg content above 5 wt. %, and irenteadling
reduction up to 95%, the overall rolling texture becomes weaker [4%®ar $landing
acts indirectly on texture formation resulting in the rotation adjom texture
components into more scattered orientations [34]. Equal channel apgrdaing of
aluminum 5109 has been shown to lead to a non-uniform texture, however the
inhomogeneity decreases with increasing number of ECAP passps Bfual
channel angular pressing was shown to rotate part of the inibel @rientations to a
non-ideal simple shear texture [34].

The 5456 material used for this study was cold rolled to an H116 texmgher
exhibits elongated grains which are similar to the initiatuex observed by X. An

for 2024-T351 [3] and O. Engler for 5005 aluminum [35]. The initial texadral-
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Mg alloy 5005 cold rolled to an H14 temper with 1 mm gage has beewn to
reveal a rolling texture with some cube texture [35] and deformeistructure with
elongated grains. However, based on the (111) and (200) pole figures shown i
Figures 37 and 39, the untreated material does not exhibitidey texture. In the
planar orientation, the (111) pole figures shown in Figure 36 suggeshéatlT
process may induce a weak cube texture. Although the (200) poleifigheeplanar
orientation, Figure 36 appears to be random, the texture strengtbaier than the
texture strength for the (111) pole figure. This concurs withXRB results which
showed stronger peak intensities at the (200) reflection for themaif€rial. This
suggests that the UIT process induces a slight (200) preferesdation. The UIT
process is similar to ECAP in that the process results ireak werystallographic
texture. In addition, since the UIT process is a manual prondgh@ deformation is
near surface and does not involve multiple passes such as ECAP grrbtav

reduction, a strong crystallographic texture should not be expected.

3.4 Summary

The result of the metallographic studies can be summarized as follows:

e Ultrasonic impact treatment produces a deformed layer heasurface that
measures ~ 10 to 18 um in thickness. The indentations vary, rangiigp
from 3 mm x 3 mmto 3 mm x 5 mm.

e The deformation layer is characterized by tears and voids.e Ther distinct
separation between the deformation layer and the metalxmdihie surface

topography also contains the presence of micro cracks and micro tears.
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The deformation layer does not exhibit the presenc@ phase, however
below the deformation layer, a continudguphase is present along the grain
boundaries.

Grain refinement extends below the UIT surface and reducesvdrage
grain size diameter by more than 10 um as compared to untreated material.
The fraction of high angle grain boundaries is comparable for both UIT
treated and untreated material which suggests that theirsgranduced by the
UIT processes was not effective in inducing a larger number of dogle
grain boundaries.

Both the UIT material and untreated material exhibited weastaltggraphic
texture which suggest that the UIT process does not induce enough
deformation to result in crystallographic texture. However, XRD shaws

slight preferred orientation along the <200> direction.

63



Chapter 4: Microstructural Evolution of Aluminum gt
Plastically Deformed by UIT

4.1 Introduction

This chapter presents the study of the nanoscale micros&iuetwiution of
UIT treated and untreated sensitized 5456 aluminum using TEM andésiglution
TEM (HRTEM). This study contributes to the understanding oihtkehanisms for
the evolution of the microstructure of 5456 due to SPD. Transmisssatraed
microscopy was used to examine secondary precipitates, disttgadind grain, size
and structure. X-ray measurements using a diffractomersasilokd in section 2.8
was used to examine the grain size at the UIT surfaceno#sl in section 3.1, SPD
processes result in grain refinement and the formation of nandiimgsigrains in
aluminum alloys.  Transmission electron microscopy analysiduded the
examination of the grain structure for the formation of nanocrystafirains. As
noted in section 3.2.4, EBSD was not successful in identifying nanaltinetgrain
formation probably because the top most surface layer of thedresdterial was
removed during polishing for EBSD.

As previously noted in section 1.2.1, in Al-Mg alloys, the equilibrjpimase
with aluminum is the phase. Precipitation occurs preferentially on the {100} planes
and the {120} planes [7] and can be continuous or discontinuous. The continuous
precipitation of B phase generates a Widmanstatten structure whereas the
discontinuous precipitation is accompanied by the formation of a nésvssblition

[47].
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Unlike Mg, Mn, a transition metal (see chemical compositionahld 1), is
not expected to remain in solid solution but rather form complexpaes. Two
types of precipitates have been found to form in Al-Mg alloyescipitates containing
Cu and Mn rich precipitates. The Mn rich precipitate is likélligMn, an
orthorhombic phase, which forms when Al rejects Mn from solid solyihn The
Mn precipitates form coarse constituent particles and smalkedisids that act as

nucleation sites for recrystallization and grain boundary migration [48].

4.1.1 Transmission Electron Microscopy Analysis

Transmission electron microscopy is a powerful tool for imagatg
significantly higher resolution than other microscopy techniques tuethe
transmission of a beam of electrons through an ultra-thin spe@mtmil. As the
electrons travel through the specimen, they are either schtieremain unaffected
by the specimen. As a result, a non-uniform distribution of eleceoreyges from
the exit surface of the specimen. The non-uniform distributionledtrens is
displayed by the electron microscope in two ways; angulaildiibn of scattering
which can be viewed in the form of diffraction patterns or spatstridution of
scattering which can be observed as contrast in images of the specimen.

Indexing diffraction patterns for TEM analysis involves the camspa of
the experimentatl-spacing and theoreticdtspacing from Bragg's Law as shown in

Equation 3 [49,50].

2dsin@ = nAi 3)

65



Wheren is the order of the reflection aids the wavelength of the electrons [50]. If

the reflecting planes have Miller indicekl, then Equation 3 can be written as:

Zdhleine = /1 (4)
theoretical= —2—— ()
VhZ +Kk2+12

where the theoretical d-spacing can be obtained from Equationrd avisethe lattice
constant andh, k, lare the reflection indices. For aluminum, the lattice consaast
4.0414 A [9].

The experimentab-spacing can be measured directly from the diffraction
patterns obtained from the TEM. The structure factor F isititecell equivalent of
the atomic scattering amplitude, &nd can be thought of as the unit-cell scattering

amplitude [49]. The structure factor F is given by:

Fhkl — Zi]c‘iezn'i(hxi +ky;+lz;) (6)

in terms of the atom positions in the until cell, §x, z). The structure factor rules
are used to determine the allowed reflections in the diffragi#tern. For an FCC

structure, there are four atoms in a unit cell. The coordinates of the atomsyar® (
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= (0, 0, 0), (¥, %, 0) (*, 0, %2), (0, Y2, ¥2). Substituting these valuesdoti&n 6

gives the following [49]:

=g f(1+ g (k) 4 gi(hel) em(k+|)) 7

If all three integer#, k, lare either odd or even, all the exponential terms&feaad
all the phases of the diffracted waves are multiplestadrtl are in phase. If one of
h, k,or | is odd but the other two are even or vice versa then two of the pirases
factors will be odd multiples of giving two terms of -1 in Equation 7. From

Equations 7 the structure factor is given by the following rules below [49].

F =0if h,k I are mixed even and odd
F =4f if h, k, lare all even or all odd

Two beam conditions, bright field and dark field imaging modes wsed to

obtain images for dislocation characterization. In order to cteize the
dislocations, the visibility condition usinﬁonhereB, the Burgers vector must be
evaluated. g is the vector in reciprocal space used to get the dark fieldamIn a

dark field image, wherﬁoB;t O dislocations are visible and whe@moB:O then

dislocations are invisible. By solving the visibility condition, pessible Burgers
vector for each dislocation can be determined. For a FCC crystaiture,

dislocations will have a Burger’s vector in the ¥ <110> family.oriter to identify

the type of dislocation, the dislocation line directibpmust also be determined for
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each dislocation. Valid dislocation lines for an aluminum struciwesalong the
<110> and <211> directions. The type of dislocations can be de&zniy
calculating the anglé between the Burger’'s vector and the dislocation line direction

as shown by Equation 8 [49].

(8)

Depending on the calculated valuebpthe dislocation type will either be an edge
type for6 = 90°, screw type fad = 0°, or mixed dislocation fdr = 60° or 30°.

The dislocation densityy, can be estimated by overlaying a transparent grid
over the dark field image and counting the number, N, of intersedfatislocations
by the grid lines. Equation 9 is used to evalyatehere L is the total length of the
grid lines, M is the magnification, f is a correction factor ahhaccounts for the
fraction of invisible dislocations, and t is the thickness. Thée tetgth of the grid

lines is L = 2nn,gwhere n and n are the number of lines in the grid and q is the

unit length between;rand n grid lines [51].

_2NMf
T

(9)
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4.2 Results

4.2.1 Transmission Electron Microscopy of UIT Sensitized 5456

4.2.1.1Transmission Electron Microscopy Micrographs of UIT Sensitized 5456

Transmission electron microscopy samples of UIT sensitized 5456 we
obtained from the treated surface to examine the surfacestriacture. As noted in
section 2.7.1, the samples were thinned only from the back side tovprdserUIT
surface. Figure 44 and 45 show TEM micrographs and the associetddarea
diffraction patterns obtained from planar samples prepared fromethied surface.
The TEM micrographs show the presence of a nanocrystalline micose as
verified by the diffraction pattern indicating random orientationthe selected field
of view. The ring-like patterns indicate that the nanocrystale handom orientation
with respect to each other. Moiré fringes corresponding to ameng
nanocrystalline grains are also visible in the images. Téie gizes were measured
from the TEM micrographs and range in size from 50 to 200 nmaniéinger grain
that measures 200 nm (W) by 400 (L). Based on the OM and EBSsres$
samples obtained just below the treated surface which did not shqwesence of
nanocrystals, the TEM results suggest that the nanocrystatireresent at the
deformation layer. Optical microscopy of UIT treated makdn the transverse
orientation showed that the deformation layer varies in thicknesse&eth0 to 18
pum. Figure 46 shows a closer examination of individual nanodigstglrains from
the micrographs in Figure 45. The nanocrystalline grains show lgoaindaries that

are curved or wavy along their lengths.

69



) ) Moiré fringes between overlapping
Nanocrystalline grains grains

Figure 44. TEM micrograph and diffraction pattern of UIT sensitized 5456 showing a
nanocrystalline microstructure at the treated surface

Nanocrystalline
grains

Figure 45. TEM micrograph and diffraction pattern of UIT sensitized 5456 showing a
nanocrystalline microstructure at the treated surface
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Wavy or curved grain boundaries

Figure 46. Closer examination of individual nanocystalline grains showing the presence of wavy
or curved grain boundaries

High resolution TEM was used to investigate the nanocrystadiyer lof the
UIT samples obtained from the treated surface. Figure 47 showmtdréace
between multiple nanocrystalline grains and larger submicronsgraithe TEM
micrograph illustrates notable grain size differences betweeemultiple nanograins
(area A) and larger grains (areas B & C) which illustthie inhomogeneity in grain
reduction due to the UIT process. As previously mentioned in sectioth8.8JIT
process is a manual process that results in random deformation earthee. A
higher magnification micrograph of the interface between araadfarea B is shown
in Figure 48 along with the associated diffraction pattern. THeadifon pattern
shows both the presence of a ring pattern which is chargicterisnanocrystalline
grains and a diffraction pattern with a [112] zone axis. The ot@ia planes of the

single larger submicron grain correspond (tol1) planes. Figure 49 shows a
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HRTEM micrograph of the nanocrystalline grains and diffracgatiern from area A

in Figure 47. The grains range in size from ~2 to 6 nm in diarastmeasured from
the micrograph. The micrograph also confirms the presence of evasyrved grain
boundaries between the nanocrystalline grains. The diffractiorerpats a
characteristic ring pattern for nanocrystalline grains; howeveaiso includes some
diffracted spots characteristic of polycrystalline matewiéh larger grains. The
additional spots may be due to the fact that the selected figldwfencompasses an
area that includes nanocrystalline and submicron grain struckigere 50 shows a
micrograph of the nanocrystalline grains with a number of overlapping

nanocrystalline grains at various orientations.

Grain boundaries

Sh '
EM micrograph showing the interfacebetween nanograins and submicron
grains at the UIT treated surface

Figure 47. HRT
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Figure 48. HRTEM micrograph sowing the interfacebetween nanograins and submicron grain

oriented along the [112] direction

~2to 6 nm

Figure 49. HRTEM micrograph showing nanocrystallire grains ranging in size from

at the UIT treated surface
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Figure 50. HRTEM micrograph showing nanocrystallire grains with overlapping grains at
random orientations at the UIT treated surface

Figures 51 and 52 show representative TEM micrographs of UIT sample
obtained in the planar orientation just below the UIT treatechseirf The samples
were prepared by mechanically polishing followed by electropalishn an
electrolyte of perchloric acid in methanol and ion milling as udlesd in section
2.7.1. The samples were prepared such that only a thin layer on theford20 um
was removed from the UIT treated surface. The micrographsalrea heavily
deformed microstructure with the presence of multiple grains andappeng
submicron grains on the order of 0.3 to 0.5 um (300 to 500 nm) in diameter as
measured from the micrographs. The microstructure also showgrékence of

Moiré fringes along the grain boundaries. The presence of muljiglies of
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nanoscale size is characteristic of SPD materials. Theognaphs demonstrate that
the UIT process results in grain modification below the defoondtayer. Neither
Figures 51 nor 52 reveals the presence of a continfopisase along the grain

boundaries. Dislocation analysis from this region is discusseedtios 4.2.1.2

below.

Multiple and overlapping grains

Moiré
fringes

Figure 51. TEM micrograph of UIT sensitized 5456 Isowing a heavily deformed microstructure
with multiple overlapping submicron grains
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Grain boundary — no continuofigphase
N~

Moiré fringes

Figure 52. TEM micrograph of UIT sensitized 5456 &the grain boundary showing Moiré
fringes at the grain boundary; but no presence of @ontinuousp phase

Transmission electron microscopy samples of UIT sensitized 5456 we
obtained in the planar and transverse orientations to the UlTcsuafgroximately
100 um (planar orientation) and 250 to 300 um (transverse orientatioayv tied
UIT surface. Figures 53 and 54 show representative micrograptie aftructure
with secondary precipitate formation.  The micrograph in theaplarientation in
Figure 53 reveals a large number of rod-like shaped and irreghdped precipitates
within the matrix. Micrographs of samples obtained in the transwaientation to
the UIT surface also revealed the presence of a large nwhbau-like precipitates

and irregular shaped rich precipitates within the matrixhasve in Figure 54. The
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rod-like shaped precipitates were identified to be AI-Mn-Cr-Gih mrecipitates
through energy dispersive x-ray spectroscopy (EDS) anagsg&hown in the EDS
spectrum in Figure 55. The slight trace of Ag in the rod-like sh@pecipitates is
likely due to contamination during the specimen preparation sinds Agt an alloy
element found in 5456 aluminum. The irregular shaped precipitatedaueie to be

Mn rich. These precipitates are likelygsMn particles. From the micrographs, the
rod-like shaped precipitates were found to range in size from 100 to 500 nm in length.
Both Figures 53 and 54 show extensive interaction between the dishscatid the

secondary phase precipitates.

Mn rich precipitates Al-Mn-Cr-Cu rich precipitates

interactions« - -
e

by S S ey
\ Dislgtation — precipitate

Figure 53. TEM micrograph of UIT sensitized 5456n the planar orientation ~ 100 um below the
UIT surface showing a large number of Al-Mn-Cr-Cu and Mn-rich precipitates
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Dislocation — precipitate interactions
\ >~

200 nm’{ |

Figure 54. TEM micrograph of UIT sensitized 5456n the transverse orientation showing a large
number of Al-Mn-Cr-Cu and Mn-rich precipitates

ull Scale 38360 cte Cursor: 0.000 ket

Figure 55. EDS spectrum for rod-like Al-Mn-Cr-Cu precipitates in UIT sensitized 5456
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4.2.1.2Dislocation Analysis of UIT Sensitized 5456

The TEM micrographs reveal a heavily deformed microstructutie avlarge
number of dislocations in the UIT sensitized samples. For saroptaged below
the UIT treated surface, the microstructure does not revegbrdsence of Moiré
fringes or multiple and overlapping grains. Using several two beamditions,
bright field images, dark field images, and the associated diffrapattern were
obtained from planar and transverse samples for dislocation anallygisire 56
shows the planar area that was selected for two bearysmnaFigure 57 shows the
indexed diffraction pattern for the selected area. Usingattaysis technique
described in section 4.1.1, the zone axis was determined to be alofgjlfje
direction. The bright field and dark field images of the areaslaogvn in Figure 58
and Figures 59 to 61, respectively. Dark field images were obtfingd = (111),
(131), and (220). Each dark field image shows the diffraction pattern with the
correspondingg in the lower right hand corner. The dislocations chosen for
characterization are labeled as A, B, and C in the dark frellhes. Using the
analysis described in section 4.1.1, the visibility condition u§'n§) were evaluated
for the dislocations. Dislocations A and B were oriented along2®e] direction,
valid dislocation lines are, = [110] andtz = [110]. Dislocation C lies along the
[111], therefore a valid dislocation line direction of the family of <110><112>
projects along th¢111] direction when viewed along th&12] direction. Possible
dislocation line directions for dislocation C age= [110] or[112]. Table 5 shows
the visibility conditions for the dislocations. For aluminum, perfesibdations have

Burgers vector in the %110) family. Using the possible Burgers vectors for
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dislocations A, B, and C and the dislocation line directions to caédctii@ Equation
8, the dislocation types are identified in Table 6. From Table Bcditons A and B
are either a screw or mixed dislocation depending on the possibler8weydor.
Dislocation C is a mixed dislocation with different possible Burgers vectors
Equation 9 was used to determine the dislocation density. Using5achn
grid with 5 grid spacings at q = 1.0 cm/spacing overlaid on tHefidd image forg
= (111), there were N = 78 dislocation intersections of the grid linebe fbtal
length of the grid lines, L is 50 cm and the correction factor, §fer(111) is 6/3.

The correction factor is the reciprocal of the fraction tkatisible under the two-
beam condition used which was obtained by calculaﬁ@:O for all possible

Burger’s vectors for an FCC structure wigh= (111). The sample thickness is
assumed to be t = 0.5 um. The sample thickness is an assumptioiaitiiekness
fringes in the bright field and dark field images are not clear thus cannot vatatcu
calculated. The magnification, M for the dark field image is 150 Bolving
Equation 9, the dislocation density for the UIT sensitized 5456 is 1HD'%
dislocation/cr. It is noted that the dislocation density for a UIT sample obtaihed a

the surface would be expected to be much higher.
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Figure 56. TEM micrograph of UIT sensitized 5456 eea analyzed under two beam conditions in
the planar orientation

Figure 57. Indexed diffraction pattern for UIT sersitized 5456 area in the planar orientation
analyzed under two beam condition with zone axis dt112]
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Figure 58. Bright field TEM micrograph of UIT sensitized 5456 area in the planar orientation
analyzed under a two beam condition

Figure 59. Dark field image of UIT sensitized arean the planar orientation analyzed underg =
(111) two beam condition

82



—

- - e
L b .

100nm . 4gF¥ A .~
— "t ¢ i 2
Figure 60. Dark field image of UIT sensitized are#n the planar orientation analyzed underg =
(131) two beam condition

Figure 61. Dark field image of UIT sensitized arean the planar orientation analyzed underg =
(220) two beam condition

83



Table 5. Visibility condition for UIT sensitized 5456 dislocations in the planar orientation
analyzed under two beam condition

Dislocation g =(220) g =(131) g=(111)
A Visible Visible Invisible
B Visible Visible Invisible
C Visible Visible Visible

Table 6. Dislocation types for dislocation A, B,rad C for UIT sensitized 5456 in the planar

orientation
Dislocation Dislocation line ' b Dislocation type
direction (f) Burger’s vector (b) yp
810, 2 [fio]
2 2 0° Screw
A [110]
a al al, <
—(011, =101, —[10L i
2[ 1 2[ ] 2[ ] 60° Mixed
a al—
5[110]5[130] 0° Screw
B [110]
a ar..1al <
—(011 —(101f —[101 i
2[ ]]2[ ]2[ ] 60° Mixed
110 - _ 60° Mixed
[110] or 3[0]1],9[0]1] ixe
C 2 2
[112] 30° Mixed
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Figure 62 shows the UIT sensitized 5456 area in the transverse orientdtion tha

was selected for analysis using two beam condition. The zoneasidetermined to

be along thd110] direction from the selected area diffraction pattern fromatiave

area. Dark field images were obtained Jo= (220), (111) (Figure 63), and002).

Three dislocations were chosen for characterization and the litysibdndition
evaluated for each dislocation. Dislocation A lies along [@20], a valid
dislocation line direction would lie along, = [110]. Dislocation B lies along the
[113], a valid dislocation line would project alofigi3] if t; = [121]. Dislocation

C lies along thg331] direction, a valid dislocation line would project along the

[331] ift, = [211] or [121]. Based on the possible Burgers vectors, dislocation A

is a screw dislocation and dislocation C is a mixed dislocasoshown in Figure 63.

No possiblez were found to satisfy the visibility conditions for b = ¥2<110mifg
for the dislocations B that was selected for analysis. dislecation density was

determined to be 1.5 x 1alislocation/cri based on Equation 9.
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Figure 62. TEM micrograph of UIT sensitized 5456n the transverse orientation analyzed under
two beam conditions

Figure 63. Dark field image of UIT sensitized areadn the transverse orientation analyzed under
two beam condition atg = (111) showing screw and mixed dislocations
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4.2.2 Transmission Electron Microscopy of Untreated Sensitized 5456

4.2.2.1Transmission Electron Microscopy Micrographs of Untreated Sensitized 5456

Transmission electron microscopy samples of untreated sedSd&6 were
obtained in the planar and transverse orientations below the UlITesurfagures 64
and 65 show representative TEM micrographs of untreated samplesedbitaithe
planar orientation just below the surface. These samples weparpd by
mechanically polishing, electropolishing in perchloric acid in haeol, and ion
milling as described in section 2.7.1. Unlike the UIT regions predent section
4.2.1.1, these micrographs do not reveal a heavily deformed microstructure
Dislocations are present which will be discussed in section 4.2.2.2nif&ateon of
the grain boundaries in the planar orientation reveals featutegréheharacteristic of
a continuous secondafyyphase and Mg and Cu enrichment phase as confirmed by

EDS.
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Figure 64. TEM micrograph of untreated sensitizecb456 showing multiple dislocations and the
presence of precipitates

Continuous3 phase observed at
the grain boundary

Mg and Cu
enrichment at
the grain
boundary

Figure 65. TEM micrograph of untreated sensitizecb456 at the grain boundary showing a
continuousp phase and magnesium rich area
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Figure 66Figures 66 and 67 show additional micrographs of untreated

sensitized 5456 in the planar and transverse orientations, reslyecti&milarly to

the region below the UIT sensitized 5456, the micrograph in therpdaeatation of

an untreated sample in Figure 66 reveals a large number oikeodHaped and
irregular shaped precipitates within the matrix. The roddik@ped precipitates were
identified to be Al-Mn-Cr-Cu rich precipitates and the irregsleaped precipitates to

be Mn rich through EDS. As previously noted, the rod-like shaped pegepivere
found to range in size from 100 to 500 nm in length. Figure 67 obtairedyain
boundary in the transverse orientation reveals an enrichmentgoamd Cu as

confirmed by the EDS spectrum in Figure 68.

Al-Mn-Cr-Cu rich Mn rich

precipitate \ precipitates

o

200 nm

Figure 66. TEM micrograph of untreated sensitizecb456 in the planar orientation showing a
large number of Al-Mn-Cr-Cu and Mn-rich precipitate s
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Mg and Cu enrichment at the grain
boundary

Figure 67. TEM micrograph of untreated sensitizecb456 in the transverse orientation at the
grain boundary showing a magnesium rich phase at thboundary

o 2
ull Scale 724 cts Cursor: 9.052 (0 cts)

Figure 68. EDS spectrum for Mg - Cu rich phase athe grain boundary in Figure 67 in
untreated sensitized 5456
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4.2.2.2Dislocation Analysis of Untreated Sensitized 5456

Using two beam condition, bright field images, dark field imagesl the
associated diffraction patterns were obtained from planar ansiveese samples for
dislocation analysis of the untreated sensitized 5456. Figurea@Qinsage along the
planar orientation and shows a heavily deformed microstrutitatevas selected for
two beam analysis. The zone axis was determined to be alof@lthledirection.

Dark field images were obtained fgr = (200), (111), and (022) and three
dislocations chosen for characterization. The visibility condition u§n§) were

evaluated for the dislocations and found to be oriented along the lindaiseoft,

= [121], tz = [112], andt, = [011]. Based on the visibility conditions for the
dislocations and the possible Burgers vector for each dislocation,aflislts A and
B are mixed dislocations.  Figures 70 and 71 show the dark fireldeis showing
dislocations A and B, respectively. Dislocation C was determiogoetan edge
dislocation. The dislocation density for the untreated sensitized 548 ix 18

dislocation/crh.

91



Figure 70. Dark field image of untreated sensited area in the planar orientation analyzed
under g = (111)two beam condition
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Figure 71. Dark field image of untreated sensitiz&area in the planar orientation analyzed
under g = (200) two beam condition

Figure 72 shows the untreated sensitized 5456 area in the transvers
orientation that was selected for analysis in the two beam comdithe zone axis
was determined to be along tfiel0] direction. Dark field images were obtained for

g =(200), (111), and(111). Three dislocations were chosen for characterization
and analyzed using the visibility condition usiﬁgB. Dislocation A lies along the

[111] direction, therefore a valid dislocation line would project alpirigl] direction
if t, =[211] or[121] . Dislocation B lies along thig 13], a valid dislocation line
would project alond113], if tz = [121] or [211]. Dislocation C lies along the

[113] direction, a valid dislocation line would also projection along[1H8] if t, =
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[121] or [211]. Based on the visibility conditions and the possible Burgers vectors,
dislocation A is a screw or edge dislocation. Dislocation B mixed dislocation.
Dislocation C is either a screw or mixed dislocation. Figai®@sand 74 show the

dislocations. The dislocation density was determined to be 5.3disl@cation/crf.

200 nm

Figure 72. TEM micrograph of untreated sensitizecb456 area in the transverse orientation
analyzed under two beam conditions
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Figure 73. Dark field image of untreated sensitizéarea in the transverse orientation analyzed
under g = (200) two beam condition

Figure 74. Dark field image of untreated sensitid area in the transverse orientation analyzed
under g = (111) two beam condition
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4.2.3 In-situ Elevated Temperature TEM of UIT Sensitized 5456

Elevated temperature TEM was used to investigate UIT seathitizt56
samples obtained at the treated surface to examine the kiokegjcain growth in the
nanocrystalline microstructure. The samples were polished only orsideeto
preserve the UIT surface as noted in section 2.7.1. The fipgriment involved
heating the sample from room temperature to 50°C and increasingnexienum
temperature of 450°C in 50°C increments. The sample was held fomi@emat
each temperature. After heating to 450°C, the samples were ctmledom
temperature. A second sample was heated from room tempemi0€°C, 200°C,
300°C, 350°C, 400°C, and 450°C. The samples were held at each temperatQre for
minutes between 100°C to 400°C. The sample was held for 40 minutes attd50°C
investigate the grain growth at that temperature. The ewpetiwas conducted at an
operating voltage of 200 kV and 103 pA in the LaBEM. Micrographs were
obtained at a 10 K magnification on the microscope screen.

Figures 75 to 81 show bright field and dark field micrographs tiaesent
the changes in the grain structure from room temperature to 450A@ waith the
associated diffraction patterns obtained at room temperature, 300°C, and 4&50°C
room temperature, the microstructure is nanocrystalline asopidyidiscussed in
section 4.2.1.1. From the micrograph obtained at room temperature, Figuhe 75, t
nanocrystalline grains range in size from 100 to 300 nm with angeverain size
diameter of 200 nm. Heating between room temperature and 250°Ce Higur
results in no grain growth but rather changes in grain orientationtadtieermal

expansion and sample bending. Diffraction patterns were not obtain at 100°C, 150°C,
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and 250°C since no appreciable grain growth was observed at these terapera
Upon heating the sample to 300°C, Figures 77 and 78, grain growth stadsuto
and the nanocrystalline grains start to grow in size. BetweenC3&9°450°C,
Figures 79 to 81, significant grain growth occurs with some gr@nkirge as 600
nm. Although significant grain growth occurs at 400°C, the microstrei&xhibits
some nanocrystalline grains which are still present even upon hea#a®°C. As
the grain structure changes, the diffraction pattern changes distinct broad ring
patterns typical of a nanocrystalline structure to diffragbiatterns with stronger and
sharper spots indicating grain growth from 300°C to 450°C. Weak ritgypatare
still visible at 300°C and even at 450°C confirming the presence all samdom
grains. At 300°C, two strong spots labeled as 1 and 2 in Figure é7used to get
dark field images shown in Figure 78. Significant grain grosaturs at 400°C as
shown in the dark field image, Figure 80, with an average grain sineetdr of 500
nm. Grain growth continues at 450°C with grains that average 600 nnmetdra
The dark field image at 450°C, Figure 81, shows a number of sma# stts that
appear to be precipitates within each individual grain and at the lgoaindaries.
The precipitates started to form upon heating to 300°C and were nmreupced
with increasing temperature to 450°C. Figure 82 shows that threggawvth remains
stable after cooling to room temperature from 450°C.

The results from a second heating experiment concurred withsthiésref the
first heating experiment. Grain growth began when the sama$eheated above
300°C. Holding at each temperature for 10 minutes did not resuttyisignificant

changes in the growth rate or grain sizes. Holding the sampi®fminutes did not
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result in any observable changes in grain growth or significenéase in grain size
once the sample was heated to 450°C. Figure 83 shows the dark figksk iafter
initial heating to 450° and held at 450°C for 15 minutes, 30 minutes, andn@emi
Upon heating to 300°C, a number of small precipitates were observelde in t
microstructure which is consistent with the first observations in Figures 75 to 81.
The activation energy for grain growth can be determinedhéydlationship

between the average final grain size (d) and initial grain si2¢5@,53]:
d* — d§ = kyt" (10)

wheret is time, n is a constant usually taken as uniky.is a temperature dependent

constant given by:
k, = Aexp(— Q/RT ) (12)

where Q is the activation energy for grain growth, R is the gas constamnd the
absolute temperature and A is a constant.  Grain growth can mewtiteen as

follows:

d2 — d2 = At" e~ Y/rr 12)
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Rearranging Equation 11 and taking the log of both sides gives tlosvifg

expression [52,53]:

dz—dg__ 0]
log s 2.3RT+10gA (13)

The average grain size diameters as determined from tb®graphs in
Figures 75 to 81 were used to construct the semi-logarithmi¢dtds®) versus 1/T
in Figure 84. The initial diameter,,dis the average grain size diameter at room
temperature which is 200 nm. From the plot, the slope of the amwvel1244, is

used to calculate the activation ener@Qywhere R = 8.314 J/mol-K:

Q =2.3(8.314 J /mol-K) (1244) = 31,953 J/mol or ~32 kJ/mol

Therefore, the activation energy required for grain growth in tfientaterial is ~ 32

kJ/mol.
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Figure 75. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at roontemperature showing the presence of
nanocrystalline grains. The inset in the bottom ight is the diffraction patter from the area

&O nm

|

Figure 76. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 250°Ghowing the presence of nanocrystalline grains
with grain orientation changes from room temperature
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2_(_)_0 nm

Figure 77. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 300°Ghowing the presence of nanocrystalline grains
and grain growth. The inset at the bottom right isthe diffraction pattern of the area and shows tygial ring pattern characteristic of nanocrystalline
grains with some strong spots indicating grain growh.

200 nm &0 nm

Figure 78. Dark field under two beam condition ofdiffraction spots 1 (A) and spot 2 (B) in Figure 70f UIT sensitized 5456 heated to 300°C; presence
of nanocrystalline grains and grain growth
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&0 nm

Figure 79. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 350C showing both nanocrystalline grains and grain
growth. The inset at the bottom right is the diffraction pattern and shows stronger and sharper spotsdicating grain growth

i 200 nm S :
Figure 80. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 400C showing significant grain growth
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Figure 81. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 at 450°Ghowing significant grain growth and the
formation of small precipitates. The inset at thébottom right is the diffraction pattern from the ar ea

5 L/nm

Figure 82. Bright field (left) and dark field (right) TEM micrographs of UIT sensitized 5456 cooledd room temperature after heating to 450°C
showing stable grain growth. The inset at the botim right is the diffraction pattern of the area
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Initial heating to zf%b?c | Held for 15 minutes at 450°C

200m 200 nm

Held for 30 minutes at 450°C Held for 40 minutes at 450°C
v

200 nm 200 nm
A ,

Figure 83. Dark field images of UIT sensitized 545B6eated to 450°C and held for various lengths ofrtie following significant grain growth; holding for
40 minutes did not result in further grain growth
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Semi-logarithmic plot of (d? - do?) vs. 1/T
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Figure 84. Semi-logarithmic plot of (d-do®) versus 1/T for grain growth fromin-situ heating

TEM of UIT material; Slope of the line is Q/2.3R

4.2.4 X-ray Diffraction Measurements to Examine Grain Size at the UlTaSearf

X-ray diffraction measurements using a diffractometer vadrined at the

UIT surface in the planar orientation to examine the grain steictlihe grain size

can be determined by Scherrer’s equation based on the widthp#akerofiles [38,

54]:

A

d = A(20)cosbp
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Whered is the average crystallite sizejs the x-ray wave lengtiy(20) is the peak
width, andfg is the Bragg angle from Equation 3 [38, 54]. The peak width is usually
measured, in radians, at an intensity equal to half the maximum intensity [38].
Figures 85 and 86 show the peak profiles for the UIT materitie planar
orientation at the surface for two samples. For sample 1, theapdthkat the (200)
reflection is 0.3 radians at & 2ngle of 44.8 °. The peak width for sample 2 is 0.5
radians at a @ angle of 44.5°. The calculation of Equation 14 with these values
results in grain sizes of 33 nm (sample 1) and 19 nm (samplet®seTgrain size
values are consistent with the grain sizes (ranging from 2 to 200 nm) degdritam

the TEM analysis as discussed in section 4.2.1.1.
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Figure 85. X-ray diffraction peak profile of UIT material (sample 1) in the planar orientation at
the treated surface for the (111) and (200) refleicins
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Figure 86. X-ray diffraction peak profile of UIT material (sample 2) in the planar orientation at
the treated surface for the (111) and (200) refleitins

4.3 Discussion

The observed nanocrystalline structure at the UIT surface in Figures 4% and
concurs with work by several authors regarding nanocrystallina graiwth due to
SPD [3,28,55,56,57,58,59]. TEM investigations show that the nanocrystaliere |
is near surface and is only present to a depth that is equivakiet itickness of the
deformation layer (10 to 18 um). The formation of the nanocrystalsinwihe

deformation layer suggest that the nanocrystals form in the adre&ghest strain

107



which is at the surface. Samples obtained just below the suF@cees 51 and 52,
did not reveal any nanocrystalline grains, however submicron graires present.
The formation of the nanocrystalline layer is also inhomogeneous tlaad
nanocrystals vary in size from 2 to 200 nm (from TEM and HRTEM)he
inhomogeneity may be due to the random nature of the UIT proéesgreviously
noted in section 3.3, the process is a manual process which resulisdiom
deformation at the surface.

Severe plastic deformation techniques such as UIT, ECAP, and HPT have
been shown to form nanocrystals in aluminum alloys [3,28,55,56,57,58,59]. The
nanocrystalline layer is near surface with subgrains observezfians of various
depths below the surface. In 2024-T351, nanocrystals ranging ifreme to 15
nm were observed from the top surface to a depth of 5 um frosutfeece when
treated by the UIT process as previously discussed in section3B.1 The
nanocrystalline grains that range in size from ~ 4 to 6 nnh@srsin Figure 45 and
subgrain formation shown in Figure 51 concur with the work reportexl By et al.
[3]. The micrographs show that the nanocrystalline grains didamot @iniformly
within the material. A similar finding was reported by M.®&at al. [28]. In 5083
aluminum subject to wire brushing, the nanocrystals that wereetbrnear the
surface were not shown to be uniform or distinct and this wastriscdfor other
alloys with relatively high concentrations of alloying etsits. Equal channel
angular pressing and HPT have also been shown to result in an inimeooge

nanostructure in Al-Mg alloys [57,59].
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Although the alloying content results in an inhomogeneous microsteuctur
when subject to SPD, increasing the alloying elements resnltsaa finer
microstructure. Both J. May et al. and M. Liu et al. reportiti@easing the amount
of magnesium in Al-Mg decreases the grain size and incréaselslocation density
[57,59]. The increase in dislocation density is attributed to thdesngahin size and
solute interaction effects [59]. The increase in magnesiumltsesn more
dislocations being trapped by the solute atoms which has an effect on the formation of
subgrains or dislocation cell structure. In HPT of Al-Mg wlothe process of grain
refinement occurs through the formation of dislocations at the gmgeniors and
grain boundaries due to the solute effect and the large strains inoju¢#dT [59].
As more and more dislocations are generated, the dislocatioityd&ahes some
critical value with increasing strain which results in an iaseein the misorientations
across sub-boundaries due to dislocation annihilation and accumulationthe As
misorientations become larger, low angle grain boundaries ardotraesl to high
angle grain boundaries. The transformation of low angle grain bousdari@gh
angle grain boundaries due to HPT is consistent with the finding. BWu et al. as
previously discussed in section 3.3 [25]. The grain refinement isdaksdo grain
subdivision as a result of formation of dislocation cells and subgraiieen the
local temperature is higher than the recrystallization teatpey, dynamic
recrystallization occurs and forms nanograins. The nanograins everé fo form in
regions were the highest strain is generated. Figurdu8itates the schematic of the

grain refinement process of Al-Mg alloys during HPT [59].
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Figure 87. Schematic of the grain refinement proas of Al-Mg alloys during high pressure
torsion [59]

Dynamic recrystallization is the occurrence of recrygafion during
deformation. In general because aluminum and its alloys exhilyithvgh rates of
dynamic recovery, dynamic recrystallization is inhibited andelya observed.
However, researchers have reported that dynamic recrystiaitizcan occur in
severely plastically deformed aluminum [60,61]. In aluminum allogynamic
recrystallization can occur through three processes: 1) Disconi dynamic
recrystallization which is considered exceptional because of imans high
stacking fault energy [60,62]. Discontinuous dynamic recrystatizabccurs
through the nucleation of grain embryos and subsequent grain growtlont®)u®us

dynamic recrystallization where dislocations accumulate in lawgle grain
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boundaries, resulting in an increase in misorientation and subseqai@nfogmation.
3) Geometric dynamic recrystallization where the initial graresdaformed and their
boundaries become progressively serrated while high angle grain besncltaated
by subgrain formation are pinched-off and annihilated [60,62,63]. In AbBN&ys,
geometric dynamic recrystallization has been shown to occukimgfalloys subject
to torsion or compression with large strains at a temperataretd0°C [64]. P.B.
Prangnell el al. report that submicron grain structure can be pducesevere
plastic deformation when processed at temperatures of <,QvhEre T, is the
melting temperature, while nanocrystalline structures can bebentgrmed at 0.2
[65]. The recrystallization temperature depends on a varidiyctdrs: deformation
time, percentage of deformation, deformation temperature, puritgraml size [9].
Dynamic recrystallization is less sensitive to tempeeatan static recrystallization,
however it is more sensitive to strain rate. The plast@nstmecessary to severely
plastically deform metals to bulk submicron grains is on the afler, > 7 where
evm IS the effective Von Mises strain [65].

The formation of the nanocrystalline grains observed in Figddeand 45
concur with the results reported by M. Liu et al. in which Ad-Mndergoes a
dynamic recrystallization when severely plastically defaf®®]. X. An et al. also
suggest that aluminum 2024-T351 undergoes a geometric dynamistadiagtion
during the UIT process [3]. Although the material temperature whbyect to the
UIT process was not measured for this research, based on fingilds lbu et al.
and P.B. Prangnell el al., the material surface temperatureodinee UIT process

must be at least 0.gTsince nanocrystalline grains did form [59,65]. The melting
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temperature range of 5456 for wrought product of ¥ inch thickness or greater is 568.3
to 638°C [12]. The UIT process is a non-thermal process, however bast
temperature suggested by P.B. Prangnell el al. for nanotinstgtains to form, the
temperature increase during the UIT process ranges from 114 to 128°C [65].
The deformation of nanocrystalline materials is believed te pd&ce through
a different mechanism than for coarse grain materials. Rb&za have observed
stacking faults and twinning at the grain boundaries in nanocrgstathiaterials
[66,67,68,69]. Experimentally, deformation twinning has been observed in other
FCC metals such as copper and nickel, however they have not beewmedhser
aluminum alloys. Research by X. Liao et al., M. Chen et adl,Lla Manping et al.
demonstrate otherwise in nanocrystalline Al-Mg alloys [66,67,69]. Ifgblution
TEM investigations of Al-Mg alloys subject to HPT reveal ghhdensity of stacking
faults and deformation twinning in the microstructure [69]. Thelkshg faults and
twinning are believed to result from partial dislocation emisdiom the grain
boundaries. In FCC metals, stacking faults and twins can be fofiroed the
dissociation of either a 0° screw dislocation, a 60° dislocation, otwoy 30°
Shockley partials that dissociated from the end of a 0° screw aislng69]. Twins
are also thought to be formed by dynamic overlapping of stackings fadlt
dissociated dislocations on adjacent slip planes [66,69]. This twinniogamiem
differs from the pole mechanism in which one partial dislocationgarwhole twin
by climbing a screw dislocation pole to an adjacent slip plahk. Chen et al.
proposes that the twinning and stacking fault formation in nanocrgstgtains can

be understood by comparing the critical shear stress needed tataeuzl@erfect
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dislocation with a Burger’s vector of ¥110) with an approximate grain size and
shear stressg,, required to initiate the Shockley partial 1182) twinning
dislocation to generate stacking faults and deformation twins [€@mparing the
required shear stress, and critical shear stress, given by the following equations

[67]:

ZaﬂbN
=" (15)
2aub
D by

where [ is the shear modulysis the stacking fault energlgy is the magnitude of
the Burgers vector for the perfect dislocation apas the magnitude of the Burgers
vectors for the Shockley partial dislocation. The parameteés specific to the
dislocation type and contains the scaling factor between ththlehghe dislocation
source and the grain size, for an edge dislocatien0.5 and for a screw dislocation,
o = 1.5 [67]. For aluminum, p is ~ 35 GPa anis 142 mJ/rh [67]. Equating
Equation 15 and Equation 16 gives the equation for the critical graim B,

required for twinning and stacking fault formation to occur [67].

2a(bp— by)b
D; = — £ (17)

Assuming that is equal to 1, the approximate grain size required for twinning and

stacking fault formation to occur in aluminum alloys is betweenol05 nm. The

113



HRTEM micrographs shown in Figures 47 and 50 show nanocigstgtains that
are ~ 2 to 200 nm. Although the presence of stacking faults and twiwaisighot
observed in the nanocrystals in Figures 49 and 50, the size of therystaline
grains suggest that twinning and stacking fault formation may ocd¢dowever
additional analysis would be required to confirm the research rdpoytX. Ziao et
al., M. Chen et al., and L. Manping et al. who suggest that twinamystacking
faults resulting from partial dislocations emissions from trengboundaries is a
deformation mode in nanocrystalline aluminum [66,67,69].

An examination of the grain boundaries of the nanocrystals in Figdraad
45 and the HRTEM micrograph in Figure 49 show that the grain bousdane
curved or wavy which suggest that the grain boundaries are in haemgrgy
nonequilibrium state [69,70]. The submicron grains in Figure 51 also show
complex structure of dislocation, sub-boundaries, and Moiré fringes aldthg
curved or wavy grain boundaries. The presence of curved or wavylgrandaries
have been found to be characteristic of SPD Al-Mg alloys [69,R@nequilibrium
grain boundaries that contain a very high density of extrinsicn goaundary
dislocations can result in high internal stresses and highiesexyich will have a
direct impact on the mechanical properties [70]. Extrinsic ngraoundary
dislocations are extraneous dislocations produced by external infflusoich as
plastic deformation or quenching [71].

R. Goswami et al. studied 5083 aluminum both unsensitized and sensytized b
TEM [19]. In unsensitized, as received material, the microstreicthowed a number

of rod-like and equiaxed precipitates in the aluminum matrix. Thdikedand
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equiaxed precipitates were found to be rich in Mn, Fe, and Cr.3 Nbase was
observed in the unsensitized, as received material. In theizshsiaterial which
was sensitized by annealing at 175°C for 10 days, Mg-rich piseipitvere found to
have precipitated on top of the Mn-rich rod like and equiaxed precipjtgs The
Mg-rich precipitates were determined tofbphase. phase was found to also form
a continuous network at a number of grain boundaries. The morpholdbg pf
phase was either equiaxed or more elongated and measured in leng&0fto 1000
nm. A. Eikum and G. Thomas report that Mg atoms cluster prior tprédogpitation
of B phase [72]. Because of the high binding energy between Mg atoths a
vacancies, the cluster involves Mg atom-vacancy complexes andtpriophase
precipitation, a critical Mg vacancy ratio must be attainettie complexes [72]. The
results indicate that at the physically deformed surfaceemMer microstructure has
been transformed to nanocrystalline grains, a continuous secdhgdrgse is not
present as is the case in the present study and as shown esHdguio 52. Below
the physically deformed layer as observed in Figure 15, a contimetw®rk off3
phase exists along with Mg and Cu enrichment at the grain boundarsswn in
Figure 65. The Mg and Cu enrichment at the grain boundaries condutsievwork
reported by R. Jones et al. for the sensitization heat treatroémiuminum 5083
[18]. Copper in aluminum is added to increase resistance itggphibwever there is
evidence that intergranular corrosion resistance decreasesnaidasing levels of
copper due to increased precipitation at the grain interior dgengitization heat
treatments of 5083. As noted in section 1.2.1,pthehase can only be redissovled

into solution by heating Al-Mg to about 425°C. The absence of ancmnsp phase
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at the physically deformed surface in the UIT materidikisly due to the severe
plastic deformation induced by the UIT process and dynamicstadiigation near
the surface which resulted in grain subdivision and nanocrystalline grain growth.

E. Huskins et al. also studied unsensitized 5083 aluminum by TEM and fo
two types of precipitates within the matrix, one rod-like shapk another with an
irregular shape [73]. The rod-like shape structures consistet| &m Cr, and Cu
while the irregular shaped precipitates were Mn rich. Avipusly mentioned in
section 4.1, Mn does not remain in solid solution but rather forms complex
precipitates. Any strengthening due to Mn is precipitatengthening rather than
through precipitate hardening [73]. Precipitates strengtheméterial by acting as
obstacles to dislocation motion. Figures 54 and 56 provide TEM migtogrin
which Mn rich precipitates are surrounded by dislocations anésaadbstacles to
dislocation motion.

The dislocation types observed between the UIT and untreatedanatere
not distinguishable in the planar orientation. The UIT matemalbited screw and
mixed dislocations while the untreated material in the planentation exhibited
edge and mixed type dislocations. The most notable difference Ibetihee
dislocation types was observed in the transverse orientation. Thieddted sample
primary had screw and mixed type dislocations while the untreatgerial exhibited
edge, mixed, and screw type dislocations. The dislocation denstglightly higher
in the UIT material as expected since the UIT process is\mhaép compressive
stresses and plastically deforms the surface of the material. Alithlbegleformation

layer is on the order of 10 to 18 um, the deformation impartedebgrocess extends
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below the surface region. One dislocation was observed to slip alofiglitie Slip
along the [112] plane is odd slip that occurs due to simultaneous #he jh01] and
[110] directions.

Figures 53 and 54 also show extensive interactions between the tibsisca
and the secondary phase precipitates. Based on the micrograplssldbations
appear to climb over the precipitates, however, additional asalysild be required
to confirm this interaction. In SPD Al-Mg alloys, inteliacts between dislocations
and secondary phase precipitates suggest the occurrence of dislgéidi along the
matrix particle interface which is already under an appliegss [74]. R. Kaibyshev
et al. report similar findings for Zr modified 5083 aluminum-gAYMg) subject to
HPT and subsequent annealing [74]. Transmission electron microscopy
investigations showed lattice dislocations attached to smallclestti The
dislocations climbed over the particles and were captured at thehdetnt side of
the particles after the climb when heated to a temperatufe>0550°C [74]. The
materials used for this study were not annealed, however thesrgisoln in Figures
53 and 54 suggest that the UIT process leads to extensive tigioamad secondary
precipitate interactions.

The results of the heating stage TEM demonstrate that the psiadiane
grains in SPD Al-Mg are stable to approximately 300°C. Annealmgyve 300°C
results in grain growth and a microstructure with both submicronggtens and
random nanocrystalline grains that are less than 100 nm. Sighi§cain growth
occurs at 400°C as shown in Figure 80. Heating to 450° resulteditroaal grain

growth as shown in Figure 81, however holding at 450° for a prolonged period of
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time did not significantly increase the grain growth or growatle,rFigure 83. These
results concur with the findings by Z. Horita et al. who reportetl $hbhsequent
annealing of 5083 processed by ECAP at various temperatureaddrour did not
result in significant grain growth until 300°C [58]. The microstuuet after
annealing at 100°C was essentially identical to the microsteuétliowing ECAP
processing in which the grains had an average size of less flrarf38]. Annealing

at 200°C reduces the dislocation density within the grain, howeveriasréttle or

no grain growth. At 300°C, significant grain growth was observed and the
microstructure consisted of grains that exceeded 1.0 um. Imikarsstudy, D.G.
Morris and M.A. Munoz-Morris found grain growth to occur in ECAP proakgde
3Mg following a one hour anneal at 250°C [75]. The ECAP microstreidiafore
annealing consisted of elongated grains measuring 0.1 pm wide by L2 gm in
length. Annealing for one hour at 250°C resulted in a duplex microsguctur
consisting of bands of slightly coarsened grains and regions afecagains of 5 to

10 um. Annealing at 250°C for 5 to 15 minutes lead to a slightly cosdse
microstructure with near equiaxed grains.

The observed grain growth in this thesis work is due to recrystiadin. The
in-situ heating stage TEM experiments reported in section 4.2.8atedthat the
recrystallization temperature for UIT 5456 is 300°C which concuth thie work
reported by Z. Hortia et al. for 5083 processed by ECAP [70]. Menyvéhese results
differ from those of D.G. Morris and M.A. Munoz-Morris [75]. The experiments also
indicate that the grain growth rate is constant up to 450°C. As abiek, the

recrystallization temperature depends on a variety of factaraluminum alloys, the

118



recrystallization temperature has also been found to be influect addition of

Mg [76,77]. M. Koizumi et al. found that in Al-Mg with various conteotsvig cold

rolled to 95 percent reduction and annealed at temperatures betweaml2480aC,

the Mg content strongly influences the recrystallization teatpee and rate [76]. At

1.0 weight percent Mg, recrystallization is retarded; howevén wicreasing Mg
content above 2 weight percent, recrystallization was accealesaieé occurs at a
lower temperature. For Al-5Mg, 100 percent recrystallization was founctto at~
300°C following annealing treatments for 5 minutes at 225°C, 250°C, 275°C, and
300°C. At high Mg solute concentrations, the rate of recrystatliizabecomes
constant and at very high Mg concentrations where the solubithiy i8 exceeded,
secondary phase particles are precipitated. In 80 percent cédd rdl-5Mg
annealed for one hour between 260 to 350°C, N. Ryum and J.D. Embury reported that
Mg serves to reduce both the growth rate and final grainasidegives greater non-
uniformity in the scale of the recrystallized structure [77].

Research by J. Wang et al. reports different activationgeserfor grain
growth to fully recrystallized and to unrecrystallized gramsan Al-3Mg with an
initial submicrometer grain structure of ~ 0.2 pum produced by EGhiE
subsequently annealed at various temperatures [52]. Annealingdatatents were
performed at constant temperature in the range from 443 to 548°K (276%0G) in
silicon oil or 563 to 803°K (290 to 530°C) in an Ar atmosphere furnace for 4 hou
[52]. Significant grain growth occurred at 503°K (230°C) resulting iduplex
microstructure consisting of unrecrystallized grains with non-isguim grain

boundaries and recrystallized grains [52]. The material wég retrystallized at
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563°K (290°C) with grains greater than 100 um in diameter [52]. atheation
energy for grain growth to a fully recrystallized structuieswietermined to be ~ 90
kJ/mol which is consistent with the activation energy requiredyfam boundary
diffusion in aluminum, ~ 86 kJ/mol. For the unrecrystallized graims,activation
energy is ~ 30 kJ/mol [52].

The grain growth activation energy, ~ 32 kJ/mol, calculated flwmntsitu
elevated temperature experiments for the UIT material isuhent work is very low
compared to the activation energy for fully recrystallizesirgr reported by J. Wang
et al [52]. However, the activation energy concurs with the firsdiygJ. Wang et al.
for unrecrystallized grains of ~ 30 kJ/mol [52]. In a rdbstudy, M. Furukawa et al.
reported an activation energy of ~25 kJ/mol for unrecrystaligzach growth of Al-
3Mg with initial grain size of 0.09 pum produced by torsional sing and
subsequently annealed between 323 to 793°K (50 to 520°C) [78]. The activation
energy is of the order of @RwhereQ; is the activation energy for self-diffusion in
pure aluminum [78]. M. Furukawa et al. state that the low aativas consistent
with the high atomic mobility anticipated in non-equilibrium grain bouiledaand is
a consequence of the significant distortion and excess dislocatigns Trin-situ
TEM experiments reported in section 4.2.3 resulted in a duplex micchse
indicating that the microstructure was not fully recrystatlizeThe low activation
energy concurs with the findings by J. Wang et al. and M. Furukaved. dor
unrecrystallized grain growth in Al-3Mg alloys [52,78]. The resalso concur with

the concept of a low activation energy for grain diffusion in uefyrain materials
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because of the non-equilibrium grain boundaries which are chastcteof
nanocrystalline grains as observed in Figures 44 and 45 [69,70].

M. Kubota reported the formation of plate and lath-shaped preeipitat
particles during the early stages of ageing of Al-10Mgyadiged at 200°C [79]. The
plate-like precipitates were identified @gigphase or the metastable intermediate phase
with a similar composition to the equilibriufh phase [79]. Then-situ heating
experiments in this thesis resulted in the formation of fine pitatés upon heating at
300°C, however it is unclear as to whether these precipitatesmtarenediatep’

phase. Therefore additional TEM analysis is required.

4.4 Summary

The results of TEM and XRD analysis can be summarized as follows:

e The nanocrystalline grains formed within the deformation layey wasize
from 2 to 200 nm in diameter.

e The nanocrystalline grains are characterized by curved ory vgaain
boundaries.

e A continuous’ phase was not observed within the deformation layer.

e Below the deformation layer, the microstructure is characterized by stdmmi
grains, complex structure of dislocations, sub-boundaries, and Mimigedr
(overlapping grains).

e Magnesium and Cu enrichment was observed at the grain boundaries below

the deformation layer.
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Below the deformation layer, extensive interactions betweerifii@cation

and secondary phase precipitates is observed.

The dislocations observed in the UIT sample in the planar orientation included
screw and mixed type dislocations. The untreated material irpltvear
orientation exhibited mixed and edge type dislocations. In theveeses
orientation, the UIT material was characterized primarilystnew and mixed
type dislocations while the untreated material was charaetery edge,
mixed, and screw type dislocations.

The dislocation density of the UIT treated material washgiighigher than
untreated material, on the order of 1.9 *°Hislocations/crh (planarjand 1.5

x 10" dislocations/crh (transverse) versus 5.3 x Hislocations/crh (planar)
and7.2 x 10 dislocations/crh(transverse).

The nanocrystalline grains are thermally stable to ~ 300°C.in @Grawth
starts to occur above 300°C with extensive grain growth at 400°C. The
microstructure consists of a duplex microstructure with submicnmoth a
nanocrystalline grains. Holding for 40 minutes at 450°C did not significa
increase the grain growth nor did it result in significant changes in grain siz

The activation energy required for grain growth is ~ 32 kJ/mol.
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Chapter 5. Mechanical and Corrosion Propertiegslaiinum
5456 Plastically Deformed by UIT

5.1 Introduction

This chapter presents the study of the material propeitiedTotreated and
untreated sensitized 5456 aluminum. The material properties thatexamined
include hardness, yield strength, and susceptibility to intergranulessaor using
the ASTM G67 Test. This study contributes to the understanding adffibets of
SPD on the material properties of Al-Mg alloys.

Magnesium is known to increase the strength of Al-Mg allbysugh solute
strengthening. Increased Mg concentration results in increasedth. Manganese
may also provide solute strengthening provided Mn remains in solidoso|ui0].
However, most of the Mn has been found to form secondary precipitatgs, a
therefore any strengthening effect is due to precipitatiodemaémg [73]. Other trace
elements such as Fe and Si have also been found to have a streggtffentron Al-

Mg provided they remain in solid solution [48].

Severe plastic deformation techniques have been shown to improve the
mechanical properties of Al-Mg alloys through grain refinetne€lechniques such as
ECAP and HPT have been shown to produce ultrafine grain or nandamgstghins
which can significantly enhance the hardness and strength aiateial. In 6061
aluminum alloy with majoring alloy elements of Mg and Si, ECp®cessing
showed that the hardness of the material could be significactiyased from 38 A
to 75 H, after four passes of processing. The larger increase in Bardves

attributed to the grain refinement from 716 to 3.9um using the ECAP process
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[80]. The grain refinement was also found to contribute to the mignifincrease in
the strength of the material. M. Fu et al. reported that thaik tensile strength
increased 52 percent after four passes of processing; however tfildydwas
decreased by about half [80].

Strengthening due to grain refinement is important in Al-Mgyalbecause of
the relatively large Hall-Petch slope. The influence ofrgsaée on the yield strength

is given by the Hall-Petch equation [24]:

gy, = 0, + kD2 (18)

whereoy is the yield stressg, is the frictional stress with both thermal and athermal
componentsk is a constant, an® is the grain size. For aluminum alloys,is
typically in the range of 0.06 to 0.15 MN¥A[81].

For Al-Mg alloys, grain refinement has been shown to occur by the
arrangement of dislocations into cell walls that minimize trersenergy and have
low angle grain boundary characteristics [1]. With increadigi@rmation, the cell
boundaries are transformed into high angle grain boundaries bedaiseelt
boundaries may increase, the boundary thickness decreases, and thmgndery
misorientations increase [1]. The microstructure may exhibit mthangle cell
boundaries and high angle cell boundaries at certain strains. thederconditions,
strengthening is due to two contributions: 1) dislocation strengthethiegto the
presence of low-angle grain boundaries and 2) strengthening doe poeisence of

medium to high angle grain boundaries.
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Low angle grain boundaries can exist as subgrains in whiatlifteeence in
orientation across the boundary may only be a few degrees. Low grgh
boundaries are low energy boundaries that are characterized pig slislocation
arrays [24]. High angle grain boundaries are boundaries of ranmdsii between
the adjoining crystal lattices and are characterized by sigface energy. As a
result, high angle grain boundaries are more likely to containheehigpncentration
of solute atoms at the boundary and serve as preferential sitadifbstate reactions
such as diffusion, phase transformations, and precipitation reactions.

As previously noted in section 1.3, low angle grain boundaries are more
resistant to intergranular corrosion than high angle grain bound#id3avenport et
al. reported that when the misorientation angle is overt®® grain boundaries can
exhibit continuous, discontinuous, or no intergranular attack in sedsd@lmeninum
5182 [17]. However when the misorientation angle was less tfam@@recipitates

were observed at the grain boundaries.

5.2Results

5.2.1 Micro-hardness Measurements

Micro-hardness measurements were obtained under a collab@fbirtevith
Dr. Marc Zupan at the University of Maryland, Baltimore Countingia Vickers
micro-indenter [82]. Samples for hardness measurements weré&om larger
samples, mounted in an epoxy resin and polished to a mirror finish. thore200

indentations were obtained using a 25 gF load and time of 5 secondfartiness
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measurements were obtained as a function of distance from theedtéd surface in
order to map the hardness variation. Figure 88 shows the hardnaes aal a
function of depth from the UIT surface [82]. The highest hardnesswvalere

obtained near the UIT surface which show hardness values thagave04 GPa (at
the UIT surface to a depth of 0.272 mm). The hardness values rang8.f GPa to
1.14 GPa at the UIT surface and at depths of 0.141 mm to 2.24 mmtheltreated

surface. With increasing depth to 2.24 mm, the hardness values are dogve
become constant with an average value of ~ 0.9 GPa. The averageskaatl the
UIT surface (1.01 GPa) is slightly lower than the hardnessdafpth of 0.141 mm

below the surface (1.14 GPa).

Microhardness vs. Depth Below UIT Surface
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0.9 1.753
0.85 2.24
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Figure 88. Vickers hardness measurements as a fuion of depth from the UIT treated surface
in sensitized 5456 aluminum [82]
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5.2.2 Micro Specimen Tensile Testing

Localized tensile properties were measured using specimemseabieear the
UIT surface and at several depths from the UIT surface. Spasimere obtained at
a depth of less than 0.3 mm from the surface, a depth of grieaet 0 mm from the
surface, and at a depth of 2.0 mm from the surface.

The results show the highest yield strength, 290 MPa and 250 MPa, at the UIT
surface and near the surface at a depth of 0.141 mm, respectivély.int¥easing
depth, the vyield strength is lower with values less than 250 MRwere is some
variability in the data as shown in the yield strength as a function of depth flom be
the UIT treated surface in Figure 89. A specimen obtaineddaptn of 2.24 mm
exhibited a high yield strength of 253 MPa which is higher thanyteld strength
obtained closer to the UIT surface at a depth of 0.141 mm. Thabiiyiin the
yield strength is likely due to the manual nature of the Ultgse which results in
random deformation on the surface of the material. There isafse variability in
the yield strength at the treated surface where the avgrelgestrength was 221
MPa. At the UIT surface, two specimens measuring 181 pm and rhOthipk
exhibited yield strengths and hardness values of 200 MPa and 0.%hGR@2 MPa
and 1.03 GPa, respectively as shown in Table 7 which provides a sumnthagy of
yield strength and Vicker's microhardness from specimeitsffatent depths below
the surface. The specimen at the UIT surface that exhibitddghest yield strength
was ~ 66 um thick. The thickness of the specimens likely incladet voids and
tearing as observed in Figures 13 and 14 which is attributed wathability in the

yield strengths and hardness.
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Yield Strength vs. Depth Below UIT
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Figure 89. Yield strength as function of depth bew the UIT treated surface; micro specimen

tensile testing of UIT 5456 aluminum [82]

Table 7. Summary of specimen location, yield streyth, and microhardness values for micro
specimen tensile testing of UIT treated 5456 alumimm [82]

Depth below UIT Surface (mm)

Yield Strength (MPa)

Micro hardnes

(GPa)
At the UIT surface 290, 200, 172 1.08, 0.92, 1.03

0.141 250 1.14
0.162 236 1.08
0.208 237 1.04
0.211 236 1.01
0.272 170 1.04
1.753 164 N/A
2.24 171 0.91
2.24 192 0.90
2.24 253 N/A
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5.2.3 Fractography of Micro Specimen Tensiles

Fractographs of broken micro tensile specimens were obtained for bbth U
and untreated sensitized 5456 in order to examine the fracture modeheRUIT
material, specimens closest to the surface and from thecsusfare examined in
order to see if the UIT would result in different fracture mosiese the tensile
properties differ at various depths below the UIT surface. For the untreatéeeéns
material, specimens were only examined at a depth of 1.686 mm thel®urface as
the fracture modes are expected to be similar regardlese afefpth in which the
specimen is obtained. The specimens were observed under the SEWvloast
magnifications ranging from 250X to 2000X. Figures 90 and 91 shovodraphs
of the UIT sensitized micro tensile specimens obtained at & dépt150 mm below
the UIT surface at magnifications of 300X and 1000X, respegtivelThe
fractographs show a transgranular ductile fracture mode wito moid coalescence
and dimples. The fractographs also reveal the presence ef aigls. Figures 92
and 93 show fractographs of the UIT sensitized micro specimsitet@®btained at a
depth of 3.976 mm below the UIT surface at magnifications of 450X and 2000X
respectively. The fractographs reveal a similar ductiletdra mode as the micro
specimen tensiles obtained closest to the UIT surface. Thaurfamode is

transgranular with ductile, micro void coalescence, and dimples.
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and dimpleg
== 1 ‘

SU6600 15.0kV 8.1mm x300 SE 100um

Figure 90. Fractograph of micro tensile specimentained from UIT sensitized 5456 at a depth
of 0.150 mm below the UIT surface at 300X

SUB600 15.0kV 8.5mm x1.00k SE

Figure 91. Fractograph of micro tensile specimenttained from UIT sensitized 5456 at a depth
of 0.150 mm below the UIT surface at 1000X showingpids
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SU6600 15.0kV 7.7mm x450 SE

Figure 92. Fractograph of micro tensile specimentiained from UIT sensitized 5456 at a depth
of 3.976 mm below the UIT surface at 450X

S W . PO

SUB600 15.0kV 8.3mm x2.00k SE '20.0um

Figure 93. Fractograph of micro tensile specimentained from UIT sensitized 5456 at a depth
of 3.976 mm below the UIT surface at 2000X
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Figures 94 and 95 show the fracture surface of the untreaisitized 5456 micro
specimen tensiles obtained at a depth of 1.686 mm below the matefealesat
300X and 1000X magnification. The fracture mode is similar tbdhserved for the
UIT micro specimen tensiles. The fracture mode is primardnsgranular, ductile
with micro void coalescence and dimples. There is also some ewidémteavage

fracture in Figure 94.

Cleavage
fracture
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SUB600 15.0kV 8.2mm x300 SE 100um

Figure 94. Fractograph of micro tensile specimenktained from untreated sensitized 5456 at a
depth of 1.686 mm below the surface at 300X
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Figure 95. Fractograph of micro tensile specimenktained from untreated sensitized 5456 at a
depth of 1.686 mm below the UIT surface at 1000X

5.2.4 Intergranular Corrosion Testing

The susceptibility of UIT and untreated sensitized 5456 to inteufman
corrosion was tested in accordance with ASTM G67 and a modifiedMASE7 test
as described in section 1.2 to isolate the effects of the W&eps on corrosion
resistance. Standard ASTM G67 testing results were miXdgk results given in
Table 8 show comparable mass loss for the UIT and untreatediahatThe mass
loss for one UIT sample is greater than the mass loss famtheated samples. As
previously noted in section 2.2, the standard ASTM G67 test involves simgehe

specimen in HN@for a period of 24 hours. Since the test involves immersing the
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entire sample, the results likely include mass loss from the stinkaces and not just
the UIT surface. Therefore it is difficult to isolate the mass lodsedUtT surface.

The results of the modified ASTM G67 testing also show varied resultisefor
UIT material and untreated material. One UIT sample exkilgteater mass loss
than an untreated sample. The mass loss measured in milligeamst is shown in
Table 8 for UIT and untreated samples. The area of exposui® eu@silar area with
a radius of 0.5 cm thus the total area is ~ 0.86 cithe mass loss values are 25.5

mg/cnf and 33.1 mg/chfor the UIT material. The untreated material has mass los

values of 30.6 mg/cfrand 54.8 mg/cfa

Table 8. Results of intergranular corrosion testig for UIT treated sensitized 5456 and untreated
sensitized 5456 using standard and modified ASTM Gbtest

Sample Mass Loss mg/cf

Standard ASTM G67 Testing

UIT sensitized 5456 59.62 56.73

Untreated sensitized 5456 56.21 56.91

Modified ASTM G67 Testing

UIT sensitized 5456 25.5 33.1

Untreated sensitized 5456 30.6 54.8
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5.2.5 Scanning Electron Microscopy of Intergranular Corrosion Tested Spesime

The planar sections of standard ASTM G67 tested specimens veangnex
in the SEM to observe the extent of corrosion and depth of attatiesutface. The
specimens were observed at various magnifications. Figure 96 shewdanar
micrographs for the UIT treated material at 1000X and 2000X magnificationsreFig
97 shows the planar micrograph for the untreated material atrtiteersagnifications.
The micrographs show intergranular attack along the grain boundarkesth the
UIT and untreated specimens. The results are comparabldightthyswider fissures
in the untreated material. From the micrographs, the fissutég iuntreated material
are ~ 11.6 um wide while the fissures in the UIT materiakaeB um wide. Both
specimens also exhibited a number of pits within the grains. The pits do not appear t
be more prevalent in one specimen as compared to the other speéimanted in

Table 8, the mass loss results are comparable for both UIT and untreatedlsnater

135



€

: : ¥ <V T
/ : T4 T AN b 1 BT
£70KV.20.9mm x1.00k-SE 1/31/2012 110§ SR\ L Boogm

Figure 96. Scanning electron microscopy image shawg the planar orientation of UIT treated
sensitized 5456 tested for intergranular corrosiomt 1000X (A) and 2000X (B), standard ASTM
G67 test
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Figure 97. Scanning electron microscopy image shawg the planar orientation of untreated
sensitized 5456 tested for intergranular corrosiomt 1000X and 2000X, standard ASTM G67 test
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The planar and transverse cross sections of modified corrosiord teste
specimens were also examined in the SEM to observe the verasd depth of
attack on the surface. The transverse micrographs were exlmirackscatter
mode to eliminate charging due to the mounts. The planar micrograpbate that
the UIT treated samples experienced worse attack on theesgrfains as compared
to the untreated sensitized material. The corrosive attacke@sn larger and wider
fissures, ~ 17.4 um, between grains as shown in Figure 98 at roatyoifs of
1000X and 2000X. Figure 99 shows the planar micrograph of the untreated
sensitized material. Both micrographs show that the corrosivek ataalong the
grain boundaries. Both micrographs also show that the corroded suwfaeas a
number of pits which appear to be more prevalent in the UIT materidie
micrographs obtained in the transverse cross section show a deepeatipenet
corrosive attack for the untreated sensitized material as cechpathe UIT treated
material. Examination of the transverse micrographs showthbatorrosive attack
on both the UIT and untreated material resulted in fine secondary cracks.sHifQre
and 101 show the transverse micrographs of the UIT treated andtedtsensitized
material, respectively at 1000X. From the micrographs, the deptbrmafsive attack
in the UIT treated sample measures ~28.0 um. In comparison,ptieadeorrosive

attack in the untreated sensitized material is ~37.4 um.
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Figure 98. Scanning electron microscopy image shavg the planar orientation of UIT treated
sensitized 5456 tested for intergranular corrosiomt 1000X (A) and 2000X (B), modified ASTM
G67 test
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Figure 99. Scanning electron microscopy image shawg the planar orientation of untreated
sensitized 5456 tested for intergranular corrosiomt 1000X (A) and 2000X (B), modified ASTM
G67 test
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Figure 100. Scanning electron microscopy image shing the transverse cross section of UIT
treated sensitized 5456 tested for intergranular goosion at 1000X

Figure 101. Scanning electron microscopy image shing the transverse cross section of
untreated sensitized 5456 tested for intergranulacorrosion at 1000X
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5.2.6 Transmission Electron Microscopy of Intergranular Corrosion Tested
Specimens

Transmission electron microscopy was used to investigate thestnicture of
the deformed UIT surface after modified corrosion testing. Sasnwére obtained at
the UIT surface and prepared by polishing only on one side to yeether corroded
UIT surface. These samples were mechanically polishealvfed] by ion milling and
plasma cleaning. The micrographs show the presence of nanoargsigdins
following corrosion testing. Figure 102 shows nanocrystalline gnaitis Moiré
fringes and a number of overlapping grains with submicron grains. a3$eciated
diffraction pattern shown as an inset to Figure 102 shows a typcglike pattern
characteristic of nanocrystalline grains. There ispnphase present at the grain
boundaries of the submicron grains which should be expected since amotesing
in HNG; results in theg phase to fall out. Figure 103 shows submicrometer grains
with features at the grain boundaries that appear to be similae fissures observed
in the SEM micrographs in Figures 96 to 99. The fissures areodusetgranular
attack and3 phase fall out. Figure 104 shows the presence of featurepfesrdo
be aluminum oxide (ADs) particles along the grain boundaries. It is noted that EDS
was not available to confirm whether the particles ag®Alhowever these findings

are consistent with the work by R. Jones et al. [83] which is discuss in section 5.3.
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Figure 102. Transmission electron micrograph of UT material at the surface after ASTM G67
corrosion testing showing nanocrystalline and subrmasrometer grains

Fissures

Figure 103. Transmission electron micrograph of UT material at the surface after ASTM G67
corrosion testing showing nanocrystalline and subrmarometer grains
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Figure 104. Transmission electron micrograph of UT material at the surface after ASTM G67
corrosion testing showing intergranular oxide partcles along the grain boundaries

5.3 Discussion

Research has shown that SPD processes can improve the mechanical
properties of various metals due to the formation of ultrafinegmai nanocrystalline
grains [3,25,29]. As previously noted in section 5.1, M. Fu et al. reptraedECAP
processing results in a significant increase in hardness pegpert6061 aluminum
due to grain refinement induced by the ECAP process [80]. ThesresWlfickers
microhardness testing in this thesis show an increase in harditasthe highest
values near the UIT surface followed by a decrease in hardvigsh starts to
become constant at 2.4 mm below the surface. The results corthuouwi TEM
examination which shows the formation of a nanocrystalline layehe surface,
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Figures 44 and 45, and the formation of subgrains below the nanocrystajane
Figure 51. The increase in hardness may be attributed to the rgfaiement
induced by the UIT process. As previously noted in section 4.2.1.1, UIT results in the
formation of nanocrystalline grains near the surface. Both Mt Bu and J. May et
al. agree that increased hardness in aluminum alloys is dueaito rgfinement,
however J. May et al. suggest that the higher hardness may absitribated to
dislocation and subgrain hardening [57,80]. J. May et al. suggesinti#dtMg
alloys, hardening is due to a number of factors [57]. For conventiomalbessed
materials that do not exhibit ultrafine grains or nanocrystafjnains, hardness is due
to solid solution hardening in which the strengtdepends on the concentration of
solute atomg, ast ~ ¢, where q is an exponential factor on the order of 0.34 [57].
Upon severe plastic deformation after one ECAP pass, the addhena&ning is due
to dislocation and subgrain hardening. After additional ECAP passeadtitional
hardening is due to grain refinement. J. May et al. statdhtbagxponent does not
change with increasing ECAP passes therefore the contribution locadisn
hardening and grain refinement are weakly dependent on the concertfadmute
atoms [57].

The results of micro specimen tensile testing in this wdrbwsthat the
highest strength is achieved near the UIT surface where thestigardness is also
observed. The yield strength value of 290 MPa at the UIT surdaless than the
yield strength of 380 MPa for Al-3Mg casting subject to four pass&sCAP [84];
however it is higher than typical yield strength values foriseed 5456 [85]. With

increasing depth below the UIT surface, the strength valuesadecend become
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constant 2.24 mm below the treated surface. The vyield strengisydl71- and 192
MPa for specimens obtained at depths of 2.24 mm are comparable yelthe
strength values obtained for conventional specimen size tengilgyte$ sensitized
5456 without UIT in accordance with ASTM E8 [86]. The typical yistcength
values for sensitized 5456 are 189- and 192 MPa [85]. For unsensitizzthmtie
typical yield strength values are 271- and 286 MPa. The resditate that with the
UIT process, the yield strength can be substantially incdelagé0 to 100 MPa for
sensitized materials. The UIT process would also be expextedrease the yield
strength in unsensitized material as the results of this work shatvthe yield
strength near the surface for sensitized material is ~50dviezder than unsensitized
material.

The high strength near the surface is attributed to the faimaof
nanocrystalline grains. As noted in section 5.1, strength due to gfaiement in
Al-Mg alloys is important because of the Hall-Petch relatigns Among the
commercially available aluminum alloys, the Al-Mg alloyshisit the largest grain
size dependence on yield strength because of the stress reaquirgihte plastic
flow in Al-Mg alloys [84]. In severely plastically deformedlogs processed at
ambient temperatures, the strength may be influenced by the timmmaf
dislocations, long range internal stresses and low angle grain bmsad&hus, there
can be a deviation from the Hall-Petch relationship with submia@in gizes which
would result in a lower rate of increase in the yield strdssstudy the relationship
between the Hall-Petch equation and Al-Mg alloys with sulmmigrain size, M.

Furukawa et al. examined the microhardness data of materiattstdbfePD [78,87].
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In the absence of appreciable work hardening, the hardnessateaamhfollows the
relationship of Kl ~ 3o, [87]. From this relationship, the Hall-Petch equation may be

rewritten as follows [87]:

Hy = Ho + kyd 2 (19)

where H is the Vicker’s hardness value, &#hdky are hardness constants ahid the
grain diameter [87]. Using this relationship, M. Furukawa ebahd that for an Al-
3Mg alloy subject to ECAP and HPT where the smallest giaais 0.2 pm (200
nm) and 0.09 um (90 nm), respectively, the data followed the Hall-Bgtcition. J.
Hayes et al. found that with Al-3Mg alloys subject to ECAP aobsequent
annealing between 100 to 300°C, the yield stress follows the Hal-Palationship
after grain refinement to submicron grain sizes ranging leete2 to 11 pm (200 to
1100 nm) [88]. The results by J. Hayes et al. also suggest thgtetdestrength
increase in SPD materials is dominated by grain boundary gpadaith. The results
of micro specimen tensile testing and Vickers hardness tgstsgnted in this thesis
deviate from the relationship,H- 3oy. The calculated values of.id, near the
treated surface are 4.5, 4.6, 4.4, and 4.3. These ratios suggesti¢l&ttion from
the Hall-Petch relation may occur for nanocrystalline grains dha less than 90
nanometers in size. The results of TEM as discussed iorséc.1.1 show that at
the UIT surface, nanocrystalline grains range in size from 2 to 200 nm.

The primary strengthening mechanism in Al-Mg alloys is $glute

strengthening. The primary alloying element in Al-Mg alley1g which influences
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the stacking-fault energy. Therefore the strength, the recawelyecrystallization
characteristics of aluminum are strongly controlled by Mg ipotion [39].
Magnesium also acts as a point defect within the crystaddadand as an obstacle to
dislocation motion. In metals, the strength is determined byapipied stress
required to overcome the obstacles that interfere with digtocatotion [39,73]. J.
Gubicza et al. reports that SPD is more effective in gefinement and increasing
the dislocation density of aluminum alloys if the Mg content i H&P]. During
deformation, Mg also acts to hinder the annihilation of dislocations because it tends to
be located preferentially around the dislocations and exerts a piefiexy on the
dislocations. This leads to an increase in dislocation densitpddtgin-dislocation
interaction) and an increase in the yield strength [39]. As discussedionsk2.1.2,
the dislocation density of the UIT treated material is highan that in the untreated
material which is attributed to the severe deformation imparyetthdo UIT process.
In metals, grain refinement through SPD occurs by the amagrgeof dislocations
into cell walls so that the higher dislocation density results idecrease in the
crystallite size for higher Mg concentration [39].

The fractographs shown in Figures 90 and 92 show that the micro specime
tensiles exhibit necking before failure. All the specimensedaiin a ductile,
transgranular manner consisting of numerous dimples which are dhié¢ oé void
nucleation and subsequent coalescence. A ductile failure mode caneistimples
and transgranular failure is typical for Al-Mg alloys [89] and baen reported by D.
Fang et al. for Al-3Mg subject to the ECAP process [84]. Apmamson of the

fractographs show that the dimple sizes are smaller fop@msen obtained closest
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to the UIT surface at a depth of 0.150 mm. This indicates thatithy@e decreases
with increasing depth from the treated surface. Similar firedgre observed in the
tensile testing of Al-3Mg subjected to ECAP; the dimplee santinued to decrease
with increasing ECAP passes [84].

As previously noted in section 1.3, Al-Mg alloys containing more thah%®
Mg can sensitize when exposed to elevated temperatures for a pblosged of
time and become susceptible to SCC and IGC. Because the contpyhase
formation at the grain boundaries due to sensitization is anodic todta matrix,
galvanic attack occurs at the grain boundaries. Galvanic corrosthssanilar metal
corrosion occurs when two dissimilar metals with different sdebemical potentials
are coupled in a corrosive electrolyte. The metal that i® rmaoodic will corrode
first. As previously mentioned in section 1.3, researchers have shaiph phase
precipitation at the grain boundaries is related to grain boundasyattographic
orientation [15, 17]. Low angle grain boundaries are more resist&8€C and IGC
than high angle grain boundaries. High angle grain boundaries are bearafdrigh
surface energy which serve as preferential sites for stdi@ seactions such as
diffusion, phase transformations, and precipitation [24]. Grain boundamytation
maps of both the UIT and untreated material showed mainly high a@ngie
boundaries (see section 3.2.4) with similar fractions for the UIT @amdeated
material. Based on the EBSD results, it is not a surprisg¢hbainass losses were
somewhat comparable.

The micrographs of the specimens tested for IGC susceptiblynshow

Figures 96 to 99 clearly show that the corrosive attack isgrateular for both the
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UIT and untreated material. The results are varied when camgptme specimens
tested with the standard ASTM G67 test and the modified testspdwmens tested
in accordance with the standard ASTM G67 test resulted in comparass loss.
The modified corrosion test also shows comparable mass loss efodlth and
untreated material, however the attack was more aggressive apdr deethe
untreated specimens. The micrographs also show the presence ofwttiingthe
grains which appears to be more prevalent in the UIT matiaa the untreated
material. The intergranular attack confirms tiaphase is present at the grain
boundaries below the deformation layer. The ASTM G67 test involveasthef
concentrated HN®which dissolves th@ phase along the grain boundaries. The
preferential attack results in corrosion at the grain boundarieghgaihe grains to
fall out. From the modified tests, both Figures 98 and 99 show iatergr attack at
the grain boundaries, Figure 101 shows that the depth of attack in thatechtre
material is deeper than the UIT material shown in Figure T0® comparable mass
loss results for both UIT and untreated material and the resul&M analysis
suggest that the UIT treated samples are not immune to imalg@raorrosion. Both
the standard and modified ASTM G67 tests show that the corrosack &ktends
below the deformation layer as shown in Figures 100 and 101. The defptackf a
was measured to be ~ 28.0 um while the deformation layer is apateky 10 to 18
pm. It is not surprising that intergranular corrosion extended beyendktbrmation
layer. As shown in Figures 13 and 14 in section 3.2.1, the SEM micrographs show
that the deformation layer is characterized by tearing and vdidsse features allow

for the corrosive solution to penetrate below the deformation layer.
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Transmission electron microscopy analysis confirms the peceseof
nanocrystalline grains following intergranular corrosion testing.owéver, the
microstructure is characterized by both nanocrystalline gemdssubmicron grains
with a number of overlapping grains. There are features alongydine boundaries
of the submicron grains that appear to be similar to the fssibserved in the SEM
micrographs of Figures 96 to 99. Additional TEM analysis is requoembnfirm if
these are the same features. Figure 104 shows the presdratures at the grain
boundary that appear to be,® which could be converted from tiiephase during
intergranular corrosion of Al-Mg [83].

The ASTM G67 test is an unloaded accelerated corrosion test, éiotheve
was some secondary cracking observed in both the UIT and untreatedaimat
These results suggest that in a corrosive environment under a loadaigan, SCC
would occur in both the UIT and untreated materials. The SCQisgsgrinfluenced
by the presence of thg phase even for the UIT treated material. As previously
noted, below the physically deformed UIT surfafephase precipitates are still
present in the material. Stress corrosion cracking and graekh in sensitized Al-
Mg alloys has been attributed to either an anodic dissolution obdmdrinduced
crack growth mechanism [18]. THephase may also act as a catalyst to generate and
enhance the ingress of hydrogen [18]. R. Jones et al. also suggeshén tested in
artificial seawater, 3.5% NaCl + 0.1 M,&rO,, thep phase particles are converted to
Al,O3, oxide particles [83]. When H absorption occurs during the corrositre @f

phase and cracking occurs, the crack traverses through or aroudd,Meparticle.

151



The crack growth between the 8% particles is thought to result from the uptake of
hydrogen and hydrogen induced crack growth [83].

Research to investigate the IGC of nanocrystalline Al-Mg alleyisiited and
the results are varied. E. Sikora et al. reported that nanotngsta083 aluminum
was not resistant to IGC, however conventional 5083 was resistE®Ct{00]. The
nanocrystalline 5083 was synthesized by cryomilling of powers abhdeguent
consolidation to form a material with grain sizes of 80 to 200 nm [#D]Sikora et
al. tested both conventional and nanocrystalline 5083 aluminum in accorddhce wi
ASTM G67 and found that the nanocrystalline 5083 was not resistartergranular
corrosion; however the conventional 5083 was resistant. The reseaatbers
performed additional testing at 50°C for two minutes and found that the
nanocrystalline 5083 was severely corroded at the grain boundariestieéhidgain
boundaries of the conventional 5083 were intact [90]. Conversely, E. Kals et
reported that nanocrystalline 5083, which was also consolidated franyomilled
prealloy, was more resistant to IGC than conventional 5083 wrqargduct [91].
ASTM G67 testing of nanocrystalline 5083 resulted in a massofo8s39 mg/crf
and 7.89 mg/cfwhile the mass loss for conventional 5083 was 18.82 nid@hh.
Scanning electron microscopy examination of the tested specirhemged that
nanocrystalline 5083 had rough circular holes spread over the entaeeswhile the
conventional 5083 exhibited attack along the grain boundaries. The resthis of
testing of 5083 aluminum concur with the work by E. Kus et al. [91]thodigh,
intergranular corrosion cracking was observed in both UIT and untreatiediah in

this thesis work, the mass loss was somewhat less for themlat&rial which
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suggests that the nanocrystalline layer may result in soqm@®vement in corrosion
resistance. It is noted that the deformation imparted by theptddess is random
and results in gaps of treated and untreated surface area whialesuliyn random
localized corrosive attack on the surface.

The micrographs of the standard corrosion tested specimens showed
comparable amounts of pits forming within the grains, however the madifi
corrosion tested specimens showed varied results. The pitting appedre more
prevalent in the UIT specimens. Research to examine pittingosoomr in
nanocrystalline and conventional Al-Mg is also varied. Resdaydb. Sikora et al.
to examine the pitting corrosion of nanocrystalline Al-Mg malerishow that
nanocrystalline 5083 is more resistant to pitting than conventional 5083 T9®
pits on the nanocrystalline 5083 were smaller which may be due itg mttcurring
only around inclusions and that the pit size depended on the inclusio®&jizelhe
nanocrystalline material had smaller inclusions than the conventiwatakial which
resulted in smaller pits. The pitting observations were basetlclic polarization
experiments in which the specimens were immersed in 0.1 M soditatesiNaSQ)
solution with chloride concentrations varying from 0.005 M to 1.0 M. telated
study, M. Sharma and C. Ziemian reported superior pitting resistamce
nanocrystalline Al-8.6Mg and Al-Mg7.5 as compared to conventional 5083om s
term alternate immersion SCC testing in 3.5% sodium chloride [[NEB2].
However, for long term (1 to 6 months) SCC alternate immersgiimge deeper pits
developed in the nanocrystalline Al-7.5Mg alloy. With increasisgrtg periods, the

pitting depths for all the alloys were comparable. Converselluk.et al. reported
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that when subjected to 0.5 NacCl, pits that formed on conventional 5083nveee

numerous however smaller than the pits that formed on nanocrystalline 5083 [91].

5.4 Summary

The results of materials properties testing can be summarized as follows

e The highest hardness is near the UIT surface, 1.13 GPaegitla af 0.141
mm below the surface and becomes constant at the depth of 2.24 mm below
the treated surface. The hardness values measured at treutfHde show
some variability with values ranging from 1.08 GPa to 0.92 GPa.

e The highest yield strength is at the UIT surface, 290 MPa, venibe results
show variability. A yield strength of 253 MPa was observed 2.24b@low
the treated surface.

e The tensile fracture mode was transgranular ductile fractukfemicro void
coalescence and dimples for specimens obtained at the surfacdamdhiae
surface

e Standard ASTM G67 testing for intergranular corrosion susceptibhibyved
comparable results between UIT and untreated material witls hoases
ranging from 56.21 mg/chto 59.62 mg/cth Modified ASTM G67 testing
showed mixed results for UIT and untreated material; 25.5 nicdach 33.1
mg/cnf (UIT) and 30.6 mg/cfand 54.8 mg/ci(untreated).

e Corrosive attack was intergranular for both UIT and untreated iaater
Wider fissures were noted in the untreated corrosion specimenghdor
standard ASTM G67 testing; however, wider fissures were noteithé UIT

corrosion specimens for the modified ASTM G67 testing. Pittiras w
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observed within the grains and appeared to be more prevalent inl'the U

material (from modified ASTM G67 testing).

Depth of corrosive attack is deeper in the untreated mater@fl,.4-um as

compared to UIT material, ~ 28 pm.
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Chapter 6: Characterization and Analysis of Deftran and
Stress During the UIT Process

6.1 Introduction

This chapter presents the study of UIT processing paranetesensitized
5456 aluminum and the effects on the residual stresses through calmsgmnulation
of the deformation process using DEFORM 3D™ software. The surbaggness
due to the deformation imparted by UIT is investigated by cohfomaoscopy. The
surface roughness measurements for untreated materialugeteas inputs for the
deformation process model and the results of the model are cahtpaamalytical
data obtained through X-ray diffraction measurements.

Confocal laser scanning microscopy (CLSM) is an advanced techpégpeel
on confocal microscopy that allows for determination of a spewnsurface
roughness in 3D. The confocal microscope is an optical microscop&abahe
capability to create a bright image of the in-focus region of sjpecimen while
causing out-of-focus regions to appear dark [93]. The confocal microscope assembles
a series of optical sections each at a different focal pacesate a “through-focus”
image which has an indefinite depth of field [93]. The abilitgreate an image with
an indefinite depth of field allows for the imaging of non-flat spens and can be
used to measure the surface roughness of a specimen.

The data and parameters that can be obtained using 3D CLSM inkkide t
average roughness, Snd root mean square roughness, Biese parameters are
evaluated over the complete 3D surface. Mathematicallyartel §, are evaluated by

the equations below [94]:
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Sa = J[,1Z(x, y)ldxdy (20)

S= 1,23 dxdy "

where x, y are in the specimen plane amds along the optical axis [94]. The
maximum peak height or height of the highest peak is denoteg #sSnaximum
valley depth, the depth of the lowest point is Gsually indicated as a negative
number The maximum change in height of the surfagejsSfound from $=§, - S,
[94].

DEFORM 3D is a finite element engineering software ttaat be used to
simulate deformation, stress analysis, and complex heat trarBteFORM 3D is
capable of modeling complex three dimensional material flow rpattend can be
used to model complex interactions between deformation, temperature, ancodistorti
The software has been used to analyze three dimensional fleengflex metal
forming processes such as forging, rolling, drawing, and extru8ijn [To the best
of this author’s knowledge, this is the first time a numerstadulation of the UIT
deformation process has been performed. Due to constraints on coomaltati
resources, the analysis was limited to only a few dozen cycles formipeely study.

Severe plastic deformation processes such as UIT and shot pesrenigelen
shown to impart deep compressive residual stresses into theesoif@aminum [96,

97,98]. The presence of compressive residual stresses have béreffests on
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fatigue life and prevents tensile and corrosion cracks in stalgtarts [97,98]. The
residual stresses of the UIT material as a function of deptmeasured by standard
XRD techniques.

The technique of residual stress measurements using XRD invitiees
determination of the strain in the surface layers of the naatgyimeasuring the shift
in the position of the diffraction peak of the set of planes [99]. Sftens are then
converted into stresses analytically. The measurement of thectidn peak shift in
the selected set of planes is based on Bragg's law deduced fromioEdiia The
changes in the interplanar spacidgcan be determined using Bragg's law to obtain

the elastic strairg, [38]:

dn —do
E= ——— 22
= (22)

whered, is the spacing of the planes parallel to the bar axis undes $tréisdicates
that the reflecting plane normal is normal to the specimenc&)rfandd, is the
spacing of the same planes in the absence of stress [38]trd$weis evaluated from
the measured strains using Young’s modulus [E], Poisson’s vétiard taking into
consideration the elastic anisotropy of the material. Using Equas, the stress in
any chosen direction from the corresponding plane spacing can bmidet from
two measurements made in the plane normal to the surface andnicontdie

direction of the stresses to be measured [38].
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op = ———— (=) @3)
(1+v)sin2y \ d,

Additional information regarding the determination of residual stessing XRD

can be found ifclements of X-ray Diffractiohy B.D. Cullity [38].

6.2 Procedure and Results

6.2.1 Confocal Microscopy of UIT surface

Confocal microscopy measurements were obtained on both UIT and whtreate
material. Surface roughness measurements of three UITesmpie obtained using
a Zeiss LSM 510 confocal microscope and Zeiss LSM 510 V.3.2 seftoaxzer
multiple areas of 1.8 mm x 1.8 mm on each sample. The smadéeyes were
stitched together using the same software to form stitched arthge measured 5
mm x 5 mm. The parameters that were obtained inclyd&,SS,, S/ (absolute
value), and § Figure 105 shows the surface topography of two smaller surfeas ar
prior to stitching the images together. The images clearly gshewndentations
produced by the UIT process. The average surface roughness valyefrom
13.619 pm to 17.946 pm indicating variability on the UIT surface. The vébues
maximum peak height,,Salso show variability with a large range between 117.977
pm to 68.179 um R The maximum valley depth which measures the lowest point,
S/, maximum height, $ of the surfaces are comparable across the samples ranging

between 52.765 pm to 65.265 pum)(&d 63.348 um to 49.318 pm)S
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S,=17.946 pm S,=13.619 um

S, = 22.415 um Sy = 17.203 ym
S, =117.977 pum S, = 68.179 um
S, =52.765 um S, = 65.265 pum
S, = 63.348 um S, =49.318 um

Figure 105. Confocal laser scanning microscopy &fIT surface over two 1.8 mm x 1.8 mm
surface areas

The larger stitched images, Figure 106 show comparable suoiagieness for two of
the samples. From these two samples (A & B), the averagacsurbughness is
23.673 um and 22.073 um, respectively. There is variability in the maximeain
height and the maximum valley depth ranging from 101.369 um to 68.198 jm (S
and 40.563 um to 78.103 um, S however the maximum height of the surfaces is
comparable ranging between 87.892 um to 95.969 mn &mple A clearly shows
the indentations produced by the UIT process. The results indicatin¢haverage
surface roughness from samples A and B are comparable to the@rbd&ssing

parameter amplitude of 22 um.
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S, =23.673 um
A S, = 28.653 pm
S, =101.369 pm
S, = 40.563 um
S,=87.892 um

z (prn)
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S, =22.073 um
S§;=27.064 um
S, =68.198 um
S, =78.103 pm
S, =95.969 pm

Figure 106. Larger confocal laser scanning images two UIT surfaces, 5 mm x 5 mm surface
area

Surface roughness measurements were also obtained for untresgrdthim
and two larger stitched images are shown in Figure 107. Thesgmsigpw that
untreated material exhibits a surface roughness with aveuafgee roughness values
of 18.860 um and 14.521 pum which are slightly less than the averageesurfac
roughness values for the UIT material. The average sunfaughness of the

untreated material will have an effect on the stresses indyctdtellJIT processing
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which is observed by the deformation modeling and discussed belowionge&.2.
The maximum peak heights are comparable, 95.895 um to 87.826p) moi@ever
the maximum valley depth varies from 75.555 um to 203.206 pwn (She
maximum valley depth of 203.206 um for sample B is larger than themmuin
valley depths observed for the UIT sample. The maximum heigtiteo$urfaces
also vary and range between 58.020 um to 95.492 pm {®e surface roughness

measurements from sample B in Figure 107 were used for the numericalsanalysi

A S,=18.860 um

o S, = 24.022 pm
S, = 95.895 um
S, = 73.555 pum
S, =58.020 pm

S,=14.521 um
S, = 22.633 um
S, = 87.826 um
S, = 202.206 pm
S, =95.492 pm

Figure 107. Larger confocal laser scanning imagex two sensitized untreated surfaces, 5 mm x
5 mm surface area
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6.2.2 X-Ray Diffraction Measurements to Determine Compressive Resid@ssStr

Using XRD, residual stress measurements as a function of degth
obtained along the x- (longitudinal along the plate rolling directi@ang y- axis
(transverse to the plate rolling direction) of UIT and untreataterial (see Figure 7).
Figure 108 shows the compressive residual stresses folThieedted and untreated
material as a function of depth. X-ray diffraction measuremeste obtained at a
depth of 0.05, 0.1, 0.15, 0.2, and 0.25 mm. The results show that the compressive
residual stresses for the UIT material are greater thancompressive residual
stresses for the untreated material particularly in theitissigal direction. A
comparison of the results show that the compressive residuat sttesg the
longitudinal axis for the UIT material is ~2X greater than ¢oenpressive residual
stresses of the untreated sample. Along the transverse direbgob)IT material
exhibits compressive residual stresses that are ~20 MPargifeatethe untreated
material. A large difference in compressive residual stseakmg the longitudinal
and transverse directions is observed for the untreated matenahth&IT treated
material. The large difference in residual compressivesdgemay be attributed to
the stresses imparted during the cold rolling of the plate dprioduction which by
definition is typically along the longitudinal direction. The resualiso show that the
compressive residual stresses imparted by UIT are lesshbareld strength of the
material as measured by bulk tensile testing. The maxinesidual stress for the
UIT material is -177 MPa in the longitudinal direction and -165 MPa in theuease

direction.
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Figure 108. Compressive residual stresses as a ftion of depth in UIT and untreated material

6.2.3 Deformation Modeling of UIT Process

Numerical modeling was used to estimate the effectivenstratresses, and
temperature during a few cycles of the UIT process. Therdafan of the surface
was modeled using elasto-plastic analysis available within DEFORM 3D.

The constitutive parameters used to develop the model were basednon ro
temperature properties for aluminum 5454 which are standard parsuaeadable in

the software. Aluminum 5454 is an Al-Mg with 2.4 to 3.0 wt% Mg wigcklightly
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lower than aluminum 5456 [100]. The material properties were: Yolhgdhilus =
68.9 MPa, Poisson’s ratio = 0.33, and a coefficient of thermal exqrars2.2 x 10
°C* which are comparable for 5454 and 5456. The constitutive propentipistic
flow were defined by internal data tables for flow str@ss function of temperature,
strain, and strain rate. The DEFORM 3D software interpolatesiata to calculate
the flow stress based on the strain and strain rate at each nodal location.

The topographic data from the confocal microscopy analysis we tas
develop a solid model for numerical analysis. Surface heightseat,ty positions
from a 4.94 x 4.94 mm section of the untreated sensitized platedFiQUB) were
used to define the topography of the solid model. The surface velasieompleted
by giving the surface topography a thickness of about 0.5 mm andnésnng the
solid with tetragonal finite elements. This surface volume evapled to a support
block and meshed into a larger finite element model as showngureFil09.
Sticking conditions were applied to the surface volume and support slmtkthat
the elements represented a single unit. A second surfaceevelasadded in the
same manner. The surface volume forms the contour surface plate.

A few assumptions were incorporated into the model based on the UIT
processing parameters discussed in section 2.1. The pin tool wasdtwbhve 3
mm pin tip radius and specified to be rigid such that it would umatergo any
deformation. The pin tool stroke is based on a frequency of 27 kHanaplitude of
22 um. Therefore one complete pin stroke is 37 ps long that riesaltisplacement
of 22 um in the -z direction into the surface contour plate. The bouodaditions

were set such that the support block had fixed points in the z anéctialis and
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traversed in the —y direction at a speed of 1.66 mm/sec whichesd lbasthe UIT

travel speed of 10 cm/min.

Direction
of motion

Overview of UIT Model
Pin
Surface Surface
volume 1 volume 2

\Y

10 cm/min \(

Supporting 5454
plate material

Figure 109. Overview of DEFORM 3D UIT model with sirfface contour plate on a support block
and pin tool

The preliminary modeling results show that the plate matendllates as the
pin tool impacts and retracts from the surface of the materidle undulations
represent the elastic response of the surface to the compressisges built up
during a pin tool cycle. The timescale of the response is ofahee order as the

frequency of the pin tool. The calculated residual stress uhédool, ~80 MPa, is
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of the same order of magnitude as the XRD measurements nearrfdee as shown

in section 6.2.2 and as shown in Figure 110.

Step 145

Stress - Effective (MPa)

Figure 110. Residual stress equilibration showinthat the calculated stress under the tool is the
same order of magnitude as XRD measurements.

The effective stresses imparted by the UIT processhamensin Figure 111.
DEFORM 3D modeling simulation snapshots of the UIT process showieg t
effective stress after various pin tool cycles; A (1.1), B (ZA}7), D (8.4), E (13),
and F (14.6) are shown in Figure 111. The effective stresses aupatb the
material are immediately noticeable after one completequihstroke and shown to

be greater than 200 MPa. With increasing pin tool cycles, tlmuinof stresses
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imparted into the material surface fluctuates until someonsgof the material are
permanently strained beyond the elastic limit. The stredsgith and area also varies
and is most notable between Figure 111 (B) and (C). The maxiepth of the
stressed region extends below the thickness of the contour spiééed0.5 mm) as
shown in Figure 112. The maximum effective stress observethéoyntterial is
shown to be 325 MPa which exceeds the yield strength values obtanednicro
specimen tensile testing, section 5.2.2. It is noted that theiedfattesses observed
in the model simulation are after 18 pin tool cycles and not equivaternihe
permanent residual stresses induced by the UIT process as ededyurXRD.
However, the model demonstrates that the UIT process can inducdewah of

effective stresses almost immediately.
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Figure 111. DEFORM 3D modeling simulation snapshetof the UIT process showing the effective stressaier various pin tool cycles: A (1.1), B (2.4),
C (7),D (8.4) E (13), F (14.6)
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310

0.320
0.320 Min
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Figure 112. Maximum depth of the stressed regiorextends below the thickness of the contour
surface volume

Figure 113 shows snap shots of the UIT model for strain obtainediativar
pin tool cycles: A (2.4), B (7), C (10), D (12), E (15), and F (18). Sitaps shots
show a transverse cross section of the model in Figure 109 witlmethdine
representing the pin tool. The model was simulated for 145 stepk istequivalent
to 18 complete pin tool cycles where eight steps is a completeogi stroke (pin
impact and retract). The notable effects of the strain on #terial surface occur
approximately after seven complete pin tool cycles (FigureB)13 The effective
strain increases as the number of pin tool cycles increasekirrg in a maximum
strain of 0.616 mm/mm after 12 complete pin tool cycles. Asitimber of pin tool
cycles increases, the strain effects dissipate resultifgo@dening deformation on
the material surface. Figure 114 shows that the maximuntieffestrain extends to

a depth of 0.174 mm below the surface.
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Figure 113. DEFORM 3D modeling simulation snapsheatof the UIT process showing the effects of the efftive strain after various pin tool cycles: A
(2.4), B (7), C (10), D (12) E (15), F (18)
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Figure 114. Maximum depth distribution of the effetive strain; maximum depth is 0.174 mm

The localized heating observed during the UIT process is iliedtday
Figure 115 which shows snap shots obtained at various pin tool cy&l¢é2.5), B
(8), C (9.9), D (11.5), E (11.6), and F (18.1). Localized heating occurs talmos
immediately after 2.5 pin tool cycles. With increasing pin toales; the localized
temperature fluctuates and the affected volume continues to sectde@ to thermal
conductivity. The temperature continues to fluctuate and reachesxanuma
temperature of ~ 32°C after a completion of 11 pin tool cycles. Tipghde
distribution of the temperature gradient extends through the thickhékss surface
contour plate as shown in Figure 116. It is noted that the simulation is only for 18 pin
tool cycles, therefore in actual production the material surikeby Iheats to higher
temperature. As noted in section 4.3, in order for nanocrystallaiesgio form, the

material surface temperature due to the SPD process must be at lea$59,283].
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Figure 115. DEFORM 3D modeling simulation snapstte of the UIT process showing localized heating tgmerature after various pin tool cycles: A
(2.5),B (8), C (9.9), D (11.5) E (11.6), F (18.1)
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Figure 116. Depth distribution of the localized hating temperature; temperature gradient
extends through the thickness of the surface contoplate

6.3 Discussion

Although there was some variability in the surface roughioésthe UIT
material as measured by the CLSM, the results indicatehtbaurface roughness is
approximately equivalent to the amplitude used during UIT processimge
amplitude is the height that each pin oscillates during the prages3ihis suggests
that penetration depth into the material surface may be aldgredanging the pin’s
amplitude processing parameter.

The rough surface created by UIT may reduce the benefitegit® such as

improved strength and nanocrystalline microstructure at the surfaSurface
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roughness influences material properties such as fatigueddause it may induce
stress concentrations a specific points and thus facilitat& oriation under fatigue
loading conditions [101,102]. Under fatigue loading, cracks always nuéieatghe
surface at areas of high stress concentration such as notches,sdioplents
[101,103]. Although the presence of compressive residual stresses progusED
processes prevents crack initiation and growth, surface roughpeessates localized
stress concentration points and accelerates crack initiation [104].

M. Bayoumi and A. Abdellatif showed that the fatigue life desesawith
increasing surface roughness in aluminum [103]. The fatigue nspesi were
prepared with various levels of surface roughness of 1.8, 1.1, 0.95, and 0.4Bhgm
fatigue life was found to decrease as the surface roughneessed due to the
development of more micro cracks and micro voids as the surfaghmess
increased. The susceptibility of the specimens to micro drait&tion and crack
propagation increased as the roughness parameters including satfgbaess, R
root mean square deviation profileq Rnaximum peak height, )Rand maximum
valley depth, Rincreased.

H. ltoga et al. showed that the fatigue life decreases initieasing surface
roughness in Ni-Cr-Mo steel [101]. The fatigue specimens wengared with three
different levels of surface roughness; 10.24 pm to 19.26 um (maxisuuface
height) and 1.386 pum to 3.154 pm (average roughness). Cracks were found to initiate
at the bottom on scratch marks indicating that the surfacdnmesg acts as a small
notch. The increased surface roughness induces a stress correatréte bottom

of the starch mark, leading to premature crack initiation and dextetatigue
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strength. At low stress concentrations, crack initiation atsfhecimen surface
occurred more readily due to the stress concentrations creatdtebgurface

roughness. With increasing surface roughness which resulted inr lsgless

concentrations, cracks were found to always initiate at scraacksmon the specimen
surface.

The M. Bayoumi and H. Itoga et al. models are based on the surface
roughness due to machining marks that are linear [101,103], however titis res
reported by K. Dai et al. and A. Eftekhari et al. are based on ts¢ddments
[102,104]. Although fatigue testing of UIT material was not been cordlastgart
of this research, future work should include an investigation ofatigue properties
of UIT material.

The results of CLSM also showed that the untreated materiah hasgh
topography. The average surface roughness of the untreatedahmaeges from
18.860 um and 14.521 um which is only slightly lower than the average esurfac
roughness values for the UIT material. The surface topograptige ahaterial prior
to UIT processing will have an effect on the spatial histron of stress and strain as
shown by the deformation modeling.

The preliminary deformation modeling results showed that the phaterial
undulates as the pin tool impacts and retracts from the surffalce material due to
compression followed by expansion until the effective strainegigéhe elastic limit
of the material. The timescale of the response is of the same orderras|tieaty of
the pin tool and the calculated residual stress under the tool, ~80dMRPahe same

order of magnitude as that from XRD measurements near theesufaie maximum
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effective stress imparted into the material was 325 MPa&hwbkceeded the yield
strength values measured through micro specimen tensilegtesiine maximum
yield strength value at the UIT surface was 290 MPa (section) 5.2 maximum
effective stress observed by the model also exceeded tldualkesiompressive
stresses of -175 MPa (x direction) and -165 MPa (y direction)suned by XRD.
The model demonstrated a large effective stress of -200 MRastalmmediately
after just one pin tool stroke. With increasing pin tool cyclesatba of deformation
expanded. The results also showed that the effective straingesredth increasing

number of pin tool cycles. After 12 complete pin tool cycles tfectfe strain was

0.616 mm/mm and extends to a depth of 0.174 mm below the surface. The UIT

process was shown to result in localized heating up to a maxinmpetature of ~
32°C in a relatively short amount of time. Localized heating oedurapidly after
2.5 pin tool cycles and the maximum observed temperature wasedeatier 11
complete pin tool cycles.

It is noted that the modeling results are preliminary and ithaelation was
only for 18 complete pin tool cycles for a total of 666 ps. The obdeeifective
strain, stresses, and temperature from the model will diffen fa complete actual
UIT process. However, the model demonstrates that the UIT gyr@a result in

large effective strains, stresses, and rapid localized heating in a steort ti

The compressive residual stresses observed during DEFROM 3D modeling

are comparable to the results reported by Zinn and Scholtes [96]. The stiogmée
aluminum 5083 resulted in the highest compressive residual strasgéesy from ~ -

200 to -250 MPa near the surface to a depth of 0.10 mm below the s@6ac&\fith
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increasing depth to 0.4 mm, the compressive residual stresseasaecte less than -

50 MPa. The results of XRD showed that the compressive resitlasses imparted

by UIT were -177 MPa (x-direction) and -165 MPa (y-directiona atepth of 0.25
mm. These values are comparable to the compressive residgaestreported by

M. Liao et al. for the UIT of aluminum 7075-T6511 [5]. M. Liao ¢t r@eported
compressive residual stresses ranging from 150 to 200 MPa on or near the surface and
were reduced to around 70 MPa at a depth of 1.0 mm below the surffacEhgse
values are greater than the compressive residual stregs@$edeby Zinn and
Scholtes for shot peening of aluminum 5083 at the same depth. The edeasur
residual stresses at a depth of 0.25 mm were reported to be -15(06JPaThe
results of DEFROM 3D and XRD measurements show that the tiGeps can

induce deep compressive residual stresses in Al-Mg alloys.

6.4 Summary

The results of confocal microscopy, XRD residual stress measuts, and

numerical simulation can be summarized as follows:

e The surface roughness is approximately equivalent to the UlTegsig
amplitude where the amplitude is the height that each pin ossiliairing the
processing.

e Numerical deformation modeling showed that the material sutfadelates

as the pin tool impacts and retracts from the surface of theriala The
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undulations represent the elastic response of the surface to theessivgr
stresses built up during a pin tool cycle.

Numerical deformation modeling showed that the timescale oeponse is
of the same order as the frequency of the pin tool. The cadutasidual
stress under the tool, ~80 MPa, is of the same order of magnittite ¥RD
measurements near the surface.

Numerical deformation modeling showed that the UIT process sesula
maximum effective strain of 0.616 mm/mm after 12 complete pin tgxes
and with increasing pin tool cycles, the effective strain increases.
DEFORM 3D modeling showed that UIT results in rapid localizedirtgat
the material surface to a maximum temperature of ~ 32°C hfteain tool

cycles.
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Chapter 7. Conclusions and Future Work

7.1 Conclusions

The objectives of this work were to correlate the microstrucaw@ution of
UIT material to the effects on material properties and tceldgva fundamental
understanding of the mechanisms that cause the microstructurali@vdhubpugh
microstructural characterization techniques and materials piegpddsting. The
work included investigating the plastic deformation imparted by thiTsensitized
5456-H116 plate and untreated sensitized to provide a basis for compafiken.

following conclusions can be made from the work in this thesis:

e The UIT process results in the formation of nanocrystalline grains
sensitized aluminum 5456, however the nanocrystalline grains are only
present at the deformation layer. The effects of UIT exteridwbéhe
deformation layer and results in grain refinement. The inetesength and
hardness near the UIT surface is attributed to the grainereént. The
results demonstrate that UIT can be used to improve the strerggterties of
severely sensitized material with a mass loss of >50 migthrough the
formation of a nanocrystalline layer.

e The deformation layer is also characterized by voids and teanch@ distinct
separation or lamination layer between the UIT surface lamanetal matrix.
This appears to have an effect on the strength properties belcausedness
values and strength values were variable at the UIT surfabe. voids and

tearing also influence the corrosion properties resulting in cablea
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properties between UIT and untreated material. These resglgest that the
nanocrystalline layer imparted by the UIT process does not impituere
intergranular corrosion properties.

The presence of nanocrystalline grains and lack of a continfiquisase
within the deformation layer indicates that the straining andiiechheating
(which should have been on the order of @Rhduced by UIT results in
dynamic recrystallization.p phase can only be redissolved by reheating Al-
Mg to about 425°C. Dynamic recrystallization is rarely obserued
aluminum alloys because it exhibits a high rate of dynaremowvery.
However this result suggests that dynamic recrystallimattan occur in
severely plastically deformed Al-Mg and contributes to the uraleistg of
recrystallization behavior of severely plastically deformed aluminumgsallo
The nanocrystalline grains are thermally stable to ~ 300°C inudlicttat the
recrystallization temperature for UIT 5456 is ~ 300°C. Theaibn energy
required for grain growth is ~ 32 kJ/mol which is low compared to the
activation energy for fully recrystallized grains. However, ltdve activation
energy concurs with the concept of a low activation energyréon gliffusion

in ultrafine grain materials because of the non-equilibrium dratmdaries
which are characteristic of nanocrystalline grains. High wéisol TEM
confirmed the presence of curved or wavy grain boundaries in theraarog
formed by UIT. These results contribute to the understanding of the
recrystallization and grain growth behavior of aluminum nanocrysgalli

grains.

181



e The UIT surface exhibits high hardness and strength; howeveresiuts
varied showing lower hardness and strength values in some areabigfidre
hardness and strength value may be attributed to the formation of the
nanocrystalline layer; however the presences of voids and nmodds/micro
cracking in the deformation layer result in some lower hardaedsstrength
values. The voids and micro voids/micro cracking in the deformatyar la
contributed to the mixed corrosion properties. Although UIT resulthen
formation of a nanocrystalline layer at the surface, thectiefeduced by the
process reduce the benefits of the nanocrystalline layer.

e Numerical deformation modeling shows that the UIT process sesuliigh
effective strain; effective stresses, and localized heatimgpst immediately
(666 ps). The model also shows that the material undulates whieseafs
the elastic response of the surface to compressive stiegftegp as the pin
tool impacts and retracts from the surface of the materikle model also
showed that the calculated residual stress under the tool, ~80 M#tahes
same order of magnitude as the XRD measurements near theesuifae
work demonstrates the successful modeling of the UIT process and
contributes to the understanding of the physics of the UIT process and

physical effects on aluminum 5456.

7.3 Future Work

This work contributed to the understanding of the microstructural evolution of

UIT of sensitized 5456 Al-Mg alloy and the effects of UIT ontenial properties.
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The work was focused on the study of sensitized 5456 UIT and unditneaterial.
To further the understanding of UIT on 5456, the following work is recommended:

e Additional HRTEM analysis of UIT material to determine theodetfation
mechanisms in nanocrystalline grains which have been suggesteduto oc
through the formation of twins and stacking faults in Al-Mg alloys.

e Microscopy of UIT welds fabricated from sensitized 5456 to exartiiee
microstructural evolution in weld metal.

e Additional material properties testing particularly fatigustitey and SCC
testing of UIT sensitized 5456 and UIT welds fabricated from sensitized 5456.

e Obtain temperature measurements during UIT in order to deterthee
localized heating induced by UIT to determine the temperaaqeired for
nanocrystalline grains to form and further the understanding of
nanocrystalline grain formation.

e Evaluate the microstructural evolution and material properties Gf U
processed material treated with different processing pagasnémplitude,
frequency) in order to further the understanding of the procepsiragneters
on the microstructure and material properties.

e Additional numerical deformation modeling to simulate the effedivains,
effective stresses, and the localized heating observed duringoUlfore
cycles that are representative of the actual UIT proces®dugtion and also
to examine different UIT processing parameters. Due to camstran
computational resources, the analysis was limited to only aléeen cycles

for a preliminary study.
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